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Preface

It is a privilege and a pleasure to introduce this scientific publication that compiles original and

review manuscripts in Animal Perinatology.

Veterinary medicine is advancing rapidly with the expansion of knowledge and emerging

technologies. New medical specialization areas provide more precise understandings of numerous

aspects of animal health. One of these fields is animal perinatology, a branch of obstetrics and

gynecology concerned primarily with fetal anatomy and physiology analyses in the late stages of

pregnancy, labor, the postpartum period, and lactation. Studies in animal perinatology span not only

the broader field of obstetrics, essentially focused on the fetus and neonate, but also, significantly,

aspects related to the welfare, behavioral characteristics, and health status of the mother. Thus,

the phases of the birth process examined in this specialized field include gestation, parturition,

puerperium, and lactation. For these reasons, animal perinatology has gained enormous importance.

It continues to generate invaluable knowledge and tools to improve the monitoring of the in-utero

health of fetuses, neonates, and dams into the postpartum period. Today, obstetrics and perinatology

are guided by one fundamental goal: to ensure the optimum health and well-being of fetuses and

dams.

In veterinary science, parturition refers to the entire birthing process, the typical event that marks

the end of pregnancy (or gestation) in domesticated animals. It is of pre-eminent importance in the

animal production cycle, as guaranteeing normal, problem-free births helps ensure the economic

success of breeding operations, and supports the health and welfare of all associated production

animals. While it is true that the vast majority of parturitions proceed with no complications, there

is no doubt that livestock production units and their personnel must be well-prepared in advance to

deal with the potential problems and difficulties that can arise during the birthing process.

The term ‘parturition’, then, encompasses a multifaceted physiological event involving a

daunting array of physiological, morphological, hormonal, and behavioral changes. For many animal

species, the birthing process is a pivotal moment, one that, for dams, is often the life event associated

with the most intense pain they will suffer. Although there is an immense corpus of research on pain

during labor in human mothers, reports on this phenomenon in domesticated animals are scarce.

Fortunately, recent studies on topics related to parturition reveal an increased awareness of this

concern in the broader society, among animal owners, and in academia. Today, this growing body of

scientific research contains abundant information on this topic for numerous species of farm animals.

Compared to other phases of the reproductive cycle, perinatal processes in farm animals have

been little studied in recent decades, even though birthings can (i) become complicated and require

intervention by the owners of production units, their personnel, or veterinarians and (ii) cause

significant losses in the perinatal period in many domesticated species, whose females (bitches, cows,

sows, buffaloes, and ewes, among others) frequently require attention during parturition to prevent

the repercussions—direct or indirect—of perinatal asphyxia.

The consequences of the complications arising during birth can threaten neonates’ and dams’

welfare, and even their survival. This is especially true of primiparous females with narrow pelvises

and in cases of size disproportion between the fetus and the mother’s birth canal. In this regard,

the term dystocia refers broadly to anomalies that can complicate labor, especially certain factors

that can significantly intensify pain. These phenomena are thought to occur less often in polytocous

species, for it is widely believed that giving birth to multiple newborns of smaller size can lessen

labor-induced pain compared to the conditions of humans and other monotocous species.

Another critical topic of animal perinatology addressed herein is maternal behavior, including
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dams’ active and passive responses in two key areas: willingness to feed their offspring and displays

of protective behavior toward them. Some species are characterized by particular forms of conduct

toward their own offspring that may endure long periods. Others, however, appear less selective

and protect their young for less time. We know that expressions of maternal behavior are mediated

by several processes in the brain: acceptance, social recognition, the inhibition of rejection/fear, and

increased motivation to provide care. What triggers these forms of maternal conduct? The answer is

exposure to adequate natural stimuli, especially for pregnant females or in the stages of farrowing and

lactation. However, it is interesting that even virgin females and males may exhibit such behaviors

when sensitized to neonates through cohabitation or cross-sensitization (via mating).

One hotly debated theme in this regard is whether it is best to ease the pain dams suffer when

giving birth, especially given that labor-related pain serves a primary physiological function, namely,

maintaining frequent, robust myometrial contractions. Here, again, the biological effects of pain can

impact the welfare of the dam and her fetus(es). Some experts support using analgesic therapy to

alleviate pain, but current evidence indicates that some analgesics can interfere with the natural labor

process. Studies show that opioids and non-steroidal anti-inflammatory drugs can indirectly hinder

uterine contractions by lowering oxytocin release. At the same time, local pain relievers reduce the

number of contractions but intensify their strength, perhaps enhancing maternal performance during

parturition.

Regarding the perinatal phase, research shows that this has a significant effect on newborn

survival. The range of phenomena that can impact the welfare of a litter is diverse and varies

during gestation, parturition, and the first weeks of post-uterine life. Hence, they require careful

consideration by breeders and veterinarians alike. It is clear today that assessing fetal and neonatal

welfare is vital for lowering the rates of stillbirths. For this reason, careful evaluations of fetal health

before performing any obstetric intervention and of the health of newborns are essential to guarantee

that when medical intervention is indicated, it can be provided in a timely, accurate manner. In cases

of severe oxygen deprivation, for example, performing a cesarean section may be a more feasible, less

life-threatening option for the fetus than other obstetric procedures. When this condition is diagnosed

postpartum, various resuscitation techniques can be performed to attempt to save the newborn’s life.

What is essential, however, is to recognize that the range of possible postpartum interventions in

animal production units is limited, emphasizing the importance of preventing stillbirths.

Offspring survival is of paramount importance. We now know this is directly related to two

main factors: vitality scores at birth and environmental conditions. The two main challenges that

confront a newborn are maintaining thermal stability and beginning to nurse as soon as possible

so as to ensure ingestion of colostrum, an element of the mother’s milk that augments its energy

reserves and improves its probability of survival. Vitality scores measure the strength and energy

that neonates show immediately post-birth. This often entails applying a numerical scale based on

monitoring several factors: heartbeat, respiratory frequency, the color of mucous membranes, the

time required to stand up, and signs of meconium staining. There are numerous factors that can

influence vitality, as there are treatments available to support it.

Mother–Young Bonding: This key element in neonate survival requires the development of

mutual recognition between the newborn and its mother. This bonding process enhances neonate

survival by stimulating the dam to perform nurturing behaviors. This is stimulated through several

sensory inputs, mainly the series of cues (auditory, tactile, visual, olfactory) emitted by the neonate

to stimulate specific brain structures in the dam that help establish the emotional recognition of her

offspring. In species that give birth to immature young—altricial animals, among others—mothers

must provide comprehensive care. The latter’s postpartum maturation determines the intensity of
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mother–offspring interaction.

Nursing behavior is another crucial theme elucidated in this Special Issue. In social animal

species, cementing solid bonds with their young allows dams to offer several kinds of maternal care:

protection from predators, strengthening the immune system, and providing nutrition. Even though

lactation imposes high energy demands on mothers, social behaviors known as “allonursing” (when

a female nurses another dam’s infant) and “allosuckling” (when a newborn“feeds from any available

female) have been documented in wild and domestic terrestrial and aquatic species. These behaviors

are elements of a multifaceted strategy, as published studies suggest they are species-specific and

depend on factors that include living conditions, social dynamics, and kinship. While allonursing and

allosuckling have potential advantages, they may also endanger the health and welfare of unrelated

dams and newborns, thereby increasing the risk of spreading pathogens.

These important topics are among the many intriguing themes and proposals explored in depth

and breadth of this publication. Readers will benefit enormously from perusing all the articles in this

product of international scientific collaboration.

Words fail us to adequately express our thanks to over 60 researchers from 16 countries who

contributed to this scientific publication. We feel immensely fortunate to have benefitted from their

collaboration. We are grateful for the trusting and unwavering support of the authors in sharing the

experiments and scientific findings in this Special Issue on Animal Perinatology.

Daniel Mota-Rojas, Julio Martı́nez-Burnes, and Agustı́n Orihuela

Editors
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Article

Placental Development and Physiological Changes in Pregnant
Ewes in Silvopastoral and Open Pasture Systems during the
Summer

Julia Morgana Vieira Dada 1, Matheus Luquirini Penteado dos Santos 1, Ana Paula Schneiders Dani 2,

Cecília Paulina Johann Dammann 2, Letícia Pinto 2, Frederico Márcio Corrêa Vieira 1,* and

Flávia Regina Oliveira de Barros 1

1 Biometeorology Study Group (GEBIOMET), Federal University of Technology—Paraná (UTFPR),
Dois Vizinhos 85660-000, Brazil

2 Coordination of the Bioprocess and Biotechnology Engineering, Federal University of
Technology—Paraná (UTFPR), Dois Vizinhos 85660-000, Brazil

* Correspondence: fredericovieira@utfpr.edu.br

Simple Summary: Heat stress is a physiological condition where an animal fails to adequately
dissipate body heat; this results in increased blood flow in the animal’s core and negatively affects
its physiological system. Considering this problem, this study aimed to analyze the reproductive
and physiological changes in ewes subjected to heat stress during pregnancy. Twenty-four pregnant
crossbred ewes were kept at UTFPR-DV’s (Brazil) silvopastoral (SP) or open pasture (OP) systems
throughout their pregnancy. During the experiment, microclimatic variables, sheep’s blood samples,
and physiological variables were collected every two weeks. After the birth of the lambs, the placentas
were also collected. Our results showed that both systems were stressful for the sheep, but the SP
system had lower air and grass temperatures than the OP system. The respiratory and heart rates
of animals from the OP system were higher than those from the SP system. As regards the animals’
immune cells, their mobilization was not affected by the systems, while the neutrophil count was only
affected by time. Regarding placental biometry, it was observed that placentas in twin pregnancies
had a greater membrane area. We concluded that the type of production system used affects the
thermal comfort of pregnant ewes; an SP system can offer more amenable microclimatic conditions,
which result in greater comfort for the ewes.

Abstract: This study aimed to analyze the reproductive and physiological changes in ewes subjected
to heat stress during pregnancy at UTFPR-Brazil. Twenty-four pregnant crossbred ewes were kept
in a silvopastoral system (SP) or an open pasture system (OP) throughout the final trimester of
pregnancy. Both systems were stressful, but the SP system had lower air temperature than the OP
system (26.0 ± 0.38 and 26.9 ± 0.41 ◦C, respectively; p = 0.0288). Moreover, the radiant thermal
load of the two groups presented a difference of 34 Wm−2 (p = 0.0288), and the grass temperature
was also lower in the SP system compared to that in the OP system (23.4 ± 0.37 and 25.6 ± 0.44 ◦C,
respectively; p = 0.0043). The respiratory and heart rates of animals from the OP group were higher
than those from the SP group (p < 0.001), but no difference was observed in the mobilization of white
blood cells (p = 0.4777), and the neutrophil count was only affected by time (p < 0.0001). As regards
placental biometry, placentas in twin pregnancies had a greater membrane area (p = 0.0223), but no
differences between the systems were observed in placental weight (p = 0.1522) and the number
of cotyledons (p = 0.5457). We concluded that the type of rearing system used affects the thermal
comfort of pregnant ewes, and that an SP system can offer more amenable microclimatic conditions,
which result in greater comfort for the ewes.

Keywords: heat stress; sheep production system; sheep pregnancy; placental development
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1. Introduction

An animal’s environment is defined as comfortable when the animal is in its ther-
moneutral zone; that is, the heat produced by metabolism (thermogenesis) is lost (ther-
molysis) to the environment without prejudice to the animal’s performance [1]. When this
process does not occur properly, and a higher body temperature is maintained, thermal
stress due to heat is created, and it is, therefore, necessary for the animal to use devices
capable of restoring its thermal balance with the environment. For sheep, the thermoneutral
zone, which is its ideal ambient temperature, is established between 15 and 20 ◦C [2].

Heat stress is caused by a combination of high temperature and relative humidity.
This causes animal behavioural and physiological changes, affecting food and water intake,
growth, reproduction, milk production, haematological changes, and concentrations of
cortisol and thyroid hormones in plasma [3–5].

In warm-blooded animals, behavioural change is the first mechanism for achieving
body heat loss when the ambient temperature is high, followed by increased respiratory
and heart rates [6]. As noted above, a high ambient temperature results in behavioural
and other physiological changes in animals, affecting food and water intake, growth,
reproduction, and milk production, in addition to haematological changes and changes in
plasma concentrations of cortisol and thyroid hormones [5,7,8].

During pregnancy, the placenta nourishes the developing fetus and transports oxygen
to meet its demands. In sheep, the larger the maternal—fetal surface, the greater the
placental transport capacity; this is associated with the thickness of the placental barrier and
can allow greater exchange of metabolic substrates [9]. As the placenta is the organ through
which respiratory gases, nutrients, and wastes are exchanged between the maternal and
fetal systems, placental vascular development is thought to play a vital role in ensuring the
adequate exchange of nutrients and oxygen and ultimately in determining the fetal weight
at birth [10,11]. However, few studies examine how placental and fetal development are
affected by rearing systems, especially regarding thermal stress, and how an environment
with a pleasant microclimate can be beneficial.

The benefits of SP systems in regulating physiological systems in ewes during preg-
nancy compared with open pasture systems are not extensively discussed in the literature.
We hypothesized that physiological and placental parameters are negatively affected when
sheep are exposed directly to solar radiation. Thus, this study aimed to analyze the re-
productive aspects and physiological changes of ewes kept in different rearing systems
during pregnancy, to monitor the birth and the weight of their lambs, and to characterize
the microclimatic variables of the systems in which the ewes were kept.

2. Materials and Methods

2.1. Study Area, Animals, and Experimental Design

The research was conducted at the Teaching, Research, and Extension of Sheep and
Goat Farming Unit of the Federal University of Technology—Paraná, Campus Dois Viz-
inhos (UTFPR-DV). This project was approved by the Comissão de Ética no Uso de Ani-
mais (Animal Use Ethics Committee) (CEUA) of the UTFPR-DV, under protocol 2020-18,
CEUA UTFPR.

Twenty-four Dorper × Santa Inês crossbred ewes, pregnant during a breeding sea-
son from 2 November to 16 December 2020 (with an average pregnancy duration of
50.4 ± 9.17 days), aged between 3 and 4.5 years, and with an average weight of 60 kg, were
used in this study. They were divided into groups of 12 animals each and subjected to
two treatments according to the rearing systems: the silvopastoral system (SP) and the
open pasture system (OP). In the OP, the females remained in the open air without shade,
and in the SP, the females had shade provided by trees at their disposal. In both treatments,
the animals were kept in their respective paddocks during pregnancy; that is, rotation was
not performed.
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All the animals were kept on a pasture (Panicum maximum Jacq cv. Aruana) and
supplemented with a concentrate of 1% of body weight (corn and soybeans); mineral salt
and water were also offered ad libitum.

Blood sample collections were carried out every 15 days from January to March 2021,
with 6 collections in this period. The births took place in April and May (Figure 1).

Figure 1. Representation of the breeding season scheme, periodic collections (main and microclimatic),
and calving period.

It is important to note that, even in the breeding season, the people responsible for
the blood sample collections were “introduced” to the sheep so that the animals could
become accustomed to their presence. Therefore, no additional stress was created during
the collections.

2.2. Microclimatic Variables

The microclimate of the two environments was evaluated by studying the environ-
mental variables: air temperature (AT, ◦C), black globe temperature (BGT, ◦C), dew point
temperature (DPT, ◦C), wind speed (WS, m s−1), and relative humidity (RH, %). These
variables were collected for 12 h (7:00 am to 7:00 pm) on days when physiological variables
and the animals’ blood were collected (Figure 1).

The temperature variables (AT, BGT, DPT) and RH were measured using Onset® data
loggers (HOBO U12-013), with a temperature measurement range between −20 and 70 ◦C,
with an accuracy of ±0.35 ◦C and a relative humidity measurement range between 5 and
95%, with an accuracy of ±2.5%.

These devices were installed at 1.5 m in the SP (5 devices) and OP (1 device) areas.
They had one internal channel and two external channels. The internal channel was
used to couple a thermocouple cable (sensor) to the black globe (15 cm diameter hollow
polyethene ball painted with matte black paint). WS was measured using a Mastech®

digital anemometer (MS6252A).

2.3. Thermal Comfort Indices

The radiant heat load (RHL) of the microclimatic variables of both the OP and the SP
production systems was evaluated according to the equation proposed by Dixon [12]:

RHL = σ(MRT)4 (1)

where RHL was the radiant heat load (W m−2), σ was the constant of Stefan-Boltzmann
(5.67 × 10−8, W m−2 K−4), and MRT was the mean radiant temperature (K), as described
below:
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MRT = 100 × {[2.51 × (WS
1
2 )× (BGT − AT)] + [

(
BGT × 100−1

)4
]}

1
4

(2)

where WS was the wind speed (m s−1), BGT was the black globe temperature (K), and AT
was the air temperature (K).

2.4. Evaluation of Physiological Variables

The physiological variables analyzed were mean surface temperature, heart and respi-
ratory rates, and rectal temperature. Measurements were taken from all the animals during
the midday period. To collect these data, the animals were contained to minimize the stress
caused by handling and not interfere with the data collection. The measurements were
performed in the following order: heart and respiratory rates (HR and RR, respectively),
surface temperature (ST), rectal temperature (RT), and finally, blood collection.

With the animals from the SP system, the collections were carried out in the paddock
where they were kept. In the OP system, the animals were taken in pairs to a sheepfold
and isolated in pens.

Two people were required to carry out the containment of the animals, one of whom
was positioned on the right side of the animal while the other collected the data. HR and RR
were measured by auscultation with a stethoscope. In HR, the stethoscope was positioned
in the left thoracic region at the height of the aortic arch. The heartbeats were counted for
30 s, and then the value obtained was multiplied by 2 to obtain the number of beats per
minute (beats. min−1). In RR, the stethoscope was positioned over the trachea to count
the air passage activity for 30 s. The value obtained was multiplied by 2 to obtain the
respiration rate per minute.

The average surface temperature of the animals was measured with a Flir TG165
infrared thermometer (with a measurement range of −25 to 380 ◦C, a precision of ±1.5%
or 1.5 ◦C, and an emissivity of 0.90). Animals under the SP system were measured in the
shade, and animals kept on the OP system were measured in direct sunlight. A person
positioned 1 m from the animal measured the temperature at five points on the animal:
head, neck, back, flank, and hind limb at thigh height. Then, the simple arithmetic average
of the measured temperatures was calculated, as in previous studies [5,7].

Rectal temperature was measured using a mercury thermometer (5198.10, Incoterm,
Brazil), which was introduced into the animal’s rectum so that the metallic tip remained in
contact with the mucosa for one minute.

2.5. Peripheral Blood Sampling and Characterization of Leukocytes

Blood samples were collected between 11 a.m. and 1 p.m. by performing jugular vein
punctures. They were stored in test tubes containing 3.2% sodium citrate (m/v), maintaining
a ratio of 1:10 (citrate: blood) for later leukocyte characterization. The morphological
analysis was carried out by adapting the methodology Thrall (2014) described. The smears
were prepared from a drop of blood (approximately 20 μL) on a microscope slide, stained
with panoptic dye (Newprov, Pinhais, Brazil). The morphological analysis of leukocytes
was performed by optical microscopy, using a 100× objective lens together with immersion
oil (Laborclin, Pinhais, Brazil). The quantitative analysis was carried out through the
Neubauer Chamber using 4% Türk’s liquid (m/v) at a ratio of 1:20 (blood: Türk’s solution)
in light microscopy (n = 15 per group).

2.6. Births and the Collection of Placentas

The ewes were kept in a suspended fold one week before the expected calving date.
They were fed corn silage ad libitum, and the same supplementation conditions were
applied (corn and soybean concentrate, mineral salt, and water). At delivery, the placentas
were collected and taken to the laboratory. The lambs were weighed at birth and 10 days
old. At the end of the pregnancies, 17 placentas were collected from the birth of 18 ewes.
Pregnancies were classified as a single (1 lamb) or twins (2 lambs).
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2.7. Placental Biometry

At the laboratory, the placentas were opened on a bench and photographed, and their
cotyledons were counted. ImageJ software was used to define the area (membrane and
cotyledons). The areas of interest were manually outlined using the “freehand” and “brush”
tools, identified, and stored in the program. The data were processed, and the measurement
was carried out, providing the areas delimited in cm2. The rulers visible in the photographs
(Figure 2) created a scale in centimetres on ImageJ.

Figure 2. Representation of area measurement. (A) Placenta of single-gestation ewe. (B) Markings
(yellow lines) and area and cotyledon numbering in ImageJ.

2.8. Statistical Analysis
2.8.1. Environmental and Physiological Variables

The experimental design was completely randomized, with 24 animals as biological
replications (with 12 paddocks as experimental units and 2 animals per paddock as obser-
vational units). For the confirmatory analysis, mixed models were used, with time and
treatment as fixed effects and date and paddock as random effects. The models were tested
using the statistical software R [13] and the lme4 package [14]. The data were adjusted
using ordinary least squares to enable an examination of the accuracy of the transformation
of the response variables due to possible deviations from the assumptions of a linear model.
In case of the need for transformations, the method of maximum likelihood was used. With
the model adjusted, the data were analyzed using analysis of variance, and the type III F
test was used for the model’s fixed effects. When significant, the Tukey test was used for
multiple comparisons of means, with the level of significance declared when the p-value
was greater than 0.05.

2.8.2. Placental Biometry

To perform the statistical analysis, all the data were tested for normality and ho-
mogeneity (Shapiro-Wilk), considering a 2 × 6 factorial system (independent variable
Production System × independent variable Time). The effects of Production System, Time,
and System × Time interaction were verified. Normally distributed data were analyzed
using Student’s t-test. Data that presented non-normal distribution were analyzed using

5



Animals 2023, 13, 478

the Mann-Whitney test. Dependent variables were considered: placental mass, placental
area, and the number of cotyledons.

2.8.3. Leukocyte Characterization

All the data were tested for normality and homogeneity of variances before being
analyzed by two-way ANOVA, considering a 2 × 6 factorial system (independent variable
Production System × independent variable Time). Effects of Production System, Time,
and System × Time interaction were verified. The groups were compared using Tukey’s
post-test with a significance level of 5%. Non-parametric data were transformed using the
square root function and submitted to two-way ANOVA. Transformed data that did not
meet the assumptions for analysis of variance were analyzed using the non-parametric
Kruskal-Wallis’s test, followed by Dunn’s post-test using a significance level of 5%. Depen-
dent variables were considered: total leukocytes, lymphocytes, neutrophils, monocytes,
eosinophils, and basophils. All statistical analyses and graph productions were performed
using Prism GraphPad version 7.0 software for macOS.

3. Results

3.1. Microclimate Characterization

Although variation was observed between the morning and afternoon shifts for all
microclimatic variables, it was decided to focus on treatments since these were the primary
goal of this experiment. The average AT for the SP was 0.9 ◦C below the average AT for
the OP, as described in Table 1. As expected, a difference was observed in the AT from the
shaded system compared to the OP (p = 0.0288), but no interaction was observed between
these and the shifts. For RH, there was no variation between production systems and their
interaction. As regards WS, no difference between treatments and their interactions with
shifts was found. However, an effect on the GT was detected for the production systems
(p = 0.0043) since the mean temperature of the OP was 2.2 ◦C above the temperature of
the shaded pasture. For RHL, the only treatment effect observed was p = 0.0288 (Table 1),
with an average variation of 34 W m−2 between the production systems. The lowest
temperatures for both OP and SP were observed at 7 a.m. on 11 March 2021, while the higher
temperatures for both systems were registered at 3 p.m. two days later (13 March 2021).

Table 1. Microclimatic variables between rearing systems throughout the summer (mean ± SD;
median, maximum, minimum).

Variables
Open Pasture

(OP)
Silvopastoral
System (SP)

p Value

Air temperature
(AT, ◦C)

Mean ± SD 26.9 ± 0.41 A 26.0 ± 0.38 B

0.0288
Minimum 17.0 17.4

Median 26.2 26.2
Maximum 34.3 33.3

Relative humidity
(RH, %)

Mean ± SD 67.2 ± 3.42 A 68.4 ± 3.37 A
Minimum 28.1 28.3 0.4011

Median 69.5 69.5
Maximum 93.7 93.9

Wind speed
(WS, m s−1)

Mean ± SD 1.25 ± 0.20 A 1.02 ± 0.13 A

0.0939
Minimum 0 0

Median 0.86 0.86
Maximum 4.04 5.69

Grass temperature
(GT, ◦C)

Mean ± SD 25.6 ± 0.44 A 23.4 ± 0.37 B

0.0043
Minimum 11.0 9.6

Median 23.8 23.8
Maximum 37.6 31.4
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Table 1. Cont.

Variables
Open Pasture

(OP)
Silvopastoral
System (SP)

p Value

Radiant heat load
(RHL, W m−2)

Mean ± SD 610 ± 12.3 A 576 ± 10.9 B

0.288
Minimum

Median
Maximum

Means with different letters within each factor differ among themselves (Tukey’s test; p < 0.05). AT (air tempera-
ture); RH (relative humidity); WS (wind speed); GT (grass temperature); and RHL (radiant heat load).

Finally, some microclimatic variables were correlated, proving AT’s dependence pro-
portional to GT and RHL and inversely proportional to RH (p < 0.001). Also, through this
correlation, it was noted that the WS had little influence on the other variables, having
significant importance only in calculating the RHL (p < 0.001).

3.2. Thermoregulatory Variables

By observing the movement of the ewes’ flanks, the RR of ewes exposed to the sun was
higher than that of ewes that remained in the shade (p < 0.001), since direct sun exposure
increased the number of movements per minute by 38.5%. Furthermore, the HR of the
sheep in the shaded system was considerably lower than the HR of the sheep in the open
pasture (p < 0.001) since the blood-pumping rate is proportional to the heat dissipation rate
(Table 2). The direct exposure of the animal to the sun significantly increased its MST by
2.8 ◦C compared to animals from the SP (p < 0.001). However, the RT was not affected by
the presence of shade (p = 0.6742; Table 2). Additionally, regarding the RT, both systems
had a normal distribution and were similar.

Table 2. Physiological variables between rearing systems throughout the summer (mean ± SD;
median, maximum, minimum).

Variables
Open Pasture

(OP)
Silvopastoral
System (SP)

p Value

Heart rate (HR,
beats min.−1)

Mean ± SD 116 ± 4.85 A 100 ± 4.84 B

<0.001
Minimum 64 48

Median 117 97
Maximum 178 166

Respiratory rate
(RR, mov.
min.−1)

Mean ± SD 104.1 ± 10.0 A 76.4 ± 10.1 B
Minimum 24 36 <0.001

Median 102 68
Maximum 198 182

Rectal
temperature

(RT, ◦C)

Mean ± SD 39.35 ± 0.06 A 39.33 ± 0.06 A

0.06742
Minimum 38.4 38.4

Median 39.4 39.3
Maximum 40.0 40.4

Mean surface
temperature

(MST, ◦C)

Mean ± SD 32.8 ± 0.76 A 30.0 ± 0.76 B

<0.001
Minimum 26.0 25.3

Median 33.4 29.7
Maximum 44.4 38.5

Means with different letters, within each factor, differ among themselves (Tukey’s test; p < 0.05). HR (heart rate);
RR (respiratory rate); RT (rectal temperature); and MST (mean surface temperature).

3.3. Leukocyte Characterization

The mobilization of white blood cells (WBCs) was not affected by the production
system or by time and their interaction (Figure 3a). As regards lymphocytes, there was a
difference in the cell count between days 14 and 70 for the SP (p = 0.0024) and between 14
and 24 and 84 for the OP (p = 0.0259; p = 0.0365, respectively). Even so, it was observed that
there was a significant effect of time (p = 0.0055) and interaction (p = 0.0374) between the
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production systems (Figure 3b). The neutrophil cell count started near the lower reference
limit and showed constant growth until day 84 for both systems. For the OP, however,
a difference was spotted between days 14 and 56 (p = 0.0290). Finally, an effect of time
(p < 0.0001) and interaction was observed (p = 0.0001; Figure 3c).

Figure 3. Mobilization of (a) total leukocytes; (b) lymphocytes; (c) neutrophils; (d) monocytes;
(e) eosinophils; and (f) basophils (cells/mL of blood) during exposure to heat stress over the summer.
* represents statistical variation over time (p < 0.005) of the OP system. ** represents statistical
variation over time (p < 0.005) of the SP system. All values are represented as Mean ± SD.

The OP system presented lower monocyte recruitment than the SP system on day
28 (p = 0.0119; Figure 3d). Nevertheless, this day contrasted significantly with days 14,
42, and 70 (p = 0.0476; p = 0.0387; p = 0.0206, respectively). As for the eosinophils, an
effect of interaction between systems and time was observed (p = 0.0398; Figure 3e). The
mobilization of the SP cells on days 28 and 42 were slightly above the upper reference limit,
having a statistical distinction from the OP on day 28 (p = 0.0424). Finally, the only effect of
interaction was detected for the basophils (p = 0.0325; Figure 3f).
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3.4. Reproduction Variables
3.4.1. Gestation and Lambs

The number of lambs born, the sex of the lambs, and their weight and weight gain ten
days after birth were analyzed, but no system effect was observed (p = 0.6239; p = 0.9403;
p = 0.5218; p = 0.3079, respectively). Although the median indicates a longer gestation for
the SP system (145.5 days) as compared to the gestation for the OP system (140 days), there
was no system effect on the duration of pregnancy and birth weight (p = 0.7954; p = 0.9441,
respectively) (Table 3).

Table 3. Mean values (mean ± SEM) of the reproductive variables and lamb’s weight between
rearing systems.

Variables Open Pasture (OP) Silvopastoral System (SP) p Value

Duration of pregnancy (days) 138.6 ± 12.79 137.6 ± 16.39 0.7954
Birth weight (lambs) (kg) 3.937 ± 0.4506 3.921 ± 0.5943 0.9441

Ten days weight (lambs) (kg) 5.788 ± 0.8883 6.124 ± 1.1257 0.5218
Weight gain (lambs) (kg) 1.774 ± 1.010 2.186 ± 0.7481 0.3079

Tukey’s test; p < 0.05.

There was no effect of pregnancy on the duration of pregnancy and birth weight
(p = 0.7715; p = 0.8519, respectively). When considering the weight and weight gain of
the lambs ten days after birth, there was an effect of gestation (p = 0.0163; p = 0.0026,
respectively) favoring simple pregnancy (Table 3). Interestingly, the production systems
showed different types of placentation. While 22% of pregnancies in the OP group were
twins and all were dichorionic, in the SP group 30% were twins, and all were monochorionic.
There was no effect of the type of pregnancy in respect of the placental area, the placental
mass, and the number of cotyledons (p = 0.2161; p = 0.3866; p = 0.2859, respectively).
Numerically, monochorionic placentas had more cotyledons.

3.4.2. Placental Biometry

There was no system effect (OP × SP) regarding the total area of cotyledons per
placenta, the area, and the mass of the chorionic membrane (p = 0.8456; p = 0.7178; p = 0.9092,
respectively). However, there was a significant correlation between the cotyledon area
and the placental mass, but only for the OP group (p = 0.0148, R2 = 0.8954). A positive
correlation was also observed when the same analysis was performed, disregarding the
rearing system (p = 0.0055, r2 = 0.5934). However, there was no significant difference
(p = 0.2541) between the OP and SP systems regarding the number of cotyledons, as shown
in Table 4.

Table 4. Mean values (mean ± SEM) of the placental biometry of ewes kept in the silvopastoral
system (SP) and open pasture (OP).

Variables Open Pasture (OP) Silvopastoral System (SP) p Value

Membrane area (simple pregnancy) (cm2) 2296 ± 473.6 2298 ± 490.4 0.9578
Cotyledon area (simple pregnancy) (cm2) 234.7 ± 69.59 226.4 ± 68.62 0.8456

Number of cotyledons 60.22 ± 22.06 70.75 ± 12.61 0.2541
Placental mass (kg) 0.3423 ± 0.08057 0.3370 ± 0.1084 0.9092

(Mann-Whitney test).

4. Discussion

4.1. Microclimate Characterization

Because of their wool, sheep suffer more from the effects of HS. Owing to the physico-
chemical properties of wool, sheep in high-temperature environments have a lower rate of
loss of sensible heat by conduction and convection (body surface—environment), which
makes it difficult for heat to be dissipated and for water to evaporate [15].
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The SP system, characterized by a combination of trees, pasture, and animals in the
same space, aims to improve the thermal comfort of these animals through the shade
provided by trees [16]. The microclimate generated has a positive influence on the grazing
time [17] and the rumination of sheep [7], reduces the air temperature and increases the
air humidity [18], and reduces the RHL thanks to the radiative interception provided by
the canopy of trees [19,20]. The OP, which is the most common rearing system in the
subtropical areas, does not present any trees (i.e., there is no shade), and this leads to higher
air and grass temperatures alongside high RHL values.

Both systems remained within the parameters of thermal comfort for sheep, with
temperatures ranging between 20 and 30 ◦C [21] and relative humidity close to 60% [22].
However, our relative humidity values were slightly higher than the reference, while the air
temperature was lower than in our previous study [7]. Recent studies [23,24] also showed
that the OP had higher AT and RH values when compared to the SP, which corroborates our
findings. As regards WS, although our results did not show any difference, other studies
found that WS in the OP was higher than in the SP [25].

According to Silva [26], RHL values above 570 W m−2 indicate a harsh environment
for female animals. As regards high air temperature and humidity, higher RHL values were
expected in the OP than in the SP; this was confirmed by the variance of 34 W m−2 between
both systems. From this, the microclimate of both production systems was stressful for
the animals, despite the OP having significantly higher values than the SP. Therefore,
this exposure may cause discomfort to animals in direct contact with the pasture. Recent
studies [7,20,27] analyzed the behaviour of adult females and their lambs and related direct
sun exposure with increased GT and CTR; this affects them negatively and corroborates
the premise that the OP provides a more stressful environment for the animals that are
kept there. Our findings regarding RHL also concur with those previously described in the
literature [19].

4.2. Physiological Variables

The physiological variables of sheep that can be used to assess whether they are under
heat stress are respiratory rate, heart rate, and rectal temperature [28]. Thus, the ewes will
trigger physiological mechanisms to improve homeostasis as the ambient temperature rises.
In the present study, sheep from the OP system have a higher HR and RR, which is an
apparent sign of heat stress. Similar results were found by Nejad and Sung [29], who, when
analyzing the physiological parameters of sheep subjected to heat stress and limited water
supply, observed that sheep without heat stress had lower RR values and gasping scores
(p-value 0.02 and 0.03, respectively).

Despite the differences between the other physiological variables, TR is the main
variable used to identify the state of the thermal stress of the animal. Therefore, even
though the sheep were in challenging microclimatic conditions, they could maintain their
body temperature within the normal range of this variable, which may be linked to the
increase in HR and RR. The RT of both systems was similar, in contrast to that presented in
the literature, where ewes under heat stress present a high RT [30–32].

The surface temperature can be used as a parameter for evaluating the thermal comfort
of sheep, as there is a correlation between environmental indices and rectal and skin surface
temperature [33]. Thus, the highest value of MST was detected for the OP system, where
the highest temperatures were observed.

4.3. Leukocytes

We also hypothesized that heat stress (HS) negatively affects the sheep’s immune sys-
tem. However, our results showed that the recruitment of WBCs was not affected by direct
exposure to solar radiation (Table 1). Although some studies analyze the physiological [5],
behavioural [7], and biochemical [34] response to heat stress in a silvopastoral system,
the literature lacks information regarding the mobilization of leukocytes in adult sheep,
whether heat-stressed or in a shaded production system. HS is commonly known to affect

10



Animals 2023, 13, 478

leukocyte concentration in broiler chickens [35], dairy cattle [36], human workers [37], and
even Australian abalone [38].

Our results in respect of WBC are in accordance with what is described in the literature
for heat-stressed and non-heat-stressed sheep. However„ we observed higher eosinophil
numbers along with higher monocyte concentration for a time. Karthik [32] observed
higher WBC populations in sheep in an extensive heat-stressed system compared to an
intensive one. Yet, the harsh environment did not affect the subpopulations of WBCs
(neutrophils, lymphocytes, eosinophils, monocytes, and basophils). Contrary to our results,
Wojtas et al. [34] discovered that total leukocyte mobilization in sheep was influenced by
the movement and temperature of the air, being in lower concentrations when under high
temperatures. Caroprese et al. [39] presented an alternative to combat the negative effects
of HS in sheep based on supplementation with polyunsaturated fatty acids. Their results
showed that supplementing flaxseed may improve the cell-mediated immune response in
sheep exposed to solar radiation. Swanson et al. [40] found that heat-stressed lambs pre-
sented higher WBC, monocyte, and granulocyte concentrations in blood plasma compared
to non-heat-stressed lambs. At the same time, Liu et al. [41] showed that lymphocyte count
was reduced in the stressed environment. Cortisol is a hormone produced by the pituitary
gland in response to HS exposure. It is one of the most important factors leading to reduced
leukocyte mobilization [42]. It is possible that in the present study, despite the low but
significant difference between the systems’ RHLs, the increase in the cortisol hormone was
not enough to significantly affect the WBC concentration in the plasma. However, more
studies involving plasma cortisol analysis are needed to confirm this hypothesis.

4.4. Gestation and Lambs

In several studies, the effects of heat stress on the body weight at birth of ewes and
other ruminants are observed [32,43–45]. When comparing the birth weight of lambs in a
controlled environment with the birth weight of lambs from ewes exposed to heat stress,
a lower weight is noted in the second group; however, this article does not present this
system effectively. According to Marai et al. [43], this inferiority in weight is due to a
disturbance in placental growth generated by heat, which affects fetal development and,
consequently, the birth weight of the lambs.

There was no system effect on the number of lambs born. In contrast,
Van Wettere et al. [45] found fewer lambs born to mated ewes exposed to heat stress
in their work. Their studies show harmful alterations in the fertility and fecundity of
ewes and the production and quality of semen in the rams. Other studies indicate that
non-heat-stressed ewes are 2.43 times more likely to become pregnant than heat-stressed
ewes [44].

The average weight gain in goats eight days after birth is lower than in sheep raised in
heat-stress systems; this may be associated with indications of low placental efficiency [46].
However, the present study does not show any statistically significant system effect on
weight and weight gain ten days after birth. In cows, Casamassima et al. [47] find that
heat stress significantly reduces milk production and quality, which negatively impacts
lamb growth.

Heat stress can reduce the duration of pregnancy in cows and goats, directly impacting
the reduction in birth weight [48,49]. However, the present study does not show a system
effect on the duration of the gestation of ewes, even with a lower mean of the OP system
(140 days) compared to the SP system (145.5 days).

Interestingly, the production systems showed different types of twin placentation.
While the pregnancies in the OP group were all dichorionic, those in the SP group were
all monochorionic. Although studies such as those conducted by Dwyer et al. [50] and
Özyürek and Türkyilmaz [51] state that twin gestation lambs have an increase in placental
weight and the number of cotyledons, the type of pregnancy showed no effect on the area,
the mass of the placenta, and the number of cotyledons.
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In humans and ewes, monochorionic twin pregnancies have complications arising
from vascular anastomoses, which is not observed in dichorionic pregnancies. Additionally,
in twin pregnancies, there is unequal sharing of the placenta by the fetuses [52,53]. In
ewes, this can lead to the birth of unequal-sized lambs, which impacts their survival
and development.

4.5. Placental Biometry

There was no system effect (OP × SP) for the total area of cotyledons per placenta and
the area of the chorionic membrane (p = 0.8456; p = 0.7178, respectively). However, there was
a significant correlation between the cotyledon area and the placental mass, but only for the
SP group (p = 0.0148, r2 = 0.8954). When the same analysis was performed disregarding the
rearing system, a positive correlation was also observed (p = 0.0055, r2 = 0.5934), allowing
the inference that the cotyledon area and the placental mass are correlated.

Placental efficiency can be defined as the placenta’s capacity to support the fetus’s
growth: the greater the weight of the fetus in relation to the placental weight, the greater the
placental efficiency [54]. Since placental vascular architecture is closely related to placental
efficiency, it is essential to evaluate placental biometry to obtain correlations.

Decreased placental development also limits the supply of oxygen and nutrients, and
this leads to decreased fetal plasma glucose and fructose rates and reduced fetal growth
rates [55].

Such results corroborate what is described in the literature, since there is proportion-
ality between the placental mass and the number of cotyledons [50]. A greater number
of cotyledons can be related to a greater passage of nutrients between the fetus and the
mother [56]). However, there was no significant difference (p = 0.2541) between the OP and
SP systems regarding the number of cotyledons (Figure 3).

The increase in placental weight in multiparous mothers may be due to the expansion
and vascularization of the uterus after multiple pregnancies and advancing maternal
age [50]. The age of the ewe and its reproductive maturity can significantly influence
placentation [57]. Finally, drawing on our findings, we recommend using the silvopastoral
system to raise ewes and lambs to minimize the effects of heat stress on these animals.

5. Conclusions

No significant differences between rearing systems (OP and SP) regarding gestation
variables and lambing were observed. We observed some interesting points concerning the
types of gestation (twin pregnancy and simple pregnancy); each system presented just one
example of twin pregnancy; however, this did not affect the remaining variables.
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Simple Summary: A fetal catheterization is an efficient tool allowing longitudinal in vivo studies on
hormonal and metabolic changes, including fetal blood gases and acid-base changes. These surgical
techniques made it possible to take blood samples daily under aseptic conditions to determine arterial
and/or venous blood samples for acid-base variables (like pH, blood gas tensions: partial pressure of
carbon dioxide and partial pressure of oxygen, oxygen saturation, bicarbonate concentration, total
carbon dioxide, and base excess). All these examinations may contribute to a better understanding of
the physiological changes that occur during calving, which may help reach a significant reduction in
losses caused by perinatal mortality, which is still high today.

Abstract: The objective of the present study was to evaluate the changes in maternal and fetal arterial
acid-base variables withdrawn from catheterized dams and fetuses during the last days before and
during calving. The average gestation length in nine cows with chronically catheterized fetuses was
285 ± 10 (SD) days. The arterial acid-base variables of a catheterized dam and fetus were very stable
during late gestation. Four newborn calves showed small differences between prenatal and postnatal
pH values (−0.035). At the same time, pCO2 values started to increase significantly (p = 0.02),
indicating a shift towards physiological respiratory acidosis during calving. The partial pressure
of oxygen and oxygen saturation values showed some non-significant improvements immediately
after birth, while the other acid-base parameters did not differ. The remaining five newborn calves
showed a significant decrease in arterial blood pH (p < 0.01) and BE (p = 0.01), while pCO2 tended to
be higher (p = 0.06), indicating a shift towards physiological respiratory and metabolic acidosis, while
the other acid-base parameters hardly differed. It is essential to mention that physiological (n = 2) and
mild metabolic acidosis (n = 2) developed gradually in four newborn calves during the second stage
of calving, lasting about ≤ 2 h. In contrast, in the remaining newborn calf the physiological metabolic
acidosis developed during the last 3 min of birth because immediately before birth, the BE value was
0.4 mmol/L. After birth, it was −5.4 mmol/L. The results indicate that the acid-base variables may
start to move gradually in the direction of expressed respiratory and metabolic acidosis only after
appearing the amniotic sac and fetal feet in the vulva during the second stage of labor; therefore, it is
essential to complete obstetrical assistance in time.

Keywords: dairy cow; fetal cannulation; maternal cannulation; calving; blood gases; acid-base parameters

1. Introduction

The prevalence of perinatal mortality (death of a mature fetal calf after at least 260 days
of gestation during calving or in the first 24 to 48 h of postnatal life [1,2] is still very high
(3.5 to 8%) and contributes to considerable economic losses, especially in Holstein-Friesian
dairy farms [3,4]. The perinatal mortality rate in Holstein-Friesian heifers reached a loss of

Animals 2022, 12, 2448. https://doi.org/10.3390/ani12182448 https://www.mdpi.com/journal/animals
17



Animals 2022, 12, 2448

11 to 13.2% in the last decades [5–9], which nowadays shows a static or declining trend [10].
All of these emphasize the importance of examining the causal factors of perinatal mortality
because asphyxia plays a critical role in perinatal mortality (58.3% [11] and 44.7% [12]).

It has been known in human practice for a long time that all fetuses develop more or
less severe hypoxia due to the rupture of chorioallantoic and amniotic sacs and uterine
contractions consequent metabolic acidosis [13]. Under normoxic conditions, glucose as the
primary energy source is reduced to pyruvate via the citric acid cycle to the final products
CO2 and H2O. During oxygen shortage, glucose can only be metabolized anaerobically to
pyruvate and then reduced to lactic acid. Anaerobic glycolysis, however, has a significant
disadvantage because energy production is reduced, the carbohydrate reserves are rapidly
exhausted, and metabolic acidosis develops by the accumulation of acid metabolites (lactic
acid). At calving, all fetuses, therefore, suffer from respiratory as well as metabolic acidosis.
The degree of respiratory and metabolic acidosis in the perinatal period can be assigned
into three groups according to their pH values [14]:

Group 1: blood pH > 7.2–physiological acidosis = slight, combined respiratory and
metabolic acidosis.

Group 2: blood pH 7.2–7.0–moderate acidosis = mild to expressed, combined respira-
tory and metabolic acidosis.

Group 3: blood pH < 7.0–severe acidosis = severe, combined respiratory and metabolic
acidosis.

The BE values can also be used to evaluate the degree of acidosis in the perinatal period:
physiological acidosis BE <−6.0 mmol/L, moderate acidosis: BE: −6.0 and −12.9 mmol/L,
and severe acidosis: ≥−13 mmol/L [15]. The degree of acidosis finally determines whether
the fetus lives or dies. Before that, the organism’s regulatory system of chemical buffering in
the blood operates to keep the offspring alive. Bicarbonate is the essential buffer. The other
ones are hemoglobin, plasma proteins, and phosphate buffers, as reviewed by Szenci [16].
Fetal cannulation may help us understand when respiratory and metabolic acidosis in the
fetus to be born can develop to decrease the prevalence of stillbirth on dairy farms.

A significant advance was reached when the method for insertion and maintenance of
catheters in umbilical and uterine vessels under chronic conditions was introduced for the
sheep and goats by Meschia et al. [17]. Since then, the technique has been widely used for
various studies on placental transfer in conscious sheep [18,19] and other large domestic
animals such as the cow [20], mare [21,22], and pig [22,23].

The bovine catheter was usually inserted into the umbilical artery and/or vein [20,22,24–26]
through a placentome selected near the junction of the uterine horns. The anterior tibial
artery [24–29], saphenous artery [30], or saphenous vein [24–27,29–32] were also used to
insert a catheter into the caudal fetal artery, aorta and/or fetal caudal vena cava. A fetal me-
dial or metatarsal vein was also tried for cannulation; however, it was often dislodged [20].
The main uterine artery [24–26,29,32] and/or vein [22], or a circumflex iliac artery and/or
vein [20,27], were usually catheterized on the maternal side of the cow. The maternal
jugular vein was also used for the insertion of a catheter [30]. These surgical techniques
made it possible to take blood samples daily under aseptic conditions to determine arterial
and/or venous blood samples for acid-base variables (like pH, partial pressure of carbon
dioxide /pCO2/, partial pressure of oxygen /pO2/, oxygen saturation /SaO2/, base excess
/BE/, bicarbonate concentration /HCO3

−/ and total carbon dioxide /TCO2/, however,
most of the cases only the pH and the blood gas tensions were determined [20,22,30].
Schmidt et al. [26] reported the changes in pH, hemoglobin, pCO2, pO2, SaO2, SO2-content,
ionized sodium, potassium, chloride, and calcium concentration, and glucose in whole
blood in pregnant cows operated under general and local anesthesia while Sangild et al. [29]
measured lactate and cortisol concentrations additionally in dams pregnant with in-vivo
and AI produced embryos.

Independently of the duration of the surgery, a well-trained surgical team is needed
for fetal cannulation to decrease the risk factors during operations [28]. At the same time,
Smith et al. [26] also received a good result when pregnant dams for fetal catheterization
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were performed upon a standing cow in local anesthesia (total duration of the surgery:
2 to 2.5 h) compared with general anesthesia in the dorsal position (total duration of the
surgery: 3 to 3.5 h).

Because of the extended duration of obstetrical traction (more than 2 min) [33] or
in case of the delayed second stage of labor in primiparous dams [30], severe metabolic
acidosis may develop, which endangers the chances of survival of newborn calves [15,33].
In contrast, Vannouchi et al. [34] have recently reported that calves born after 2 h of
calving showed decreased vitality, hypercapnia, hypoxia, and increased antioxidant status
(glutathione peroxidase) due to respiratory acidosis while severe metabolic acidosis did not
develop. All these results call attention to further studies to determine precisely the reasons
that lead to a shift in the blood gases and acid-base parameters during calving. Therefore, it
was hypothesized that by measuring the metabolic parameters like BE, HCO3

−, and TCO2
besides pH and blood gases, respiratory and/or metabolic acidosis in the fetus to be born
could be accurately differentiated.

The present study aimed to determine the changes in maternal and fetal arterial acid-
base variables during the last days before and during calving in chronically catheterized
Dutch-Friesian dams and their fetuses.

2. Materials and Methods

2.1. Animals and Surgery

The Veterinary Faculty Council (the State University of Utrecht, The Netherlands)
approved the use and treatment of animals in this study. After buying healthy pregnant an-
imals, fetal and maternal catheterization of nine pluriparous Dutch-Friesian pregnant cows
(body condition score between 3.2 to 3.5) was performed at the Department of Veterinary
Obstetrics, Gynaecology, and A.I. (Utrecht) as previously described by Taverne et al. [27].
Briefly, after withholding food for 48 h and water for 24 h operation was performed under
general anesthesia in dorsal recumbency. The animals were premedicated intravenously
with acepromazine (10 mg/100 kg bodyweight: Vetranquil R, Clin-Midy, France) and
atropine (2 mg/100 kg bodyweight). Anesthesia was induced by intravenous infusion of a
mixture of guaifenesin (10 g/100 kg bodyweight; Gujatal R, Aesculaap, The Netherlands)
and thiopental sodium (0.7 g/100 kg bodyweight; Nesdonal R, Rhone Poulenc, France).
The cow was intubated and ventilated with 2–3% fluothane in oxygen/nitrous oxide.

Following surgical preparation, the uterus was approached through a ventral midline
incision. The right or left fetal hind limb was identified by intraabdominal palpation and
moved so that the foot lay in the abdominal incision and under an intercotyledonary area of
the uterus. The fetal leg was withdrawn from the uterus until the anterior surface of the hock
joint was easily accessible. The fetal anterior tibial artery was catheterized with a polyvinyl
catheter (0.75 mm I.D. × 1.45 mm O.D., Dural Plastics, Minto, Australia) which was
advanced approximately 50 cm to lie with its tip in the dorsal aorta. The uterus was closed
with one row of continuous sutures, which included all fetal membranes (chorioallantoic
and amniotic membranes) and the uterine wall. The second row of continuous Lembert
sutures was used to cover the first row. The catheter was exteriorized through the lateral
abdominal wall and temporarily wrapped in a sterile towel. The abdominal midline
incision was then closed using standard procedures.

Subsequently, the cow was positioned on her right side and prepared for cannulation of
the left circumflex iliac artery. A polyvinyl catheter (1.02 mm I.D. × 1.78 mm O.D., Norton
Plastics, Hayward, CA, USA) was advanced approximately 40 cm to lie with its tip in the dorsal
aorta of the cow. Finally, both catheters were tunneled subcutaneously to the most dorsal area
of the sub-lumbar fossa. They were fixed to the skin and protected within gauze swabs soaked
in alcohol within a plastic bag. A more detailed description of this operation illustrated with
several pictures has been published recently [28]. On the morning following surgery, the cow
was placed in a pen, where she remained until after calving. The outer ends of the catheters
were transferred to a hood containing a small container of alcohol. Hypodermic needles capped
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with Luer-lock injection caps were inserted into the ends of the catheters, which were filled with
heparinized saline (200 IU/mL) between samplings.

The mean (±SD) gestational age on the day of surgery was 266 ± 13 (between 254 and
279) days (Table 1) and the cows had their second to fourth gestation (3.2 ± 0.7).

Table 1. The data of catheterized cows and fetuses.

Cow
Duration of
Gestation

(Days)

Duration between
Operation and Calving

(Days)

Period of Sampling
(Post-Surgery)

Number of Maternal Blood
Samples before Calving

Number of Fetal Blood
Samples before Calving

Retained Fetal
Membranes (Y/N)

A 254 31 D9–D31 10 16 Y
B 269 25 D6–D25 14 12 N
C 262 11 D6–D11 6 8 Y
D 258 16 D6–D16 10 11 N
E 265 14 D4–D14 11 * Y
F 261 17 D5–D17 7 7 Y
G NK 12 D5–D12 8 8 N
I 277 20 D5–D20 17 17 N
J 279 21 D5–D21 17 17 N

Mean
(±SD) 266 ± 9 19 ± 6 6 ± 1 ** 11 ± 4

N = 100
12 ± 4
N = 96 4/5

NK: not known, * fetal catheter was blocked, ** First blood samples were withdrawn after operation.

2.2. Evaluation of Neonatal Vitality

Neonatal vitality was evaluated immediately after delivery using the vitality score
recommended by Szenci [35]. The following categories were used: a score of 3 indicated
normal tonicity, head erect, and regular reflectory movements; a score of 2 indicated
low tonicity, sternal recumbency with fetal head requiring support, reduced number and
intensity of reflectory movements; and a score of 1 indicated toneless, head dropping, limbs
extended, and cardiac activity present and a score of 0 indicated toneless, head dropping,
limbs extended, and cardiac activity absent (dead).

2.3. Blood Sampling Protocol

Arterial blood samples were taken daily, usually between 8.00 and 12.00 a.m., starting
on the sixth day (between 4 and 9 days) after surgery. When cows showed signs of
impending parturition, sampling was repeated. Immediately after calving, blood samples
were withdrawn from the newborn calves. On several occasions, samples could not be
obtained (blocked catheters, unobserved start of calving), therefore, a strict protocol could
not be followed in each of the cows. In two cows, the clinical signs of impending parturition
were not expressed, therefore, we could withdraw the last blood samples only 17 and 23 h
before calving, respectively. As the acid-base parameters did not differ from the other
animals they were not removed from the evaluation.

Before arterial blood sampling, heparinized saline solution was removed from each
catheter, and 1 mL of blood was withdrawn for acid-base measurements as described
previously [36]. Briefly, the dead space of a 2-mL plastic syringe and an attached needle
was filled with heparin solution (1000 IU/mL), and blood samples were taken anaerobically.
Air bubbles observed in the sample were removed immediately, and the sample was mixed
by rolling. The syringe was capped with a rubber stopper and placed on a bed of crushed
ice. In each case, arterial blood samples were analyzed for acid-base variables (pH, pCO2,
pO2, SaO2, BE, HCO3

− and TCO2 using an acid-base analyzer (AVL Gas-Check 938, AVL
Medical Instruments, Graz, Austria) at 37 ◦C within 15 min. After sampling, heparinized
saline solution was used again to remove the blood from the catheter. After closing the outer
end of the catheter with a Luer-lock injection cap, it was put back into a small container
filled with alcohol. After calving, the fetal catheter was cut. A hypodermic needle capped
with a Luer-lock injection cap was inserted into the end of the catheter to continue the
withdrawal of additional arterial blood samples.
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2.4. Statistical Analysis

Data were analyzed using R3.5.2. Statistical software [37]. Acid-base data were
checked for normality with the Shapiro–Wilk test. In prepartum samples, the mean, the
standard deviation (SD), and the 5th and 95th percentiles were calculated for both the
dams and the fetuses. We used a generalized linear model to determine the effect of
sample number for each acid-base variable, using sample number and animal ID as factors.
Pearson’s product-moment correlation was used to determine the prepartum correlation
between fetal and maternal acid-base values. Each parameter from both maternal and
fetal samples taken around the onset of calving was compared to the prepartum and the
immediate prepartum samples in the dam and the immediate fetal prepartum and the
immediate neonatal post-partum values using two-sided paired t-tests. In the case of
newborn calves, according to the BE values (0.7 to −1.7 mmol/L vs. −3.7 to −7.2 mmol/L),
two neonatal groups were established and analyzed separately. A probability of p < 0.05
was considered statistically significant.

3. Results

All cows recovered well after surgery, and the mean interval between operation and
calving was 19 ± 6 (SD) days, resulting in mean gestational age of 285 ± 8 (between 273
and 300) days at calving. We were able to take an average of 11 ± 4 (between 6 to 17)
blood samples from the cows and 12 ± 4 (between 7 to 17) blood samples from eight
fetuses because one catheter was blocked before calving (Table 1). All single calves without
obstetrical assistance were born alive within one h after the hooves appeared in the vagina
in anterior presentations, and each newborn calves had a normal vitality score (Score 3).
Neonatal blood samplings were continued after birth through the same catheter. After
calving, 4 of 9 cows had retained fetal membranes.

The mean (SD) and 5th and 95th percentiles of the maternal blood gases and acid-base
parameters before calving (n = 100) and about ≤2 h before calving (n = 9) are given in Table 2.
The prepartum maternal acid-base values showed no significant differences over time until
about ≤2 h before calving, although some individual maternal differences were observed
between animals. Regarding the maternal arterial acid-base variables, only the pH values
increased significantly (p < 0.001). Conversely, pCO2 and pO2 values decreased significantly
(p < 0.01 and p = 0.01, respectively) until about ≤2 h before calving, demonstrating the
effect of imminent calving on pH and blood gases. At the same time, maternal prepartum
acid-base values did not show any differences between cows with and without retained
fetal membranes after calving.

Table 2. Changes in maternal arterial blood gases and acid-base parameters in catheterized cows
(n = 9) before calving and about ≤2-h before calving. Due to daily sampling from dams, 100 arterial
blood samples could be withdrawn.

Acid-Base Parameters
Maternal Arterial Blood

Maternal Arterial Blood
about ≤2-h before Calving p-Value

Mean ± SD 5th Percentile 95th Percentile Mean ± SD

pH 7.427 ± 0.029 7.381 7.467 7.447 ± 0.029 0.001

pCO2 (kPa) 5.02 ± 0.41 4.30 5.60 4.68 ± 0.31 0.01

pO2 (kPa) 13.43 ± 1.63 11.30 16.87 12.64 ± 1.77 0.01

SaO2 (%) 96.9 ± 0.8 95.6 98.1 96.7 ± 1.1 0.09

BE (mmol/L) 0.56 ± 1.92 −2.72 3.72 1.3 ± 2.1 0.22

HCO3
− (mmol/L) 24.5 ± 2.0 20.6 27.4 24.6 ± 2.0 0.82

TCO2 (mmol/L) 25.6 ± 1.9 22.3 28.4 25.1 ± 1.5 0.58

SD: standard deviation.
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The mean (SD) and 5th and 95th percentiles of the fetal/neonatal blood gases and
acid-base parameters before calving (n = 96) and about ≤2 h before calving (n = 8) as well
as immediately after calving (n = 9) are given in Table 3. We could withdraw the arterial
blood sample from the missing calf after birth, and it showed similar acid-base values
(BE: 0.0 mmol/L) to those for the three newborn calves; therefore, these values were not
removed. The prepartum fetal acid-base values showed no significant differences over
time until about ≤2 h before calving, although some individual differences were observed
between fetuses. At the same time, the neonatal pH and BE values (n = 9) were significantly
lower (p < 0.01 and p = 0.03, respectively), while pCO2 was significantly higher (p = 0.03) in
the immediate post-partum samples compared to prepartum samples (data not shown).

Table 3. Changes in fetal arterial blood gases and acid-base parameters before calving and about
<2-h before calving in catheterized fetuses and immediately after calving in newborn calves.

Acid-Base
Parameters

Fetal Arterial Blood

Fetal Arterial
Blood about ≤2-h

before Birth
(n = 8 *)

Neonatal
Arterial Blood

(Group A: n = 4)

Neonatal
Arterial Blood

(Group B: n = 5)
p-Value

Mean ± SD
5th

Percentile
95th

Percentile
Mean ± SD (Mean ± SD) (Mean ± SD)

Fetal ≤2-h vs.
Neonatal
(Group A)

Fetal ≤2-h vs.
Neonatal
(Group B)

pH 7.351 ± 0.019 7.326 7.384 7.347 ± 0.019 7.312 ± 0.019 7.209 ± 0.073 0.08 0.01

pCO2 (kPa) 6.52 ± 0.48 5.89 7.26 6.35 ± 0.70 7.24 ± 0.26 8.26 ± 1.81 0.02 0.06

pO2 (kPa) 3.61 ± 0.65 2.43 4.45 2.83 ± 0.66 4.11 ± 0.86 3.19 ± 0.61 0.49 0.16

SaO2 (%) 47.9 ± 11.9 23.2 62.6 31.7 ± 13.2 51.9 ± 14.7 30.9 ± 11.0 0.63 0.64

BE (mmol/L) 0.51 ± 1.28 −1.66 2.72 −0.4 ± 2.0 −0.3 ± 0.9 −5.4 ± 1.3 0.43 0.01

HCO3
- (mmol/L) 26.5 ± 1.7 24.1 29.8 25.6 ± 2.6 26.8 ± 0.7 23.4 ± 1.8 0.77 0.43

TCO2 (mmol/L) 27.6 ± 1.4 25.4 29.6 26.2 ± 2.0 28.4 ± 0.7 24.5 ± 1.5 0.63 0.83

* Due to the blocking of a fetal catheter, blood sample could not be withdrawn before calving.

Except for SaO2, all acid-base parameters between maternal and fetal arterial blood
showed a significant positive correlation before calving. In contrast, from about ≤2 h before
calving, only pCO2 and acid-base parameters (BE, HCO3

− and TCO2) showed a significant
positive correlation albeit to a reduced extent (Table 4).

Table 4. Correlation between maternal and fetal acid-base parameters before calving.

Acid-Base
Parameters

Before Caving About ≤2-h before Calving

Pearson’s
Correlation

Confidence
Intervals

p-Value
Pearson’s

Correlation
Confidence

Intervals
p-Value

pH 0.47 0.29 to 0.62 0.001 0.57 −0.22 to 0.91 0.14

pCO2 (kPa) 0.48 0.30 to 0.63 0.001 0.87 0.42 to 0.98 0.01

pO2 (kPa) 0.28 0.07 to 0.46 0.01 0.44 −0.38 to 0.87 0.27

SaO2 (%) −0.01 −0.23 to 0.21 0.93 0.28 −0.53 to 0.82 0.51

BE (mmol/L) 0.44 0.26 to 0.6 0.001 0.81 0.24 to 0.96 0.02

HCO3
−

(mmol/L) 0.43 0.24 to 0.59 0.001 0.77 0.03 to 0.96 0.04

TCO2 (mmol/L) 0.50 0.30 to 0.65 0.001 0.88 0.47 to 0.98 0.01

Among the nine newborn calves, there were four newborn calves with similar BE
values (0.7 to −1.7 mmol/L) immediately after birth than those before delivery. Only pCO2
showed a significant increase (p = 0.02) compared to samples taken 23 ± 13 min (except
for one case when it was 23 h) before calving (Table 3). Concurrently, post-partum pH
tended to be lower (p = 0.08). In these four calves, after birth, physiological respiratory
acidosis dominated. In the remaining five newborn calves, the mean pH and BE values
were significantly lower (p < 0.01) after birth, while pCO2 tended to be higher (p = 0.06)
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than in samples taken 124 ± 43 min (except for one case when it was 17 h) before calving.
Three newborn calves were born with physiological respiratory and metabolic acidosis,
while the remaining two had moderate respiratory and metabolic acidosis (pH: 7.167 and
7.089, while BE: −6.6 and −7.2 mmol/L, respectively). None of the newborn calves were
lost in the post-parturient period.

4. Discussion

In agreement with previous findings [22,29,30], catheterized dams and fetuses’ arterial
blood pH and blood gases are very stable during late gestation. Our results also apply to the
other acid-base variables like BE, HCO3

−, and TCO2 (Tables 2 and 3). The daily maternal
and fetal blood pH and blood gases also changed a little up to the day of birth. Differences
between maternal and fetal blood gases ensured the placental transfer of blood gases,
while there was a significant pH gradient between the fetal and maternal arterial blood.
According to Comline and Silver [22], the differences between maternal and fetal arterial
samples were 0.052 for pH, 7.8 mmHg (1.04 kPa) for pCO2, and 60.8 mmHg (8.1 kPa) for
pO2, respectively. In our case (n = 86, data not shown), the mean differences calculated from
the blood withdrawn from the aorta were very similar: 0.075 for pH, 1.46 kPa for pCO2, and
9.92 kPa for pO2, respectively. Sangild et al. [29] also reported similar pH value differences
(0.080 vs. 0.074, respectively) for dams with in-vitro produced (IVP) embryos and dams
with AI embryos between 2–5 days after surgery during late pregnancy. In comparison,
there were somewhat higher differences regarding the maternal and fetal pCO2 values
(IVP dam vs. fetus: 11.9 mmHg /1.58 kPa/ and AI dam vs. fetus: 26.1 mmHg /3.48 kPa/)
between 2 to 5 days after surgery. According to our results, the other acid-base parameters
(BE, HCO3

− and TCO2) were hardly different.
Except for SaO2, all acid-base parameters between maternal and fetal arterial blood

showed a significant positive correlation before calving. In contrast, from about ≤2 h before
calving, only pCO2 and acid-base parameters (BE, HCO3

− and TCO2) showed a significant
positive correlation, albeit to a reduced extent, indicating the changes caused by uterine
contraction at the beginning of calving (Table 4).

It was also found by Comline et al. [20] that fetal blood pH remained stable both
immediately before and during normal parturition, and it was only after rupture of the um-
bilical cord that there was a fall in blood pH associated with a high pCO2 level. In contrast,
Wilson et al. [30] indicated that fetal pCO2 values might elevate in the last 24 h before birth.
According to our results, we had four newborn calves that showed little difference between
prenatal and postnatal pH values (−0.035). In contrast, pCO2 values started to increase
significantly (p = 0.02), indicating a shift towards physiological respiratory acidosis. In
contrast, the pO2 and SaO2 showed some non-significant improvements (1.28 kPa, 20.2 %)
immediately after birth. At the same time, the other acid-base parameters did not differ.
The remaining five newborn calves showed a significant decrease in arterial blood pH
(p < 0.01) and BE (p = 0.01), while pCO2 tended to be higher (p = 0.06), indicating a shift
towards physiological respiratory and metabolic acidosis. At the same time, the other
acid-base parameters hardly differed. It is essential to mention that metabolic acidosis
developed gradually in four newborn calves during about ≤2 h of calving, while in the
remaining newborn calf during the last 3 min of birth because immediately before birth,
the BE value was 0.4 mmol/L and immediately after birth it was −5.4 mmol/L. Metabolic
acidosis appears to be due to electrolyte imbalance and L-lactate accumulation due to
anaerobic glycolysis for no tissue oxygenation.

In the field, the prevalence of normal fetuses (physiological acidosis: pH > 7.2) be-
fore spontaneous delivery and obstetrical assistance withdrawing venous blood from
v. metacarpalis volaris superficialis [38,39] or capillary blood [40] can vary between 74.2 and
85% [38–40], while before Caesarean section withdrawing blood from v. umbilicalis or
v. digitalis dorsalis communis III [14,41,42] before extraction from the uterus between 51.2
and 63.6%, respectively. A close correlation could be found between the duration of the
second stage of calving and the duration of obstetrical assistance because the prevalence
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of severely acidotic calves (pH < 7.0) can be increased if the duration of the second stage
of calving is extended (<2 h: 0%, 2 to 4 h: 19%, 4 to 7 h: 44%: [15]). In contrast, besides
respiratory acidosis, Vannouchi et al. [34] reported normal mean metabolic parameters
(BE: −5.4 mmol/L, HCO3

−: 20.5 mmol/L, TCO2: 21.9 mmol/L) even if the duration of
calving was longer than >4 h. At the same time, a significant respiratory depression (al-
tered lung gas exchange and delayed lung clearance) was also observed [43]. Therefore,
it is important to emphasize for the dairy practice that, in agreement with Comline and
Siver [22], not only the pH value and the blood gases but the other acid-base variables
will start to move in the direction of expressed respiratory and metabolic acidosis only
after appearing the amniotic sac and fetal feet in the vulva during the second stage of
labor. Therefore, it is crucial to start obstetrical assistance within 70 min after amniotic sac
appearance or 65 min after the appearance of feet in the vulva [44]. If we start obstetrical
assistance too early, we may increase not only the prevalence of stillbirth rate but the preva-
lence of injuries to the birth canal and retained fetal membranes [45]. At the same time,
Villettaz Robichaud et al. [46] could not confirm the negative effect of early intervention
(within 15 min after the first sight of both front hooves in the vulva) on the stillbirth rate;
however, sterile obstetrical lubricant was applied liberally to the dam’s birth canal around
the fetus before performing the examination and providing obstetrical assistance. The
effect on the prevalence of injuries of the birth canal and retained fetal membranes was
not reported. At the same time, Vannouchi et al. [47] could not confirm any connection
between retained fetal membranes and extended duration of calving (>4 h). In our case,
the prepartum maternal acid-base parameters did not differ if retained fetal membranes
occurred after calving. In contrast, dystocia [15,16,35,40] or extended duration of obstetri-
cal traction (more than 2 min) [33] may also contribute to the development of expressed
respiratory and metabolic acidosis in the fetus being born.

5. Conclusions

To decrease the prevalence of dystocia and stillbirth and to improve animal welfare,
one of our most important management activities during the periparturient period is to
provide obstetrical assistance at an appropriate time after detecting the onset of the second
stage of labor. In addition, maternal and fetal cannulation can help us understand those
physiological and pathological changes that may endanger the fetuses’ life to be born.
This is all the more important because apart from buffering the metabolic acidosis in a
dairy farm, instruments for effectively clearing the airways from amniotic mucus and
providing artificial respiration are still not widely available; therefore, we must emphasize
the importance of prevention of neonatal asphyxia.
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Simple Summary: The assessment of fetal and neonatal vitality plays an essential role in preventing
stillbirth in bovine cattle. Therefore, an accurate diagnosis of fetal vitality prior to obstetric assistance
or neonatal vitality after birth is crucial for ensuring prompt and accurate treatment. If severe
asphyxia occurs before the availability of obstetric assistance, a cesarean section can be performed
as a less life-threatening alternative for the fetus. In cases where severe asphyxia is diagnosed
postnatally, available resuscitation methods can be employed in an attempt to protect the newborn’s
life. However, it must be noted that the potential for such interventions remains limited in dairy
and beef practices, underscoring the importance of preventing stillbirths. Consequently, this review
focuses on the diagnostic possibilities and limitations related to the evaluation of fetal and neonatal
vitality in dairy and beef practices.

Abstract: Prior to initiating any obstetrical intervention for anterior or posterior presentation, it
is imperative to emphasize the need for a precise and accurate diagnosis of fetal viability and to
select the most appropriate approach for assistance. In uncertain cases, diagnostic tools such as
ultrasonography, pulse oximeter, or measurement of acid–base balance or lactate concentration may
be employed to confirm the diagnosis. In situations of severe asphyxia, a cesarean section is preferred
over traction, even if the duration of asphyxia is less than 60 s, to maximize the likelihood of the
survival of the fetus. Postcalving, several vitality scores have been proposed to evaluate the vigor
of the newborn calf. Originally, four different clinical signs were recommended for assessing the
well-being of newborn calves. Subsequently, five or more different clinical signs were recommended
to evaluate vitality. However, despite the efforts for devising a practical tool to assess newborn calf
vitality; a user-friendly and highly accurate instrument that can be used on farms remains elusive.
Measuring the acid–base balance or lactate concentration may increase the diagnostic accuracy. It is
critical to emphasize the importance of reducing the incidence of dystocia to mitigate the occurrence
of severe asphyxia. In instances where asphyxia is unavoidable, adequate treatments should be
administered to minimize losses.

Keywords: dairy cow; fetal and neonatal vitality; acid–base and lactate measurement; ultrasonography;
pulse oximetry

1. Introduction

The profitability of a dairy farm depends greatly on the rate of calves being born
alive and successfully reared to maturity [1,2]. Perinatal mortality, also referred to as
stillbirth, pertains to the death of a mature fetal calf with a gestation period longer than
260 days that occurs during calving or within 24 to 48 h of postnatal life [3,4]. The incidence
of perinatal mortality ranges from 3 to 10.3% [5], 2.4 to 9.7% [6], or 2 to 15% [7] across
most countries. Despite considerable advancements in animal breeding, the prevalence
of perinatal mortality remains high, particularly in Holstein-Friesian dairy farms [6,8–10].
In comparison, lower prevalence rates are mainly observed in relatively small farms with
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fewer than 65 dairy cows [5] or in dairy farms raising other breeds such as Norwegian Red
or Swedish Red [6].

Over the past few decades, there has been an upward trend in stillbirth rates, especially
in Holstein Friesian (HF) heifers. In Swedish, Dutch, and US HF heifer populations, the
prevalence of stillbirth ranges between 10% and 13.2% [11–16], which has recently shown
a static or declining trend [17]. However, there have been some encouraging outcomes
in American [18] and Canadian dairy farms [19], with lower prevalence rates (<2%) of
stillbirth. These findings highlight the importance of investigating the underlying factors
contributing to perinatal mortality that have also been recently reviewed [20–22].

The etiology of stillbirth with a noninfectious origin is likely to be multifactorial, with
direct and indirect asphyxia being the primary causes of death in most cases. Pathological
changes were not detected in 58.3 to 75% of the calves that died during the perinatal
period, as reported by several studies [23–25]. Furthermore, according to a recent review
by Mee [26], the diagnostic rate of anoxia is highly variable between studies, ranging from
approximately 10 to 80% of cases.

Fetal and maternal cannulation prior to calving allows for the monitoring of changes
in the acid–base balance [27]. “These results indicate that the acid-base variables may start
to move gradually in the direction of expressed respiratory and metabolic acidosis only
after the amniotic sac and fetal feet appear in the vulva during the second stage of labor.
However, in spontaneous calving, physiological respiratory or respiratory and metabolic
acidosis is used to develop; therefore, it is essential to complete obstetrical assistance in
time” [27]. The duration of survivable asphyxia depends on glycogen reserves in the
heart [28]. In an experiment involving Hereford fetuses, the survival period was examined
by the clamping of the umbilical cords. Four out of six fetuses survived after 4 min of
anoxia, while none survived after 6 to 8 min of anoxia [29].

In dairy and beef practice, different methods are used to assess fetal and neonatal
vitality as a measurement of the acid–base balance of fetuses or newborn calves is not
feasible. Although portable acid–base analyzers are already available in the field, their
present costs limit their daily use [30–32]. Concurrently, measuring lactate concentration
using a handheld meter is a more cost-effective option [33,34].

The present review focuses on the determination of fetal and neonatal vitality of dairy
calves to provide guidance for practitioners in choosing a suitable method to decrease
fetal and/or neonatal mortality. Given the importance of reducing perinatal mortality
rates in bovine cattle, recent scientific literature, including a published book [35] and
several reviews [1,36–38], have emphasized the significance of this topic using
different perspectives.

2. Determining Fetal Vitality during Stage Two of Calving

2.1. Determining the Clinical Signs of Vitality in Anterior and Posterior Presentation during Stage
Two of Calving

The vitality of a bovine fetus during an obstetrical examination can be determined
by initiating different reflexes in either the anterior (interdigital, bulbar, and swallowing
reflexes) or posterior presentation (interdigital reflex, anal reflex, and pulse of the umbilical
cord) [39].

As acidosis deepened (physiological, moderate, and severe acidosis), fetuses with
anterior presentation (n = 180) failed to exhibit the interdigital reflex (88%, 65%, and 20%,
respectively), bulbar reflex (95%, 91%, and 47%, respectively), and swallowing reflex (100%,
98%, and 80%, respectively). In the posterior presentation, a similar correlation between
the palpable clinical signs of life (interdigital reflex: 52%, 25%, and 12%; anal reflex: 76%,
62%, and 50%; and the pulse of the umbilical cord: 95%, 87%, and 50%, respectively)
and the acid–base balance could not be established due to the limited number of fetuses
(n = 37). Nonetheless, there were 12 fetuses (5.5%) that were unable to initiate any reflexes
but were still viable, as demonstrated by measuring the acid–base balance and providing
obstetric assistance [39]. Therefore, before considering fetotomy, fetal heartbeat evaluation
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through B-mode/Doppler ultrasonography [40] and fetal pulse rate evaluation using a
pulse oximeter [41] are crucial.

2.2. Measuring Fetal Acid–Base Values during Stage Two of Calving

In bovine practice, the measurement of the acid–base balance in fetal scalp blood is not
as widely performed as in human practice, despite the commercial availability of portable
acid–base analyzers. A study conducted by Bleul and Götz [31] compared 271 venous
blood samples (obtained using the iSTAT analyzer) to reference methods and observed
high correlations between acid–base parameters (r = 0.965–0.986), except for pO2 values
(r = 0.817). Fetal blood samples for acid–base measurement can be collected by punc-
turing the v. metacarpalis volaris superficialis or v. digitalis dorsalis communis III before the
onset of traction or the a. and v. umbilicalis before the onset of extraction during a ce-
sarean (C-) section [1]. Capillary blood sampling is also a viable option for diagnosing
fetal asphyxia [42].

Before and after birth, calves can be assigned to one of three groups according to their
pH values, as suggested by Eigenmann et al. [43] and implemented by us [1,27]:

“Group 1: blood pH > 7.2–physiological acidosis = slight, combined respiratory and
metabolic acidosis.

Group 2: blood pH 7.2–7.0–moderate acidosis = mild to expressed combined respira-
tory and metabolic acidosis.

Group 3: blood pH < 7.0, severe acidosis = severe, combined respiratory and metabolic
acidosis” [43].

Immediately prior to parturition or obstetrical intervention, a substantial proportion
of fetuses exhibited physiological metabolic acidosis, ranging from 57.6% to 80%. Moderate
metabolic acidosis was observed in 20–24.9% of fetuses, while severe metabolic acidosis
was present in 0–17.5% of cases (Table 1).

Table 1. Prevalence of physiological, moderately, and severely acidotic fetuses before starting
obstetrical assistance.

Type of
Obstetrical
Assistance

Site of Blood
Sampling before

Calving

No. of
Examined
Fetuses (n)

pH > 7.2
n (%)

pH 7.2–7.0
n (%)

pH < 7.0
n (%)

References

Spontaneous or traction v. jugularis 19 15 (78.9) 4 (21.1) 0 Eichler-
Steinhauff [44]

Spontaneous or traction v. metacarpalis
volaris superficial 20 16 (80) 4 (20) 0 Mülling et al.

[45]

Spontaneous or traction v. metacarpalis
volaris superficial 58 43 (74.1) 14 (24.1) 1 (1.7) Szenci et al.

[46]
Spontaneous, traction or

C-section
v. digitalis dorsalis

communis III 217 * 125 (57.6) 54 (24.9) a 38 (17.5) b Held et al.
[47]

Spontaneous, traction, or
C-section Fetal capillary blood 38 29 (76.3) 9 (23.7) Bleul et al.

[42]

C-section a. or v. umbilicalis 44 28 (63.6) 10 (22.7) 6 (13.6) Szenci and Taverne
[48]

* Fetuses were grouped according to the BE values: physiological acidosis: BE > −6.0 mmol/L; moderate acidosis:
BE: −6.0 and −12.9 mmol/L; severe acidosis: BE < −13 mmol/L [41]. a Four calves died within 24 h of birth (8%).
b Fifteen calves died within 24 h of birth (51%).

In contrast, Held et al. [47] evaluated the degree of prenatal acidosis by measuring
the blood base excess (BE) value in 217 parturitions. The study revealed that 57.6% of
the fetuses had physiologic (BE > −6.0 mmol/L), 24.9% had moderate (BE: −6.0 and
−12.9 mmol/L), and 17.5% had severe acidosis (BE ≤ −13 mmol/L). Similar results were
obtained using data collected from calves delivered by C-section, with 59.1% of the calves
having physiological acidosis and 40.9% having moderate to severe acidosis [48], which
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indicated that both parameters (pH and/or BE) were suitable for classifying fetal acidosis
prior to initiating calving assistance.

It is essential to mention that the detection of vigorous fetal movements during
obstetric examinations or extraction of the fetus from the uterus during a C-section is
indicative of the presence of severe metabolic acidosis. Therefore, assistance must be
promptly completed. This is supported by our previous findings where four out of six
calves showed fetal movements during C-section and were severely acidotic immediately
after birth [48]. Additionally, the occurrence of fetal movements was confirmed in an
experiment in which the umbilical cord was clamped [29]. The first movements occurred,
on average, after 53 s postclamping of the umbilical cord (range, 10–105 s). Among the nine
fetuses that died during the study, only one fetus did not show any movements after being
subjected to ≥4 min of anoxia [29].

2.3. Measuring Fetal Oxygen Saturation during Stage Two of Calving

Electronic fetal heart rate (FHR) monitoring using cardiotocography is widely used to
assess intrapartum hypoxia during labor in human practice [49]. In cases of nonreassuring
cardiotocography, human fetal pulse oximetry accurately excludes moderate to advanced
acidosis when the fetal pulse oximetry is <30% for at least 10 min. Additionally, it reduces
the frequency of fetal blood analysis [50].

In bovine practice, continuous measurements of fetal oxygen saturation of arterial
hemoglobin (FSpO2) via pulse oximetry (oxygen sensor) can also be utilized [1,51]. “An
oxygen sensor designed for human babies was placed in the mouth against the mucosa
of the hard palate. The accuracy of predicting asphyxia was the highest when the oxygen
saturation was below for a period of at least 2 min. A cutoff value of <30% had the highest
positive predictive value. Sporadic individual values <30% were not clinically significant
as they might just represent physiological events at calving, e.g., the oxygen saturation
can decrease temporarily during uterine contractions because of increased intrauterine
pressure. At the same time, it was emphasized by Bleul and Kähn [51] that further studies
are needed to determine whether an FSpO2 value of <30% over a minimum of 2 min is a
valuable predictor of neonatal asphyxia in the cows”. Thus, rapid obstetrical assistance
such as extraction or C-section would help prevent peripartal death of the calf by reducing
the duration of asphyxia.

According to Kanz et al. [41], measuring pulse rate (>120 bpm for at least 2 min) by
pulse oximetry during the last 25 min of calving could predict neonatal acidosis more
accurately (area under the curve [AUC]: 0.764) than measuring fetal oxygen saturation
(FSpO2 < 40% for at least 50% of the measurement: AUC = 0.613). The oximetric sensor was
interdigitally fixed using a homemade latex cover. It was emphasized that improving the
hardware of the device was necessary to obtain immediate results during the examination.
Furthermore, improved fixation of the pulse oximeter to the fetus is essential for reducing
the risk of intrapartal detachment.

2.4. Measuring Fetal Lactate Concentration during Stage Two of Calving

Recent advancements in dairy farming have led to the adoption of portable devices for
measuring L-lactate concentration. Commercially available portable lactate meters, such as
Lactate Scout and Biosen C line [33], as well as Accutrend Plus, i-STAT, Lactate Pro, and
Lactate Scout [34], have been tested for their accuracy and found to be highly consistent
with the reference methods (r = 0.98–0.99). A study by Karapinar et al. [34] reported that
i-STAT had the highest sensitivity (100%) and specificity (98.6%) compared to the other
three devices.

In human obstetrics, a fetal scalp blood lactate level of ≤5.4 mmol/L measured
using the StatstripLactate®/StatstripXpress® system is considered the cutoff for labor
monitoring [52]. However, there is currently no established cutoff for bovine practice, and
further research is needed in this area.

30



Animals 2023, 13, 1081

2.5. Determining Fetal Heart Rate (FHR) during Stage Two of Calving

An FHR of 90–120 bpm prior to calving was established through transabdominal
Doppler ultrasonographic examinations, which was calculated by visual inspection of
paper recordings [53,54]. Subsequently, Breukelman et al. [40] used a computer-assisted
analysis after an analog–digital conversion of the FHR, establishing the reference values
(108.6 ± 1.9 bpm) for FHR two days before expected calving. Cardiotocographic record-
ings of 84 fetuses during the dilatation stage of parturition identified normocardia (heart
rate: 80–155 bpm) and tachycardia (heart rate: >155 bpm), with a close correlation be-
ing found between heart rates and the degree of acidosis. Moderate or severe acidosis
(BE < −8.9 mmol/L) was observed in all fetuses with tachycardia [55].

Calf births in poor condition were observed when decelerations (periodic decreases
in FHR) occurred during the end of a contraction [56]. “In the acidotic group, the mean
baseline FHR increased from 113.5 to 138.6 bpm during the last 55 min before birth, while
in the normal group, it changed from 116.9 to 121.3 bpm. Decelerations occurred during
uterine contractions in acidotic fetuses and in the majority of normal fetuses (12 of 16)
during the expulsive stage of parturition; accelerations (periodic increase in FHR) were
hardly recorded” [56]. The mean decrease in FHR during uterine contractions increased
significantly toward birth, indicating that intrapartum continuous FHR measurements
might provide additional information on the acidotic state of fetuses [57]. However, short-
term measurements held no diagnostic value [56]. Therefore, at least 30 min of continuous
recording is recommended for dairy cows [40].

Ultrasonic transit-time measurement of blood flow in the umbilical arteries and veins
of the bovine fetus during stage II of calving facilitates direct and continuous measurement
of umbilical blood flow volume per unit of time. It also allows for the investigation
of the relationship between umbilical blood flow, uterine contractions, and fetal heart
rate [58]. During uterine contractions, a decrease in blood flow is most likely caused by
the compression of the umbilical vessels. Venous blood flow is more severely affected
than arterial blood flow during muscular contractions due to the thinner walls and fewer
muscle fibers of the umbilical veins than those of the umbilical arteries. In a study by
Bleul et al. [58], lower umbilical arterial and venous blood flows in acidotic calves were
found to be higher than those in nonacidotic calves during the last 30 min before birth.

3. Diagnosis of Neonatal Vitality after Calving

3.1. Evaluating Clinical Signs of Vitality after Birth

Several parameters have been proposed as alternative vitality classification systems
for field use after calving, including respiration and reflexes [59], time from birth until
head-righting [29], until sternal recumbency [29,60,61], until the first apparent efforts to
stand up [29,62,63], until the calf stands up [61–64]; until the first suckling [62,63,65–67], or
a combination of attitude, vital signs, feeding behavior, and locomotion [68]. However, in
most of these cases, the blood gases and acid–base parameters of newborn calves were not
assessed, which can provide more accurate predictions of calf vitality [36].

In human obstetrical practice, a numerical scoring system has been suggested to assess
a newborn baby’s clinical condition [69], which is based on heart rate, respiratory effort,
muscle tone, reflex irritability, and skin color. Clinical signs are assessed for each variable,
and a score of 0, 1, or 2 is assigned. The total score is used to calculate a final score (0–10),
which is named Apgar points after the inventor [69].

In bovine practice, Mülling [70] was the first to adapt the human Apgar score (muscle
tone and movement, reflex activity, respiration, and mucous membrane color) and pro-
posed a neonatal status diagnosis in calves (Table 2), which was subsequently adopted
by others [41,71–75]. Instead of the five clinical signs, four were assessed and scores were
assigned ranging from zero to two. The higher the score, the more robust the calf: scores
7–8 indicate a healthy calf, scores 4–6 indicate a calf at risk, and scores ≤ 3 indicate a weak
calf that is alive. In addition, healthy calves have better acid–base parameters than at-risk
calves [41,71].
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Table 2. Apgar score system modified for newborn calves by Mülling [70].

Parameters/Scores 0 1 2

Muscle tone and movement Absence Reduced Spontaneous, active movement
Reflex activity Being absent Reduced Fully available

Respiration Being absent Slow, irregular Rhythmic, normal
Mucous membrane color Bluish-white Blue Pink

Scores 7–8: normal, Scores 4–6: calf at risk, Scores 0–3: live weak.

In contrast to previous recommendations, Mauer-Schweizer et al. [76] suggested the
use of heart rate detection instead of assessing mucous membrane color for determining
the health status of newborn calves (Table 3). Furthermore, they reported a definitive
correlation between modified Apgar scores and acid–base parameters [77,78]. Palmer [79]
adopted the same modified Apgar score system suggested by Mauer-Schweizer et al. [76];
however, it included the detection of reflex activity in response to nasal stimulation (no
response, grimace, and sneeze/cough) and ear tickling (no response, weak ear flick, and
ear flick/head shake).

Table 3. Modification of Mülling’s Apgar score system by Maurer-Schweizer et al. [76].

Parameters/Scores 0 1 2

Respiration Being absent Slow, irregular, Rhythmic, normal
Heart rate Not measurable <100, >150 100–150

Muscle tone and movement Absence Reduced Active movement
Reflex activity Being absent Reduced Fully available

Scores 7–8: normal, Scores 4–6: calf at risk, Scores 0–3: live weak.

Another modification of the Apgar score system developed by Mülling [70] was
proposed by Born [80], who recommended evaluating the effect of splashing cold water on
the calf’s head, eye and interdigital reflexes, respiration, and mucous membrane color after
a C-section (Table 4). This system has been adopted by other researchers [39,81–88].

Table 4. Modification of Mülling’s Apgar score system by Born [80].

Parameters/Scores 0 1 2

Effect of splashing
cold water on the head Being absent Reduced Spontaneous, active

movement

Eye and interdigital reflexes Absence One reflex is positive Both reflexes are
positive

Respiration Being absent Irregular Rhythmic
Mucous membrane color Bluish-white Blue Pink

Scores 7–8: normal, Scores 4–6: calf at risk, Scores 0–3: live weak.

Essmeyer [89] suggested “evaluating the reaction to cold water on the head (no re-
action; reduced, late reaction; lifting, shaking of the head), interdigital reflex (no reaction;
pulling away slowly, weak; pulling back strongly, immediate reaction), mucosal mem-
brane color (white; pale pink, cyanotic; pink) and respiration (absent; irregular frequency
and intensity; regular frequency and intensity)” which was subsequently employed by
Sorge et al. [90].

However, discrepancies between the measured pH values and modified Apgar scores
were discovered by Born [80], who found agreement with Maurer-Schweizer and Walser [77].
Herfen and Bostedt [75] then demonstrated that the modified Mülling Apgar score [70] had
only a marginal correlation with blood gas analysis results since 13 of 98 newborn calves
had physiological pH values immediately after birth, but their modified Apgar scores
were ≤3.

In contrast, Vollhardt [91] was the first to propose the use of five clinical parameters
(respiration within 1 min, muscle tone and movement (head raising, extremities), reflex
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excitability (eyelid and claw reflex), conjunctival color, and suckling reflex) to assess the
vitality of newborn calves (Table 5). Subsequently, Schulz and Vollhardt [92] found a
strong correlation (r = 0.67) between vitality scores and venous blood pH values, while
Gürtler et al. [93] found statistically significant relationships between vitality scores and
venous blood pH (r = 0.69) and BE values (r = 0.61), as well as an indirect relationship with
lactate levels (r = −0.66), following difficult births.

Table 5. Calf vitality score sheet recommended by Vollhardt [91].

Parameters/Scores 0 1 2

Respiration within
1 min Absent Irregular Spontaneous

Muscle tone and movement
(head raising, extremities) Absent Reduced Vigorous

Reflex excitability
(Eyelid and claw

reflex)
Absent Present Very good

Conjunctival color Bluish-white White Pink
Suckling reflex Absent Present Vigorous

Scores 8–10: normal, Scores 5–7: calf at risk; scores < 5: live weak.

Later research conducted by Torres and Gonzales [94] introduced five distinct clin-
ical criteria for evaluating neonatal vitality: responsiveness to exogenic stimuli, time to
the raising of the head, sucking reflex, interest in the environment, and time needed
to successfully stand up, and found a strong correlation with the acid-base status of
newborn calves. A vitality score of 8–10 was considered indicative of a healthy calf,
scores 6–7 suggested a calf at risk, and scores ≤ 5 indicated a weak calf that was still
alive. Probo et al. [95] recommended the assessment of the following five variables: heart
rate and rhythm (absent; irregular rhythm or <100 bpm; ≥100 bpm and regular rhythm),
respiratory rate and rhythm (absent; irregular rhythm or <30 rpm; ≥30 rpm and regu-
lar rhythm), body tone (atonic, hypertonic, and sternal/active), the color of the mucous
membranes of the eyes and mouth (hyperemic/cyanotic; pale; pink), and response to
nasal and ear stimulation (absent response, grimace or weak response, and avoidance of
stimulation). An index of ≥7 was considered normal. Subsequently, Vannucchi et al. [96]
proposed the evaluation of five variables, such as “heart rate (absent; bradycardia/irregular:
<120 bpm; normal/regular: 120–220 bpm), respiratory rate and effort (absent;
irregular < 35 rpm; regular 35–90 rpm), muscle tone (flaccidity; some flexion; flexion),
irritability reflex (absent; some movement; hyperactivity) and mucous color of eyes and
gums (cyanotic; pale; normal)”. An index of ≥7 was considered normal. Concurrently,
Kovács et al. [97] proposed the evaluation of newborn calf vitality through the following
parameters: muscle tone (toneless, low, normal); erection of the head (head dropping; head
requiring support; erected head); muscle reflexes (limbs extended; reduced number and
intensity of reflectory movements; normal reflectory movements); heart rate (absent; brady-
cardia/irregular < 120 bpm; normal/regular 120–220 bpm), and sucking drive (absent;
reduced; intensive). Higher scores indicate greater vigor.

Schuijt and Taverne [98] proposed evaluating newborn calf vitality based on the time
from birth to the attainment of sternal recumbency (T-SR). “Calves were vital when they re-
ceived routine care without medical treatment and survived seven days from birth without
any symptoms of illness”. Nonvital calves were those who failed to meet the aforemen-
tioned criteria. “The mean ± SD T-SR values of the healthy calves were 4.0 ± 2.2 min (born
spontaneously), 4.5 ± 3.1 min (C-section), 5.4 ± 3.3 min (usual traction), and 9.0 ± 3.3 min
(forced traction), respectively. Calves delivered by forceful extraction had longer T-SR,
more severe acidosis, recovered more slowly from acidosis, showed higher mortality, and
exhibited trauma more frequently. A moderate correlation was reported between T-SR
values and 10-min pH and BE values, while there was a weak correlation between T-SR
and pCO2 values”.
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It is worth noting that although the interval from birth to sternal recumbency is
objective and usually short, it has less practicality during daily practice since, immediately
after birth, an assisted calf has to be placed into sternal recumbency to help respiration [99].
Nevertheless, Uystepruyst et al. [99] have also measured the time between birth and sternal
recumbency in newborn calves to evaluate the vitality delivered by elective C-section, as
suggested by Schuijt and Taverne [98]. Similarly, Barrier et al. [62], Murray et al. [100],
and Probo et al. [95] measured the time between birth and sternal recumbency in newborn
calves to assess calf vigor.

Mee [101] suggested evaluating newborn calf vitality based on the assessment of
the following variables: “the presence of meconium staining, peripheral edema, cyanosis
of the mucous membranes, as well as heart and respiration rates, muscle tone, stimula-
tion reflexes, rectal temperature, time to sternal recumbency and attempts to stand and
suckle” (Table 6).

Table 6. Calf vitality score sheet recommended by Mee [101].

Criterion Good Vitality Poor Vitality

Respiration 50–75 bpm and
thoracic breathing

Gasping, primary apnea,
irregular, abdominal

breathing, bellowing, and
secondary apnea

Hair coat appearance Placental fluid-covered Meconium-stained

Peripheral edema None Capital, lingual, or
limb edema

Mucous membranes Pink and normal
capillary refill time

Cyanotic, pale, and slow
capillary refill time

Response to reflex stimulation Vigorous head shake, strong
corneal suck, or pedal reflex Weak or no response

Muscle tone Active with head-righting
within minutes

Inactivity and
flaccid musculature

Heart rate 100–150 bpm and regular
>150 bpm followed by

bradycardia (<80 bpm) and an
irregular, decreasing rate

Rectal temperature

102–103 ◦F (39–39.5 ◦C) after
calving declining to

101–102 ◦F (38.5–39 ◦C) by
1 h and stable

103–104 ◦F (39.5–40 ◦C) after
calving declining to 101 ◦F

(<38.5 ◦C) by 1 h
and decreasing

Sternal recumbence Achieved within 5 min Prolonged lateral recumbence

Attempts to rise
Attempting to stand

within 15 min
Standing within 1 h

Delayed or no attempts to rise

Suckling Commences within 2 h Delayed or no
attempts to suckle

Murray [102] worked out a Dairy Calf VIGOR score based on ten physical exam
parameters in five categories comprising the acronym VIGOR (Table 7):

“V” (visual appearance): evaluating the presence of meconium staining and the
appearance of the tongue and head.

“I” (initiation of movement): detecting time to achieve certain postural behaviors.
“G” (general responsiveness): pricking the nasal mucosa with a straw, pinching the

tongue, and touching the eyeball.
“O” (oxygenation): evaluating mucous membrane color and length of protruding

tongue.
“R” (rates): measuring heart rate and respiratory rate.
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Table 7. Calf VIGOR score sheet recommended by Murray [102].

Visual Appearance

Score 0 1 2 3

1. Meconium staining Normal: no
staining

Slight: around
anal/tail head area

Moderate:
extending over

body

Severe:
completely

covered

2. Tongue/Head
Normal (no

swelling, tongue
not protruding)

Tongue protruding
but not swollen

Tongue protruding
and swollen

Head and tongue
swollen, tongue

protruding

Initiation of Movement

3. Calf movement Standing/walking Attempts to stand Sternal On side, no efforts to rise
Taken within 0–30 min 30 min–1.5 h 1.5 h–3 h >3 h

General Responsiveness

4. Head shake in
response to
straw in nasal
cavity

Shakes head
vigorously Moves head away Twitches or

flinches Does not respond

5. Tongue pinch Actively withdraws
tongue

Attempts to
withdraw Twitches tongue Does not respond

6. Eye reflex
(in response to
touching eyeball)

Actively blinks
and closes

eye
Slow to blink Does not respond -

Oxygenation

7. Mucous
membrane color Bright Pink Light Pink Brick Red White/blue

8. Length
of tongue * <50 mm 50–61 mm >62 mm -

Rates

9. Heart rate ** 80–100 bpm >100 bpm <80 bpm -
10. Respiration rate *** ~24–36 rrpm ~24 rrpm ~>36 rrpm -

* Measure from lips. This measurement was recorded only within 5 min of calving. ** Place hand on the calf’s
chest. The pulse was recorded for 15 s and then multiplied by 4 to obtain beats per minute (bpm). *** View and/or
place hand on the calf’s abdomen to count the approximate number of breaths for 15 s and multiply by 4 to get
respiration rates per minute (rrpm). A lower score indicates greater vigor.

Villettaz Robichaud et al. [19] recently proposed modifications to the vigor score sheet
(Table 7), which included the removal of the calf movement evaluation and the measure-
ment of time to sternal recumbency and tongue length. Conversely, heart rate values were
replaced with scores of one and two (Score 1: <80 bpm, Score 2: >100 bpm). “Time to
sternal recumbency was treated as a continuous variable and analyzed separately from
the vigor score, with shorter time indicating greater calf vigor”. However, as mentioned
previously, an assisted calf must be placed into sternal recumbency immediately after birth
if respiration initiation is delayed [99].

Homerosky et al. [103] examined additional parameters besides the traditional Apgar
parameters (heart rate, respiration rate, and mucous membrane color) to identify newborn
beef calves with acidosis, which included “meconium staining (visual assessment of hair
coat and amniotic fluid: absent/present), tongue withdrawal (visual assessment of rostral
aspect of the tongue: normal size within oral cavity/protruding or swollen) and suckle
reflex (response to placing two fingers longitudinally in calf’s mouth: strong/weak). Nasal
prick (reaction to pricking the nasal mucosa with straw: actively shakes head/minimal
movement) and corneal reflex (response to touching conjunctiva with forefinger: complete
blink/ incomplete blink)” were also evaluated and compared with the venous blood acid–
base parameters obtained 10 min after birth. The study found that the traditional Apgar
parameters, meconium staining, nasal prick test, and suckle and corneal reflex did not help
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identify newborn beef calves with acidosis. However, tongue withdrawal, calving ease,
and parity may be useful in these assessments.

On dairy farms, where obstetrician assistants are familiar with providing continuous
surveillance, a simple vitality score system is necessary for immediate and accurate deter-
mination of neonatal vitality without requiring laboratory tests. Thus, immediate treatment
can be provided whenever required [104]. The degree of neonatal vitality was evaluated
based on muscle tone (active with head-righting within seconds), and in problematic cases,
cardiac status was also considered. Newborn calves (n = 147) were examined immediately
after birth and characterized as follows [104]:

“V-III.: Normal tonicity, head erect, and normal reflectoric movements
V-II.: Low tonicity, abdominal recumbency with head requiring support, and reduced

number and intensity of reflectoric movements
V-I.: Toneless, head dropping, limbs extended, and cardiac activity present
V-0.: Toneless, head dropping, limbs extended, and cardiac activity absent [104]”
Significant differences were observed between the vitality scores of newborn calves

assessed immediately after birth and their associated acid–base parameters, suggesting
that this scoring system can provide valuable insights into the neonatal calf’s overall
health status without the need for laboratory measurements. This approach allows for
timely and appropriate administration of treatment, which is particularly important for
Cesarean-derived calves, as these animals may take 2 to 3 min to lift their head and turn
from lateral to sternal recumbency. In such cases, potential errors can be excluded when
assessing the response of the calf to splashing cold water over its head [78,87] and/or
turning them immediately into sternal recumbency [99]. In contrast, Schulz et al. [105]
suggested evaluating suckling behavior as a criterion alone or as part of the modified
Apgar score.

Despite several attempts to develop practical tools for assessing newborn calf vitality,
a highly accurate and easy-to-use method suitable for on-farm use remains elusive [102].

3.2. Measuring Neonatal Acid–Base Values after Birth

Following spontaneous calving or obstetrical assistance with one assistant, a consider-
able proportion of newborn calves experience physiological metabolic acidosis, ranging
from 39.7 to 80% [44–46]. Similarly, after C-section, acidosis is observed in 50% to 63.5%
of cases [43,48,106]. The prevalence of moderate metabolic acidosis in newborn calves
following spontaneous calving or obstetrical assistance ranges between 20% and 50%,
with only a small proportion of cases (0–10.3%) being severe [44–46]. Additionally, after
C-section, moderate metabolic acidosis prevalence rates are observed in 23.8% to 34.1%
of cases, with severe metabolic acidosis ranging from 12.7% to 22.8% [43,48,106] (refer to
Table 8). It is important to note that a C-section is a more cautious procedure than traction,
particularly forced traction, which has been confirmed by other studies [43,48,93,107].

At birth, upon initiation of respiration, vasoconstriction ceases, and the accumu-
lated acids enter circulation, resulting in a further decline in pH, and the acid–base
variables are observed during the first 10 min postcalving. These metabolic reductions
are more pronounced following a traction-assisted delivery [76,108–110] compared to a
C-section [48,111]. Furthermore, posterior presentation deliveries exhibit more substantial
decreases in metabolic values compared to anterior presentation deliveries [109,112].

In cases of severe respiratory metabolic acidosis, postnatal compensation for metabolic
acidosis is relatively slower, taking between 1 and 6 h after birth, while respiratory acidosis
may persist for up to 24 and 48 h postpartum [77,93,108,110,113]. Therefore, it is crucial
to managing severe metabolic acidosis promptly by administering sodium bicarbonate or
carbicarb infusion immediately after delivery [43,114].
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Table 8. Prevalence of physiological, moderately, and severely acidotic newborn calves immediately
after obstetrical assistance.

Type of
Obstetrical Assistance

Site of Blood Sampling
before Calving

No. of
Examined
Calves (n)

pH > 7.2
n (%)

pH 7.2–7.0
n (%)

pH < 7.0
n (%)

Reference

Spontaneous or traction v. jugularis 15 12 (80) 3 (20) 0 Eichler-Steinhauff [44]

Spontaneous or traction v. metacarpalis volaris
superficial 20 15 (75) 5 (25) 0 Mülling et al. [45]

Spontaneous or traction v. jugularis 58 23 (39.7) 29 (50) a 6 (10.3) b Szenci et al. [46]

Spontaneous or C-section v. jugularis 25 12 (48) 10 (40) 3 (12) Herfen and Bostedt
[74]

Spontaneous, traction,
or C-section v. jugularis 98 39 (39.8) 48 (49) 11 (11.2) Herfen and

Bostedt [75]
Spontaneous, traction,

or C-section v. jugularis 336 192 (57.1) 119 (35.4) 25 (7.4) Leister [88]

Spontaneous, traction,
or C-section v. jugularis 38 26 (68.4) 12 (31.6) Bleul et al. [42]

C-section v. jugularis 57 30 (52.6) 14 (24.6) 13 (22.8) c Eigenmann et al. [43]

C-section v. jugularis 44 22 (50) 15 (34.1) 7 (15.9) d Szenci and
Taverne [48]

C-section v. jugularis 126 80 (63.5) 30 (23.8) 16 (12.7) e Szenci et al. [106]

a One calf died within 48 h of birth (3.4%). b Four calves died during calving, while two died within 48 h of birth
(100%). c Nine calves died within 24 h of birth (69.2%). d Two calves died within 24 h of birth (28.6%). e Six calves
died within 48 h of birth (37.5%).

3.3. Measuring Neonatal Oxygen Saturation after Birth

In human medicine [50], pulse oximetry is widely used to measure the percentage
of oxygen saturation of arterial hemoglobin (SpO2) in a noninvasive and precise manner.
Conversely, in bovine practice, the accuracy of a pulse oximeter in newborn calves was
first examined by Uystepruyst et al. [115] by comparing SpO2 and arterial oxyhemoglobin
saturation (SaO2), measured with a blood gas analyzer. Two transmission-type sensors of
the pulse oximeter were placed on the proximal region of the tail (one on the dorsal surface
and the second on the ventral surface), where the skin was nonpigmented and shaved. The
study reported a highly significant correlation (r = 0.87) between mSpO2 (SpO2 values were
recorded for 1 min and averaged) and SaO2 values [115].

Despite its accuracy and portability, as well as being a noninvasive, easy-to-use, and
inexpensive technique suitable for dairy farm use, pulse oximetry cannot provide a precise
absolute measurement of SaO2 in calves after birth due to the overestimation of SpO2
values when SaO2 values are lower. Additionally, its accuracy may be affected by several
variables, including the pulse oximeter device, type of transducer, site of measurement,
tissue perfusion, pigmentation of the site, ambient light (i.e., infrared heat lamps), or animal
movement [115]. Despite these limitations, the use of pulse oximetry enables the objective
evaluation of pulmonary function effectiveness in newborn calves during their transition
to extrauterine life [115].

Kanz et al. [116] examined the accuracy of a pulse oximeter (Radius-7) after calving.
The sensor was placed in the interdigital space of the front legs of the calves and fixed
using a custom-made latex hoof cover. SpO2 values were compared with arterial SaO2
values measured using a portable blood gas analyzer as a reference, while pulse rates
were measured and compared to the heart rate belt reference. The Spearman correlation
coefficients for SpO2 and pulse rate were 93.8% and 97.7%, respectively. However, these
results could be considered valid only for motionless calves with sternal recumbency.
Therefore, purpose-built equipment is required for dairy practice.

3.4. Measuring Neonatal Lactate Concentration after Birth

Burfeind and Heuwieser [33] conducted a study to validate the accuracy of a
hand-held meter (Lactate Scout) in measuring L-lactate concentration in newborn calves
(age: 17 ± 12 days). They found a high correlation (r = 0.98) between the measurements
obtained using the Lactate Scout and those obtained through reference laboratory methods.
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In another study, Homerosky et al. [103] found a strong negative correlation (r = −0.86)
between L-lactate concentration and blood pH in neonatal calves 10 min after birth using
a Lactate-Pro handheld meter. The authors concluded that lactate meters are practical
and should be strongly considered for on-farm use, as they provide accurate estimates
of blood pH. Similarly, Bleul and Götz [31] found a high correlation (r = 0.984) between
blood L-lactate and pH (r > 0.95) measured by i-STAT and the reference laboratory methods
in blood samples withdrawn immediately after birth. However, in 12 out of 46 newborn
calves, the i-STAT lactate concentrations around the reference limit of 20 mmol/L could not
be confirmed by measuring blood pH and BE values. Therefore, it was emphasized that
there is a need for cautious interpretation of high L-lactate concentration due to suboptimal
agreement between the higher L-lactate and reference laboratory levels. Simultaneously,
if these calves were treated, they would not have had a detrimental effect since they also
suffered from metabolic acidosis. Sorge et al. [88] reported that 8 out of 281 newborn calves
had blood L-lactate concentrations of up to 19.8 mmol/L (Lactate-Pro) within 5 min after
birth, despite a maximum Apgar score of eight. Therefore, in doubtful cases, it is suggested
to confirm L-lactate concentration with the measurement of a new blood sample [103].
Although hand-held devices allow rapid, reliable, and accurate point-of-care blood analysis
in dairy farms due to the high variability of L-lactate values, determination of the cut-off
values is also warranted.

4. Future Perspectives

Currently, the main emphasis in obstetrical assistance must be placed on the prevention
of asphyxia due to the lack of instruments that can reliably clear respiratory passages,
maintain this state, and perform artificial respiration, as well as the insufficient competency-
based skill of calving assistants to manage artificial respiration in the field. Although a calf
aspirator/resuscitator for the suction of bronchial secretions is already available in bovine
practice [1,117], intrauterine hypoxia during obstetrical assistance may develop depending
on the degree of metabolic acidosis, organ injuries (hemorrhage), or meconium aspiration,
which may increase the prevalence of neonatal mortality [118,119].

Reducing the need for calving assistance is the most critical breeding objective, par-
ticularly since calving assistance may shift the fetal acid–base balance toward acidosis [1].
However, in many cases, there are no visible clinical signs of calving onset, making it chal-
lenging to recognize. Using different sensors to predict the onset of calving may contribute
to reducing stillbirth, delayed calving assistance, and its consequences in the field [2]. In
cases of dystocia, the mode (traction or C-section) and the time of calving assistance should
be chosen considering profitability factors and in a manner that minimizes the fetal acid–
base balance towards acidosis [1,27,120]. Obstetric assistance should be initiated within
70 min after the appearance of the amniotic sac or 65 min after the appearance of hooves in
the vulva [121]. Early intervention (within 15 min after the first sight of both front hooves
in the vulva) does not necessarily increase the stillbirth rates, although the prevalence of in-
juries to the soft birth canal and retained fetal membranes can be increased [122]. Similarly,
Villettaz Robichaud et al. [19] could not confirm the negative effect of early intervention
on the stillbirth rate; nevertheless, sterile obstetrical lubricant was applied to the dam’s
soft birth canal around the fetus before providing obstetrical assistance. Concurrently, the
prevalence of injuries to the soft birth canal and retained fetal membranes has not been
reported. Delayed obstetrical assistance can increase the rate of severely acidotic calves
(pH < 7.0) (<2 h: 0%, 2–4 h: 19%, 4–7 h: 44%) [39]. Furthermore, while Vannucchi et al. [123]
reported normal mean metabolic parameters even when the duration of calving was longer
than 4 h, significant respiratory depression (altered lung gas exchange and delayed lung
clearance) has also been reported [124].

Prior to conducting any obstetric traction, it is crucial to assess the degree of di-
latation of the soft birth canal. If the dilatation is found to be insufficiently dilated,
nonsurgical or surgical expansion techniques, such as episiotomy lateralis, must be per-
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formed [1]. Obstetric lubricants should also be utilized [18,19] to prevent tractions exceeding
2–3 min [46], as excessive traction can lead to rib and vertebral fractures [125].

A C-section should be performed if prolonged traction is expected to preserve the
calf’s life and prevent maternal birth canal injuries. Recent research suggests that prior
to deciding on the mode of calving assistance, the results of the acid–base balance or
L-lactate measurements from blood samples should be considered [103,120]. The routinely
applied complex treatment for asphyxiated newborn calves, which involves the initiation
of respiration through physical stimulation or respiratory stimulants, providing oxygen/air
supplementation, alleviation of pain and inflammation following dystocia, compensation
of acidosis through buffer therapy, ensuring thermal support, and administering umbil-
ical treatment, may reduce postnatal calf losses [36,101,117,126]. In addition to adequate
treatment, special attention should be paid to the consumption and absorption of sufficient
amounts of colostrum in asphyxiated newborn calves, as the lack of colostrum uptake is ac-
companied by an increased susceptibility to gastrointestinal disorders [19,37,68,100,127–129].

5. Conclusions

Several diagnostic methods are available to evaluate the clinical signs of fetal/neonatal
vitality during and after calving, as well as to measure the acid–base balance or L-lactate
concentrations. The use of ultrasonography to detect heart rate, or pulse oximetry to
continuously measure fetal/neonatal oxygen saturation of arterial hemoglobin and heart
rate on dairy or beef farms was observed. The implementation of these methods may
contribute to recognizing and eliminating threats to the fetal/neonatal calf’s vitality in
a timely manner. Hence, it is essential for farm management to select and apply these
methods, considering current economic aspects, to prevent damage caused by dystocia,
which frequently contributes to fetal/neonatal mortality. Nevertheless, even in today’s
circumstances, primary emphasis must be placed on prevention, with medical treatments
being a secondary consideration.
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Simple Summary: Labour is considered a painful episode where complex physiological, hormonal,
morphological, and behavioural changes are present. During animal parturition, the recognition and
treatment of pain is not a regular practice, although there are several consequences derived from pain
in the mother and the newborn. This review discusses current knowledge about human labour pain,
the relevant rat model’s contribution to human labour pain, and model parturition pain mechanisms
in small and large animals. Parturition’s pain represents a potential welfare concern; therefore, pain
indicators and appropriate analgesic therapy are also analyzed in this work including the relevance
of analgesics and the welfare implications of pain during this physiological stage.

Abstract: Parturition is a complex physiological process and involves many hormonal, morphological,
physiological, and behavioural changes. Labour is a crucial moment for numerous species and is
usually the most painful experience in females. Contrary to the extensive research in humans,
there are limited pain studies associated with the birth process in domestic animals. Nonetheless,
awareness of parturition has increased among the public, owners, and the scientific community
during recent years. Dystocia is a significant factor that increases the level of parturition pain. It
is considered less common in polytocous species because newborns’ number and small size might
lead to the belief that the parturition process is less painful than in monotocous animal species and
humans. This review aims to provide elements of the current knowledge about human labour pain
(monotocous species), the relevant contribution of the rat model to human labour pain, and the
current clinical and experimental knowledge of parturition pain mechanisms in domestic animals
that support the fact that domestic polytocous species also experience pain. Moreover, both for
women and domestic animal species, parturition’s pain represents a potential welfare concern, and
information on pain indicators and the appropriate analgesic therapy are discussed.

Keywords: parturition; delivery; whelping; farrowing; labour; pain; distress

1. Introduction

Parturition is a complex process that involves changes at the hormonal, physiological,
morphological, and behavioural levels [1,2]. One of the characteristics of this event is the
manifestation of pain that can vary in severity and duration depending on the species
studied. Parturition is a significant event for numerous species and is frequently the most
painful experience that females suffer [3]. Unlike other acute pain experiences, labour
pain is physiological and unique, not associated with disease or trauma, and its presence
does not indicate any pathology, but the progression of labour itself [4], and the most basic
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experience of life, the birthing of a new individual [5]. However, several factors may hinder
the normal process of parturition and modify or increase the degree of pain caused by it.

The International Association for the Study of Pain (IASP) defined pain “as an unpleas-
ant sensory and emotional experience usually associated with tissue damage or described
in terms of such damage” [6–8], the definition had remained unchanged since 1979. How-
ever, in recent years, advances in our understanding of pain in its broadest sense warranted
a re-evaluation of the definition [9,10]. Recently in 2019 [11], the current definition was
revised to “an unpleasant sensory and emotional experience associated with or resembling
that associated with, actual or potential tissue damage”. Also, with the following notes:
Pain is always an individual experience modified by various degrees by biological, psycho-
logical, and social factors, through their life experiences, individuals learn the concept of
pain, although pain usually serves an adaptive role, it may have adverse effects on function
and social and psychological well-being, and verbal description is only one of several
behaviours to manifest pain; incapacity to communicate does not negate the possibility
that a human or a nonhuman animal experiences pain. A relevant update is that the pain
definition should be used in humans and non-human animals [12].

A large proportion of women describe parturition as severely painful [13,14]; for that
reason, labour pain in women has received great scientific interest. Research in the rat
model has contributed to elucidate the subjacent neurophysiological and neuropharmaco-
logical mechanisms of pain during labour [15].

In small animals, labour pain is generally accepted as a paradoxical and challenging
issue, composed of a complex, multidimensional subjective experience involving sensory
and affective (emotional) elements [16]. Also, in pigs, pain is described as a perceptual
event created from information assembled by specific sensitive receptors for tissue in-
jury, transformed by ascending and descending spinal and supraspinal mechanisms, and
combined into an individual sensorial event including negatively valenced emotions [17].

In cows and sows, it is recognised that pain has a beneficial role because it is intimately
related to some of the neurohumoral responses required for inflammation and can alter
physiological responses, which also help the individual to handle damage [18,19].

The individual’s expression and response to pain have an emotional and social inter-
pretation structured by culture [8,20] and visible painful events [21]. The pain-conscious
experience challenges the specific anatomical, physiological, and/or pharmacological inter-
pretation. Moreover, it is a subjective sensation that can be suffered even without visible
harmful stimulation and can be altered by beliefs, moods, customs or habits of humans
who are responsible for animals, coping ability, and by behavioural experiences, including
fear, memory, and stress of the different animal species [16].

Contrary to the extensive research in humans, in domestic animals, there are limited
pain studies associated with the birth process, reflecting little interest in the subject [19].
Most studies refer to the cascade of hormonal events, morphological and behavioural
changes associated with pregnancy, labour, and lactation. Similar neuroanatomical struc-
tures associated with pain perception are shared by humans and vertebrates [22,23], includ-
ing nociceptors, nociceptive pathways, and processing zones in the central nervous system
(CNS). Therefore, it is recognised that pain perception in humans and other mammals is
similar. Most mammal species have receptors sensitive to noxious stimuli (nociceptors) and
have brains with structures analogous to the human cerebral cortex. They have nervous
pathways linking nociceptors to the higher brain, and it has been observed that painkillers
modify the response physiologically and behaviourally [19].

Nonetheless, during recent years, awareness of the labour process, its impact on
welfare, health, and even economic return in domestic animals has increased among the
public, owners, and the scientific community. For example, in swine, the health and welfare
status of the sow have been shown to reflect her capacity to generate healthy offspring [3].
In dogs, the owners increasing emotional involvement in the birthing process of their
pets, and the economic importance of purebred puppies, has produced raised interest
in enhancing whelp survival. [24]. Dystocia is usually considered to be less common in
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polytocous species such as the pig than in monotocous animal species and humans [25].
The number of newborns and smaller size in the former might assume that the labour
process is less painful. In this review, the current knowledge about human labour pain
(monotocous species), the contribution of the rat model related to human labour pain,
and the current clinical and experimental knowledge of parturition pain mechanisms in
pigs, with physiological and anatomical similarities with humans for the study of labour
pain, support that domestic polytocous species also experience pain. Both for women
and domestic animal species, the pain associated with parturition represents a potential
welfare concern. The above-mentioned matters justify the need to review the published
information of labour pain and current advances drawing on examples from monotocous
and polytocous species, based on the availability of research in humans and on pain study
models in some domestic animal species.

2. Physiological Response to Labour: Comparative Studies

The timing of labour in humans continues to be an enigma, and more reliable knowl-
edge of these mechanisms is essential to avoid unfavourable consequences of pregnancy.
Parturition, a fundamental and species-specific component in the reproductive cycle, is un-
der intense selection pressure. A broad diversity in gestation length and neonatal maturity
at birth occurs in species unrelated to the size at birth. Human neonates are similar to other
altricial species in terms of maturity at delivery, although primates are usually considered
precocial at birth [26].

In humans, a natural time of parturition begins parallel to foetal organs maturity,
generally 37–40 weeks gestation. Prevailing hypotheses of labour induction are mainly
associated with foetal-maternal endocrine and immune alterations in utero relating to
foetal development [27]. Childbirth is when a foetus and placental tissues are released
from the uterus through the vagina. In women, the birth process can be divided into two
stages. The first is divided into the latent and the active phase. The latent occurs when the
woman undergoes regular and painful contractions until the cervix dilates four centimetres.
The active one goes from a dilation of the cervix of four centimetres to full dilation. The
second stage, in turn, is subdivided into two phases; the descending in which the baby’s
head drops towards the pelvic floor, and the expulsion when the dam is actively expelling
the child [28].

Labour monitoring helps determine its stage and progress, and multiple modalities
are used. Consecutive cervical exams are helpful to delimit cervical dilation, effacement,
and foetal position, also called tocography. Cardiotocography is used to monitor the foetal
heart frequency and capacity of uterine contractions. Also, it is helpful to assess foetal
well-being throughout labour continuously. Physicians determine the patient’s stage of
parturition and monitor the progression of labour based on information from monitoring
and cervical examinations [29,30].

In female Dorper sheep, the use of echocardiography has been implemented for accu-
rate readings from the third month of gestation, in which foetal cardiac monitoring allows
the identification of congenital or developmental anomalies, and hypoxemia and acidemia
due to placental dysfunctions that compromise the viability of the foetus, something that, in
production species, especially reproducers, is essential [29,30]. Similarly, foetal abnormali-
ties in horses are identified using the biophysical profile, considered the gold standard in
reproduction to assess foetal well-being by determining the foetal heart rate, the diameter
of the aorta and the thickness of the uteroplacental unit [29,30].

Diagnosis of labour initiation is a challenging and essential decision for those who
provide maternity care. The initial stage of labour, through active uterine contractions,
accomplishes the goal of reducing, dilating, or opening the cervix by at least 10 cm in
diameter to permit the foetus to pass from the uterus to the vagina. The duration of both
stages of labour are clinically significant and hence need uniform strategies to measure. An
extended latent phase of parturition is linked with a higher risk for oxytocin increment of
labour, caesarean section, amniotic fluid stained with meconium, an Apgar score less than
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seven at 5 min, demand for newborn resuscitation and ingress to the neonatal intensive
care unit (NICU) [30–33]. There is a significant discrepancy in the definitions of labour
initiation in the research reports. Still, there was little consensus between studies referring
to the same type of parturition initiation (e.g., active labour phase) and an indication of
labour initiation, except that 100% of the definitions of latent labour phase refer to the
presence of frequent painful contractions [34].

Based on the essential nature of parturition, there is a lack of understanding of how
the way by which a baby is born can have later physiological consequences for newborns.
More comprehensive knowledge of how the form, start, sequence, and duration of par-
turition can influence healthy development and long-term well-being consequences for
the infant is crucial because of the global increase in delivery by caesarean section (CS).
In 2595 women subjected to CS (50.5% of the total sample), a retrospective study made
by Khasawneh et al. [35] found that fetal distress was the main indication of CS (15.5%).
From the delivered newborn, 16% required hospitalization due to transient tachypnea and
respiratory disease syndrome. The increase in CS is also in domestic animals, particularly in
some breeds of dogs, and the Belgian White and Blue cattle [36]. The principal mechanisms
associated with explaining why the mode of parturition, spontaneous or induced/increased
vaginal birth versus CS, may alter neonate development include (1) physical stress and
exposure to stress hormones during parturition, (2) unusual bacterial colonisation of the
child’s intestine, and (3) epigenetic alteration of gene expression [37].

Additionally, the risk of CS in the newborn includes immune deficits (i.e., asthma)
and alterations of the young microbiome [38]. Ensuring normal and safe physiological
conditions could evade adverse consequences of the mode of parturition. Assessment, care
plan, health training, and improvement of natural processes could establish the framework
to increase the capacities of women in preparation for childbirth and maternity [39].

3. Labour Pain (Parturition Pain Stimuli)

Recently, foetal tissue senescence was reported in association with foetal growth
causing sterile inflammatory markers that can disseminate as paracrine foetal signals
linked with childbirth. Homeostatic irregularities created by endocrine and paracrine
constituents generate an inflammatory overload that interferes with the preservation of
gestation. These signals transform the inactive myometrium into the active state. Although,
characteristics of the foetal or maternal-derived signals and their specific mechanism in
initiating delivery remain unclear [40]. More recently, Menon (2019) reported that foetal
membrane senescence and the associated inflammation function as a paracrine signalling
system during labour [41].

Labour is a dynamic process of delivering a foetus and is characterised by regular,
painful uterine contractions that progress in number and severity. Labour pain has visceral
and somatic components. The cervix has a primary function in both the first and second
stages of delivery. Parturition pain occurs out of a range of physiological factors like uterine
contractions and cervical dilation, accompanied by mental and emotional constituents,
including fear and anxiety. Other constituents such as maternal age, parity, the physical
health of women in labour, and the maternal situation can also influence its severity and
duration [34,39]. The behaviours displayed by women in parturition can also induce labour
pain and can be associated with the length of the stages and the severity of the pain.

Consequently, it is suggested to recognise this problem simultaneously with physio-
logical signs and clinical tests for better management of women in labour [42]. Based on
the several similarities among animals and humans in anatomical and chemical pathways
of pain perception, it is commonly admitted that pain perception is comparable in humans
and other mammals. Hence, from the dam perspective, parturition in all species is usually
admitted as a painful process. Broadly, childbirth associated with difficult parturitions
or dystocia may produce unacceptably severe pain levels in the dam. Thus, for example,
in sows and cows, it is recognized that pain has a beneficial role because it is closely
related to some of the neurohumoral responses required by inflammation, which can alter
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physiological responses and help the individual to manage the damage [18]. In pigs, as
it is in other species, parturition is expected to be painful, and pain probably originates
from uterine contractions, piglet ejection, and uterine inflammation due to a piglet litter
delivery [18].

Regarding inflammation, during parturition, there are notable alterations in the acute-
phase protein concentrations. Haptoglobin (Hp) and Serum Amyloid A levels rise through-
out calving, higher in heifers than in pluriparous cows, implying a higher inflammation or
trauma around calving, producing higher pain levels [18]. In pigs, C-reactive protein (CRP)
and Hp are recognised as the most reliable markers of inflammatory damage, and high
levels have been described in sows one week after farrowing [43]. Furthermore, higher Hp
values are described in primiparous sows than pluriparous sows [44]. Kostro et al. [45]
reported inflammation of the reproductive tract and mammary glands associated with
raised levels of CRP in sows with Mastitis, Metritis, and Agalactia (MMA).

Primarily, in the lower uterine segment, the concentrations of interleukin (IL) 1β, 6,
and 8 were found to be significantly higher when the cervical dilatation was 4 cm (6.6,
67.7, and 125.8 pg/mg, respectively) and promoted normal and premature labour in hu-
mans [46]. Another study compared the presence of cytokines in the uterine segment and
the amniotic fluid in patients undergoing CS. The authors found that IL-6 concentrations
in the amniotic fluid increased earlier (at 2–3.9 cm) than IL-8 (at 6 cm), and no correlation
was found in the uterus for this cytokine [47]. During the labour term and preterm, the
increase in other cells, such as adhesion molecules in the lower segment and cervix, have
also been reported to trigger the cervical tissue ripening [48]. Myometrial inflammation
is also involved in the labour beginning, suppressing progesterone action [49], driving
pro-labour gene expression, including prostaglandin biosynthetic enzymes [50] and the
oxytocin receptor [51]. Studies emphasize the relationship between labour and inflamma-
tion, confirming a severe inflammatory myometrial recruitment of monocytes, neutrophils,
and macrophages [52–54]. In more recent publications, the same group demonstrated
that inflammatory cytokines, bacterial lipopolysaccharide (LPS), and monocytes could
increase myometrial cell contractions, the first by raised prostaglandin synthesis and the
second for a direct effect on ROCK [55,56]. Therefore, this is compatible with a common
antagonist relationship among progesterone and inflammation, which is the essence of
diverse hypotheses for the labour start [49,57]. One of the proposed mechanisms includes
the secretion by the mature foetal lung of surfactant protein A (SP-A), which initiates the
proinflammatory transcription factor NFκB [58]. The second mechanism includes myome-
trial stretch, whereby the growing pregnancy rises myometrial wall tension, stimulating
the proinflammatory transcription factors NFκB and AP-1, which induce the proinflamma-
tory cytokines expression [59]. Although, some key question remains; does myometrial
inflammation occur before the onset of labour, or is it merely a consequence of labour? In-
terestingly, Singh et al. [60] studied myometrial samples from women at various pregnancy
and spontaneous labour stages, evaluating some proinflammatory factors and inflamma-
tory cells, and the authors suggested that myometrial inflammation is a consequence rather
than a cause of term labour [60].

4. Origin and Transmission of Parturition Pain Stimuli

Parturition pain is a deeply personal, challenging, sensitive, and meaningful experi-
ence, very different from other types of distress. In humans, the main determining and
influencing factors in labour pain are cognitive, social, and environmental. Interestingly,
if a mother can maintain the feeling that her pain has a goal (i.e., her body working for
childbirth), if she translates her pain as productive (i.e., a process for the desired goal),
along with secure and supportive delivery conditions, she would be expected to undergo
pain as a life-changing and non-threatening event. Transforming the conceptualisation
of labour pain to a beneficial and fruitful process could be a start to improving women’s
experiences of it and diminishing their need for pain interventions [61].
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During the stages of the labour process (preparation of the uterus, active labour,
or the expulsion phase and delivery or expulsion of the placenta), a series of endocrine
events have been triggered that mark the anatomical changes to promote the birth [18].
The preparation of the uterus and cervix for birth is characterised by subclinical myome-
trial contractions, progressive dilation of the cervix, and the positioning of the foetus for
expulsion [62,63]. It is worth noting that uterine contractions are weak but regular [15].
Initial preparation of the birth canal takes place along with the usual prepartum endocrine
alterations (relaxin discharge, a decrease of progesterone and increased oestrogen and
prostaglandin synthesis) [29,64,65]. In pigs, oestrogens and relaxin cause cervix distension
by altering the action of collagen [65,66]. Cervical softening and ripening is also influenced
by IL-8, IL-6, and granulocyte colony-stimulating factor for remodelling the cervical tissue
and opening the cervical canal [67]. Chemokines and prostaglandins in the amniotic fluid
and cervix, and the release of collagenases by the neutrophils, which increase together
with macrophages in the lower uterine segment, contribute to the cervical dilatation in
the prepartum phase [68]. However, it is important to recognize the differences between
species; for example, in equine species, maternal progesterone levels during the late stage
of gestation are almost nil, and the production of progesterone and estrogens depends on
the foetoplacental unit and steroid precursors formed by the foetus. This event only occurs
in mares [69–71].

From a physiological point of view, labour pain in humans is induced by the is-
chemic myometrium while uterine contraction, cervical maturation and dilation (stretch-
ing of the vagina and perineum), and distension and compression of adjacent pelvic
structures [69–72]. Myometrial contractions differ between species and also between indi-
viduals. Usually, the extent, number, and amplitude of myometrial contractions rise and
become regular roughly 12 h before the start of the second stage. Eventually, the foetus
responds with movements to prolonged uterine stress created by early-stage myometrial
contractions [63]. Labour pain also has a visceral component during the dilation of the
cervix via afferent fibres in the central nervous system. In humans, these nociceptive
stimuli of the dilation stage are predominantly transmitted between spinal nerves T10 to
L1 [72] (Figure 1).

Pain pulses are carried out via the spinal cord mainly by afferent A-delta and C fi-
bres [71,73], so pain can progressively refer to the abdomen, the lumbosacral zone, the
iliac crests, the gluteus, and the legs [5]. The second stage, or active labour, usually begins
with the rupture of the foetal membranes and ends when the last foetus is expelled. This
stage comprises terminal cervical widening, achieved by the propulsive forces of regu-
lar uterine contractions through labour [66]. Since labour progresses, distention of the
maternal birth canal results in increased oxytocin discharge from the posterior pituitary,
increasing myometrial contractions [63]. Oxytocin plays a vital role in the parturition
progress coordinating the uterine contractions [66,74] and the foetal expulsion [65,75].
In humans, melatonin also has a supporting role in myometrial contractions. Olcese and
Beesley [76] found that melatonin has a synergetic action and enhances oxytocin-induced
contractions binding to specific melatonin receptors (MT2R) in the myometrium. This
response also follows a circadian pattern where the labor onset is triggered during the
night/morning hours. Moreover, physiological administration of the monoamine hormone
induces contractibility, together with oxytocin, to induce labor [77]. Domestic animals
and humans possess a high number of uterine oxytocin receptors, confirming the high
sensitivity to exogenous oxytocin at the active labour stage [78–81].

Additionally, at least for rats and humans, oxytocin receptors rise to 200 times during
late pregnancy compared to the non-pregnant state [82]. In humans, during the second
stage of labour, pain is believed to be somatic because of the perineal distension and strain
on pelvic structures surrounding the vagina and further due to the expansion of the pelvic
floor and perineum, with afferent fibres between spinal nerves S2 and S4 [5] (Figure 1). It is
described that the perineal stretching before spontaneous vaginal delivery is characterised
by severe pain [83]. Therefore, the second stage of parturition is considered the most painful
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phase of labour [84]. Although practically all parturient women suffer low abdominal
pain during contractions, 15% to 74% may additionally experience contraction-related
low dorsum pain, sometimes continuous, including between contractions [85]. Labor and
Maguire [13] point out that the severity of parturition pain intensifies as cervical dilation
increases and is directly associated with strength, duration, and number of myometrial
contractions. Stage III generally occurs in parallel to stage II and includes passage of the
foetal membranes. In the case of polytocous species (like sows), the foetal membranes along
with the foetus are regularly expelled. However, in monotocous species (like women),
the complete newborn expulsion resembles the third stage. During this stage, uterine
contractions remain, diminishing in amplitude but with the highest and least regular
frequency [62]; this phase of labour is believed to be painless [86].

Figure 1. Pathway of pain in labour. In the first stage, there are slight but constant uterine contractions; as the strength
of the contractions increases, concomitantly with the distension, effort, and tear of the lower uterine segment and the
cervix, it becomes strongest and induces visceral pain with afferent information travelling within the hypogastric and pelvic
nerves [15]. In the second labour stage, the expulsion phase is described as the most painful stage due to cervix distension
and pressure on the pelvis and perineum, with pudendal nerve innervation. The nociceptive stimuli are processed and
transmitted at the dorsal horn of the spinal cord, via the spinothalamic region to the thalamus, brain stem, and cerebellum,
where spatial and temporal analysis take place, and also to the hypothalamic and limbic systems [5]. The third stage of
labour, the delivery, consists of the expulsion of the placenta and is not painful [86].

Beta-endorphin (β-end) belongs to one of three opioid peptides families, and it is
implicated in regulating the body’s response to stress, including pain. Endogenous β-end
has been determined around parturition and is thought to be linked to reducing pain [87],
maintaining passivity [88], and regulating oxytocin release [89]. The naloxone admin-
istration diminished the nociceptive threshold of sows, but not wholly, indicating that
an endogenous opioid mechanism is likely only partly involved in hypoalgesia around
parturition [90].

5. Factors Affecting Labour Pain, Dystocia

As already presented, labour by itself is a cause of pain for any mammal female, even
within physiological parameters/conditions [3]. Several factors have been identified that
hinder the normal process of parturition and alter the degree of pain caused by it. Dystocia
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may be defined as parturition difficulty happening from extended natural parturition or
extended or severe assisted extraction [19]. Dystocia translates into the inability to expel the
foetus(es) through the birth canal, whether due to a physical obstacle or functional defect,
associated with intolerable high levels of pain [19,91,92], and in humans, the main cause is
due to foetal malposition, as reported by Hautakangas et al. [93] in 5200 women, were 296
required CS. Dystocia also leads to acute foetal distress and mortality and a decrease in
the vigour of the newborn. Usually, the causes of dystocia are divided into maternal and
foetal [19,62]. The former being the ones that most influence a prolonged birth in women
and domestic animal species.

The maternal characteristics of prolonged labour include parity (higher pain rates
in primiparous versus pluriparous women), diameter and anatomy of the pelvis, previ-
ous obstetric situations, psychological, cultural, and educational aspects. However, the
environment (e.g., high temperatures) and management (inappropriate use of ecbolics and
excessive obstetric manipulations) can also cause dystocia or alter the birth process [62,94].
Within foetal characteristics are higher body weight and foetal position. Intolerable pain in
humans results in a high catecholamine release, which leads to less uterine blood perfusion,
reduces uterine contractions’ effectiveness, and, consequently, prolongs labour [95]. Also,
it induces dystocia, exhaustion, and foetal distress, in addition to postpartum posttrau-
matic stress disorder [5,96,97]. Sandström et al. [94] highlight the relationship between
the duration (prolonged) of the second stage of labour and adverse neonatal outcomes
(Table 1).

In cattle, the prevalence of dystocia is calculated between 1.5–22.6% and the leading
cause of calf death at birth. It induces mastitis, and also systemic infections such as clinical
metritis [98], clinical and sub-clinical endometritis in almost 51.6% of cases [99] due to
placental retention in 43.1% and 37.50% of 1300 cows [100]. Barraclough et al. [101] report
that one method of preventing complications during parturition is to observe the postures
and activity of the animals, which usually increases by up to 80% during stage two of
parturition because it is severe pain.

Table 1. Factors associated with dystocia, prolonged labour and pain in women.

Factor That Increases Labour Pain References

Maternal characteristics:
Prolonged labours

• Parity. The pattern of parturition pain varies among nulliparous versus pluriparous women, and it is
documented that pain rates are higher in the pluriparous contrasted to the pluriparous woman.

• Increased “elasticity” and flexibility of the pelvic tissue in pluriparous women may decrease
nociceptive stimuli during the dilation phases of labour, but stimuli increase later in childbirth due to
the speed and intensity of foetal descent.

• The diameter and anatomy of the pelvis, length and mass, myometrium contractile forces, soft tissue
stability, ejection efforts, previous obstetric/medical situations, such as hypertension or
pregestational/gestational diabetes mellitus.

• Psychological aspects. A variety of psychological factors influence pain perception; Anxious, tense
women, fear, and loneliness are associated with increased pain during labour.

• Cultural aspects and educational level also intervene in the perception of pain.

Foetal characteristics:

• Birth weight (higher foetal body weight increased pain),
• Foetal occiput position/degree of flexion, and station at complete cervical dilation.

[102–107]

In female dogs, uterine inertia is the leading cause of dystocia derived from prolonged
births [62,108]. Other factors related to dystocia in bitches are older age, smaller litter size,
brachycephalic and achondroplastic breeds. A narrow pelvic canal can induce obstruction
because of the disability of the foetus to pass normally; the obstruction due to a short pelvic
channel is common in brachycephalic and achondroplastic breeds. The higher incidence
of dystocia and caesarean section due to primary inertia in these breeds is considered a
hereditary condition, and hence the bloodlines in which this problem is shared should be
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identified and breeders advised avoiding breeding from or combining such lines. Also,
to use easy whelpings in their breeding programs to prevent welfare implications in the
bitch and her puppies [109]. In bitches, the influence of some genetic factors during
parturition has been reported. For example, the expression of oxytocin receptors in the
endometrial and myometrial tissue increases during the late phase of the parturition [110],
promoting normal delivery without the need for medical intervention. On the other hand,
uterine inertia has been associated with an abnormal expression of γ-actin and myosin
gene in the smooth muscle of the uterus, leading to dystocia in breeds such as Maltese,
German Shepherd, Labrador Retriever, Beagle, and Boxer [111]. Foetal malposture and
large foetuses are also considered causes of prolonged labour. It should be noted that
obstetric interventions can increase stress and labour pain in addition to inducing more
hemodynamic or vascular changes [112,113] (Table 2).

Table 2. Factors associated with dystocia, prolonged farrowing and pain in the bitch.

Factor That Increases Labour Pain References

Maternal characteristics:
Prolonged labours

• Primary uterine inertia. Caused by numerous factors including sepsis, disease, age-related
abnormalities, or a genetic disability of myometrial contractility.

• Age of the bitch. Older age (older than 6 years) predisposes to more single-pup pregnancies, uterine
inertia, and prolonged parturition compared with the younger.

• Litter size. Pregnancies with few foetuses do not allow the start of labour properly. Low numbers of
foetuses (1–2 puppies) represented 21.5% of dystocia.

• Breed. Obstruction due to a short pelvic channel is common in brachycephalic and achondroplastic
breeds. It is also challenging to give birth to toy dogs, prone to small litters and large foetuses.

• Obstructive dystocia. Due to several factors such as uterine torsion, uterine rupture, inguinal hernia,
and abnormalities of the soft tissues of the vagina or vulva.

• Hypocalcaemia.

Foetal characteristics:

• Foetal Malposture.
• Large foetus. Pregnancies with a large foetus, such as, a single puppy, gestational diabetes; or foetal

anomalies like ana sarca (“water puppy”) or a foetal monstrosity.

[62,108,113]

In felines, the breed has shown a strong correlation with dystocia incidence, with
purebred cats such as British shorthairs showing a high incidence rate of 2.5. Likewise,
56% of complications during delivery require caesarean sections and intra- and postsurgical
analgesia management in cats [114], in whom the administration of certain types of drugs
requires care due to their biotransformation deficiencies.

In pigs, it is recognized that labour is a risky process for both the sow and the piglets
and increases in the case of dystocic births due to prolonged parturitions [19]. The de-
livery in the sow has an average duration of 2.5 to 3 h, and when they last more than
3 h are considered potentially problematic and consequently more painful [90,115]. Ma-
ternal characteristics of the sow predisposing prolonged labour and potential pain are
considered the breed, short gestation length, larger litter size, sow overweight, and parity;
primiparous sows more prone to painful labour than pluriparous, among others. Higher
birth weight and posterior presentation at birth are considered as foetal factors associated
with dystocia [116–127] (Table 3). The widespread use of pigs in biomedical research is
supported based on their physiological and anatomical similarities to humans, also large
litters, and their large body size helps multiple samples collection. Pigs are omnivores with
comparable digestive systems to humans [128].
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Table 3. Factors associated with dystocia, prolonged farrowing and pain in the sow.

Factor That Increases Labour Pain References

Maternal characteristics:
Duration of farrowing (more than 3 h):

• Breed.
• Short gestation length.
• Increased litter size.
• Increased number of stillborns.
• Sows with overweight.
• Constipation.
• Lack of exercise.
• Parturitions: primiparous sows go through a more painful labour process than pluriparous.

Foetal characteristics:

• Higher birth weight.
• Birth order.
• Presentation at birth. This is a controversial issue; however, some reports relate the posterior

presentation of piglets at birth with the increase of the delivery duration.

Others:

• Misuse in medication control at labour with the use of ecbolics (such as oxytocin).
• Excessive obstetric manipulation.

[1,19,116,117,120]

Rats are widely used in biomedical research because of their physiological and anatom-
ical similarity with humans. On the other hand, studies related to parturition, stress, and
pain in other mammals such as mares, cows, and mice, have helped to understand neurobi-
ological characteristics of parturition such as the parasympathetic predominance during the
expulsion of the foetus. In case of stress and pain during the process can change towards a
sympathetic influence with the consequent activation of sympathetic pathways that gener-
ate cortisol production, uterine atony, and prolongation of labour and dystocia [129,130].
However, Roussel et al. [131] report in ewes that moderate cortisol levels due to stress
in the prenatal period (from 2.5 months of gestation) contribute to offspring with better
birth weight, greater activity, and exploratory behaviours. Although pain during delivery
has received little attention in cattle, the high prevalence of foetal-pelvic disproportions
and the use of traction to remove the calf are events that involve pain and trauma, both
for the mother and the calf generating rectovaginal ruptures that require pharmacological
intervention for pain treatment [132].

6. Pain Assessment Scales

Pain is a personal subjective emotional state in humans and animals; therefore, it is
complex to appreciate what each feel. Although it is feasible to assess pain in humans directly,
using a degree scale measured by the subject [133], in non-verbal patients [134] and non-
human animals, changes in physiological and behavioural parameters are used to assess the
presence and severity of pain [135]. The sympathetic nervous system and the hypothalamic–
pituitary–adrenal axis (HPA) mediate most physiological changes associated with painful
stimuli. The sympathetic responses can be directly assessed by estimating the circulant cat-
echolamines, adrenalin, and noradrenalin [136], or the resultant autonomic changes [137],
body temperature, heart rate variability, and respiratory rate [138]. Glucocorticoids are used
as biomarkers of stress, but also HPA changes in response to painful stimuli are commonly
evaluated through the measure of glucocorticoid production, such as in rodents [139] (Table 4).
Detection and evaluation of pain are crucial to improving welfare in a variety of contexts.
Recently, in a review, it was recommended that any pain evaluation system should recognise
that the pain event, at least in humans, has three elements: sensory-discriminatory, affective-
motivational, and cognitive-evaluative, communicated between them to induce the experience
of pain [17]. The experience of pain during labour results from processing multiple physiolog-
ical, psychosocial, or behavioural factors (Table 5). Individual and subjective interpretation
of labour pain by each person [5], and efforts to impartially and accurately estimate it in
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animals, are also especially challenging. In humans, the self-report is recognised as the “gold
standard” for pain assessment, based on either oral or written communication [134]. However,
it is described that verbal pain communication has limitations [140]. Several methods are
described for assessing labour pain in women, including (a) the McGill Pain Questionnaire
[MPQ], (b) The Short-Form MPQ, (c) Visual analogue scales [VAS], however, VAS are con-
sidered as the best system to measure pain [141] (Table 5). As mentioned above, while it is
feasible a directly evaluate pain in humans using a grade scale scored by the subject [141],
informative signs need to be analysed in animals to gather this information [133]. Indirect
signs are helpful as indicators for evaluating pain in animals combine alterations in physiolog-
ical and behavioural parameters [133,135]. Behavioural indicators to assess pain and labour
pain across species are presented in Table 5 and Figure 2. Although objective measurements
associated with acute pain are used in dogs (heart rate, blood pressure, and plasma cortisol
and catecholamine levels), they are not reliable because stress, anxiety, and anaesthetics may
influence them; therefore, pain assessment is mostly subjective and based on behavioural
signs [133,142]. In the rat model for labour pain, measures include the activity of spinal
neurons that receive afferents, using immunodetection of c-Fos protein, automated systems to
detect pain behaviour and phase stretching behaviour [15]. In sows, a numerical pain score
per animal is calculated by evaluating behavioural, clinical, and physiological patterns in
a specific term [19]. However, behaviour is the most frequent indicator recommended for
evaluating farrowing pain in sows; although intrauterine pressure may also be included [143]
(Table 5).

Table 4. Multi-parametric scales for assessing labour pain (physiological indicators) in human
Obstetric and Veterinary Medicine.

Responses Variables and Scales References

Sympathetic-Adreno
-Medullary System

• Cardiac rate.
• Rectal temperature.
• Respiratory rate.
• Blood pressure.

[135,138]

Hypothalamic Pituitary
Adrenocortical System

• Cortisol.
• Adrenalin.
• Noradrenalin.
• β-endorphin (β-end).
• Met-encephalin.
• Oxytocin.
• C-reactive protein (CRP) and cytokines.
• Duration of labour.
• Number of stillbirths (only for animals).

[135,136,139]

Table 5. Multi-parametric scales for assessing labour pain (behavioural indicators).

Species Variables and Scales References

Women (a) McGill Pain Questionnaire [MPQ], (b) The Short-Form MPQ, (c) Visual analogue
scales [VAS]. Verbal rating scales, or simple ordinal scales. [5,134,141]

Dog

The behavioural representation of pain is species-specific and affected by age, breed,
temperament, and additional stressors, including anxiety or fear; hence, it is necessary

to identify the normal behaviour of the bitch.
The composite measure pain scale (CMPS) has been described for use in dogs with acute
pain, based on seven categories: (1) posture, (2) comfort, (3) vocalization, (4) attention to

wound, (5) demeanour, (6) mobility, and (7) response to touch.

[16,23,133,142,144]
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Table 5. Cont.

Species Variables and Scales References

Rat

Activity of spinal neurons that receive afferents, using immunodetection of c-Fos
protein, an indirect indicator of harmfully activated spinal neurons. Labour induced the
expression of neuronal c-Fos in segments T12-S2 of the spinal cord one hour following

the delivery of the first pup.
Automated systems for the detection of pain behavior. General activities, including food
and water consumption, rearing (upright exploration), and chest and head grooming,

are evaluated to determine spontaneous behaviour during labour.
Phase stretching behaviour during labour included: crushing (an asymmetrical
contraction of the lower body and limbs), sidelong contraction (an asymmetric

contraction of the lower body and limbs), lengthening (stretching of the abdomen and
the four limbs) and phasic humpback posture. Maternal care activities included

building nests, licking pups, and eating the placenta.

[15,145,146]

Sow

Numerical pain score per animal is calculated by evaluating behavioural, clinical, and
physiological patterns in a specific term.

Observation of certain behaviours as potential pain indicators (PPIn) in sows before,
during and after farrowing: hind leg forward (in a side-lying posture, the back leg is
pulled ahead and/or in towards the body), back arch (in a side-lying position, one or
both legs turn rigid and are pushed aside from the body and/or inwards towards the

centre, creating a curvature in the back).
Putative indicators of pain used to evaluate the pain behaviour in the periparturient

sow. Also, it coincides with an activity shift from nest buildings to passivity, an increase
of the myometrial electrical activity, and the increment of oxytocin levels before the

beginning of the ejection of piglets.
Postural changes considered: stand (upright, with all feet on the floor), sit (front legs

straight and back end down on the floor), lie lateral (lying on one side with udder
exposed), kneel (front knees on the ground, with hinds legs straight), lie ventral (lying
with the udder on the floor), tremble (visibly shaking as if shivering when in a lateral
lying position), and others; tail-flick (tail is moved rapidly up and down), paw (in a

lateral lying position, the front leg scraped in a pawing motion), piglet delivery (piglet
completely ejected from the dam).

[3,74,147,148]

Figure 2. Clinical recognition of pain in sows, rats, and bitches. The recognition of pain during labor in these species can be
done by observing altered postures or physiological parameters. In sows, potential pain indicators, such as a back-arching,
one back leg forward, sitting, kneeling, trembling, among others, are modified behaviors during parturition. In rats, pain
behaviors such as a compact posture, back-arching, writhing, and abdominal muscle contractions are pain signals. Lastly,
the Glasgow Composite Scale (CMPS) in dogs uses 7 units in which posture, vocalizations, behavior, mobility, among others,
are evaluated together with physiological parameters and plasma cortisol and catecholamine concentrations.
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A full evaluation of the pain being experienced is impossible since it is a subjective
emotional state and our capacity to identify pain between species is even more chal-
lenging [17]. Nonetheless, several indicators of pain have been developed/identified for
domestic species. However, they cannot be considered a “Golden Standard” for the pres-
ence of pain because detection of specific measures cannot be utilised to confirm or discard
pain in non-verbal individuals [149].

Herskin and Di Giminiani [17] listed the seven most common indicators to evaluate
pain in pigs (1) Motivational task, (2) Evoked behavioural responses, (3) Vocalisation,
(4) Facial expressions, (5) Clinical, (6) Physiology and histopathological measures, (7) Pain
scales. Similar indicators are used for most of the domestic species.

Ison et al. [91] evaluated behaviours as potential pain indicators in sows before,
during, and post farrowing and two minutes before and after piglet deliveries. Behaviour
evaluations included: back leg forward, tremble (shivering), back arch, paw (leg scraped in
pawing motion), and tail-flick. All indicators were uncommon or absent pre-farrowing,
highest during farrowing, and back leg forward, tremble, and back arches were higher
at the immediate post-partum. Significant positive correlations between pain indicators
during and post farrowing were found, including the back arch, tail-flick, and paw higher
before than after a piglet birth and more frequent earlier in the birth order. However, the
back leg forward and tremble did not differ before and after births, and the last increased
with birth order. The authors concluded that these behaviours with consistent individual
variation might be quantitatively associated with pain [91].

7. Managing Labour Pain

Pain relief in labour promotes maternal comfort and prevents the undesirable conse-
quences of the catecholamine-mediated stress response [150]. Hence, the prevention and
relief of pain through an accurate evaluation of this and the appropriate use of analgesics
should be a priority for human medicine and animal science and production. The intention
of pain relief during labour is to make the parturient relatively free of pain and also be
able to participate in the childbirth experience. Preferably, side effects or associated risks
for both the dam and newborn should be avoided. As presented in Table 6, there are sev-
eral methods to relieve labour pain in humans and domestic animal species [21,150–165].
However, adverse effects have been reported, which could make them not ideal [151].

Table 6. Pharmacological analgesia for labour pain in humans and domestic animals.

Species Route Drug Observations References

Women

Inhalational analgesia
(reduce pain perception).

1. Entonox.
2. Isoflurane.
3. Desflurane.

4. Sevoflurane.

Use limited to
developed countries. [13,21,150]

Parenteral opioids (reduce
pain perception).

1. Pethidine.
2. Morphine.

3. Diamorphine.
4. Fentanyl.

5. Remifentanil.
6. Meperidine.

Adverse effects have
been observed. [13,21,150,153–159]

Regional analgesia (reduce
pain transmission).

1. Epidural.
2. Combined spinal-epidural

(CSE).
Lidocaine.
Xilacina.

Levobupivacaine.
Bupivacaine.

Epidural analgesia is the “gold
standard” for labour analgesia. [13,153,158,160,161]
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Table 6. Cont.

Species Route Drug Observations References

Bitch Intravenous Intramuscular.
1. Opioids (Methadone,

Morphine)
2. AINEs (Meloxicam).

Use limited to
caesarean section. [162,163]

Rat Intrathecal. Morphine. Used in research model for
labour pain. [146]

Sow Intramuscular, Oral. Ketoprofen.
Meloxicam. [3,164,165]

First of all, to choose the ideal analgesic to relieve pain during labour should consider:
(1) provision of rapid pain relief in both the initial and secondary stage of labour without
hazard or side effects to either the dam or the foetus; and (2) preservation of the mother’s
motion capability and self-sufficiency during labour [69]. There are a wide variety of
pharmacological techniques to alleviate pain, including oral pills, inhalation analgesia
(i.e., nitrous oxide gas), intravenous and intramuscular opioids (pethidine or diamorphine),
or narcotic drugs such as morphine, and various types of local (paracervical or pudendal
block) and regional analgesia/anaesthesia (epidural or spinal anaesthetic and combined
spinal and epidural (CSE) techniques) [159] (Figure 3). However, the criteria for choosing
the analgesic method depend on the patient’s medical situation, the course of parturition
and especially the in-place support availability [166]. Epidural analgesia (EA) is an effective
method for pain management that adapts to the varied pain patterns experienced by female
humans during childbirth [167]. Hence, analgesia can be achieved during the first stage of
parturition by administering paracervical, paravertebral, or lumbar epidurals with local
anaesthetics [13,153]. Although EA is considered the “gold standard”, it has been linked
with a raised risk of assisted vaginal childbirth, maternal hypotension, motor blockade,
maternal fever, urinary retention, oxytocin administration, the more prolonged second
stage of parturition, and an increased risk of caesarean delivery due to foetal distress [21].
Therefore, a high number of studies compared the use of EA versus opioids, such as
Remifentanil, which is suitable for administration through patient-controlled analgesia
(PCA) [154,155]. However, opioids by parenteral administration are not as effective as
EA and are not seen as an option when EA is available [157]. Although other drugs have
been used, the EA remains the most efficient for releasing labour pain [4]. However, it
should be highlighted that this method of analgesia is expensive and not available in
many institutions [146]. In recent years, a growing interest has emerged in the combined
spinal–epidural method (CSE) for labour analgesia, with the benefit of utilising lower doses
of local anaesthetics and rapid analgesia [4,150,161,168]. Advancement in knowledge and
developing a novel therapy for labour pain has been partially limited by the absence of
an animal model for this kind of pain. This observation supposes that the physiology and
pharmacology of labour pain vary from other kinds of pain. As research on various types
of pain progresses, it is accepted that analgesia pharmacology significantly diverges [146].
The rat model is the most frequently used in biomedical research. It has been described
that intrathecal administration of morphine (0.035–3.5 μg/h) approximately one day before
delivery has an antinociceptive effect [146]. Despite the frequent use of conventional
analgesic drugs like opioids, NSAIDs, and local anaesthetics to handle pain during a
surgical procedure in laboratory animals [169], little is known about their efficacy and
adverse effects on labour pain. Pharmacological management of analgesia at delivery
(whelping) in bitches is only performed in the case of caesarean section (CS). The CS
anaesthetic protocol model should produce good muscle relaxation, analgesia, and narcosis
for optimal and secure surgical conditions for the bitch [170,171] and should not harm
the vitality and survival of newborns [171,172]. The two classes of analgesics commonly
used in veterinary patients are opioids and the nonsteroidal anti-inflammatory analgesics
(NSAIDs) [163], despite analgesics and NSAIDs being problematic for CS in pregnant
animals and humans [173,174]. The main reason is that opioids produce analgesia; however,
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they can reach the placenta and induce a critical central nervous system and respiratory
depression in newborns. Nonetheless, Mathews [163] observes a consensus on the adequate
safety of a 0.1 mg/kg single intravenous dose of meloxicam shortly after the parturition of
the puppies. Nonsteroidal anti-inflammatory drugs are used to treat various conditions,
such as post-operative pain [175].

Figure 3. Sites of action of analgesics in the nociceptive pathway of parturition. During labour, hormonal factors such
as increases in the concentrations of relaxin, estrogens, and PGs lead to cervical dilation and contractions. In the uterine
tissue, LUS, myometrium, and cervix, different pro-inflammatory or degrading substances (such as collagenases) initiate an
inflammatory response for the onset of softening and ripening the cervix. All of these factors activate peripheral nociceptors
(A-δ and C fibers). These transduce the noxious stimulus into an electrical signal that is transmitted to the DRG of the
spinal cord. Once in this structure, nociception modulation occurs, and drugs such as alpha-2 agonists, COX-2 inhibitors,
local anesthetics, and opioids act at this site. These spinal neurons project to brain areas such as the thalamus or the
somatosensory cortex, where pain perception occurs. Moreover, the activation of thalamic and hypothalamic areas leads to
the secretion of other hormones such as ACTH or OXT. The adrenal gland contributes to the increase in circulating levels
of A, NA, and cortisol, due to ACTH (cortisol) or by sympathetic influence (A, NA). Local anesthetics, NSAIDs, COX-2
inhibitors, opioids, acetaminophen, NMDA antagonist, and other analgesics act in each of the mentioned stages of the
nociceptive pathway, depending on the nature of the drug. 1. transduction; 2: transmission; 3: modulation; 4: projection;
5: perception; A: adrenaline; ACTH: adrenocorticotropic hormone; CRH: corticotropin-releasing hormone; DRG: dorsal
root ganglion; IL: interleukin; LPS: lipopolysaccharides; LUS: low uterine segment; NA: noradrenaline; NFκB: nuclear
factor κB; NMDA: N-methyl-D-aspartate; NSAIDs: non-steroidal anti-inflammatory drugs; OXT: oxytocin; P4: progesterone;
PG: prostaglandins; SP-A: surfactant protein A.

Opioids are not registered for veterinary use in many countries, and therefore avail-
ability and accessibility of these drugs should be considered. The FDA in the US has
approved some opioids specifically for use in animals, mainly in cats, dogs, horses, and
wildlife. Due to the restricted products approved for use in animals, veterinarians use
opioids approved for use in humans to control pain in their patients, but they must also
follow regulations for extra-label use in animals, along with risk evaluations to assure that
the benefits outweigh some risks [176].

Veterinary practitioners frequently use opioids to control pain associated with CS.
However, the sensitivity to respiratory and CNS depression of opioids in newborn pup-
pies due to the immaturity of their CNS is higher. Nevertheless, a small sublingual drop
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of naloxone in depressed puppies after delivery reverses the depressive effects of opi-
oids [163]. While the use of analgesics has been widespread in companion animal medicine,
some studies show that cattle often do not receive analgesia during painful procedures or
conditions [177]. In pigs, the evidence of the adverse effects, on either the sow or piglets,
caused by labour pain has increased the research interest on the use of analgesics around
delivery; aiming to enhance/improve health, well-being, and productivity of both the sow
and piglets [3,164,178,179]. Most studies are based on the analgesic administration after
farrowing. Homedes et al. [180] and Sabaté et al. [178] reported the benefits of NSAIDs
administration in the sow within 12 h after farrowing on the reduction of piglet mortality.
Mainau et al. [179] reported an increase of the average daily weight gain and immunoglob-
ulin uptake of low-birth-weight piglets (<1180 g) after the administration of meloxicam to
the sow intramuscularly 90 min after farrowing.

Similarly, Viitasaari et al. [181] reported higher activity in young sows treated with
ketoprofen for 3 days post-partum. In a recent study, 3 mg per kg of body weight or
1ml per 33 kg of body weight of ketoprofen was administered to gilts 90 min after the
expulsion of the last piglet. Even though the study failed to prove clear production benefits
of ketoprofen, high individual sow variation in piglet mortality, with some with regular
performing and most of the piglet mortality happening in a low number of sows indicates
a potential for targeted NSAID use [165]. In contrast, Mainau et al. [179] observed an
improvement in average daily gain and immunoglobulin transfer in piglets, and reduced
time sows spent lying down after oral administration of meloxicam to the sow as soon as
possible at the beginning of the farrowing. Authors concluded that the oral meloxicam
administration at the beginning of farrowing in pluriparous sows raised the serum IgG
concentration of piglets and improved their preweaning growth [179]. The described
effects of NSAIDs include reduction of post-partum oedema, pain, and inflammation and
anti-endotoxic actions and help reduce preweaning mortality and piglet growth retardation
from Post-Partum Dysgalactia Syndrome (PPDS).

8. Consequences of Pain

In female humans, the adverse outcomes of labour pain are assumed to arise primar-
ily from changes in the maternal respiratory pattern and catecholamine-mediated stress
response [5]. Brownridge [182] points out that the possible physiological consequences
of critical parturition pain may involve increased oxygen consumption and hyperventila-
tion, hypocarbia, and respiratory alkalosis. Furthermore, it may also involve autonomic
stimulation and catecholamine release with gastric interference and hyperacidity, lipolysis,
raised peripheral vascular resistance, cardiac output, blood pressure, decreased placental
perfusion, and reduced uterine activity. These responses are hypothesised to produce ma-
ternal metabolic acidaemia, foetal acidosis, and dysfunctional labour. Such effects can be
mostly harmless in the course of eutocic delivery [95]. However, pain that an individual is
unable to control leads to increased release of catecholamines, reduced uterine contractions
and the consequent dystocia, fatigue, foetal suffering, and postpartum posttraumatic stress
disorder [5,96]. Several authors have reported that prolonged labour induces distress, fear
and exhaustion, and the risk of damage, intrapartum and perinatal mortality. It also leads
to increased use of oxytocin, higher frequency of CS and device use in vaginal delivery
(i.e., vacuum or forceps), postpartum fever and reduced umbilical pH [95,183,184]. There
are also descriptions that stress generated by parturition pain influences the diminished
oxytocin level and prolonged labour. Beigi et al. [185] mention that fear of labour pain is
one of the most important reasons female humans decide for a CS, even in pluriparous
women [95,186]. Usually, a prolonged second phase during labour is associated with greater
foetal and maternal complications like the atonic uterus, postpartum bleeding, and per-
ineal trauma, operative vaginal delivery and episiotomy, increased risk of infection, foetal
hypoxia, asphyxia, injuries, and perinatal mortality [104,187–189]. Women can experience
different types of pain and discomfort following childbirth. It may involve surgical pain
after CS, perineal pain after injury, or episiotomy through vaginal delivery; breastfeeding
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nipple pain and postpartum cramps pains associated with uterine involution. Ultimately,
pain can also inhibit normal breastfeeding after delivery, diminishing the mother’s ability
to care for the newborn and may threaten to establish a good-quality mother-baby relation-
ship/interaction/bond [190]. The use of the rat model in pain investigation has played
a pivotal role in recognising the types of nerves, receptors, ion channels, mediators, and
biochemical pathways implicated in the origin, transmission, transduction, perception, and
management of pain. However, there is no information about the consequences of labour
pain in rats. Pregnancies in bitches are unique amongst domestic animal species because
parturition is prolonged (up to 24–36 h), and newborns are very susceptible to environmen-
tal changes [191]. During parturition, physiological parameters change significantly due to
pain, fear, and uterine contractions [192]. A high heart rate in the female dog results from a
mixture of stress and myometrial contractions (uterine and abdominal) during labour [191].
As a response to pain, dam hyperventilation has unfavourable foetal outcomes. The con-
sequences include respiratory alkalosis, compensatory progressive metabolic acidosis,
becoming critical with the labour progress, and inducing foetal acidosis. Also, there are
episodes of hypoventilation, leading to haemoglobin desaturation within contractions; and
uterine vasoconstriction [191]. Stress hormones also drive to lipolysis caused by the libera-
tion of free fatty acids (easily transferable through the placenta) and hyperglycaemia, which
worsen foetal hypoxia. The above changes increase foetal acidosis, becoming progressively
critical as parturition progress [193]. The passage from intrauterine to extrauterine life
is usually accompanied by various degrees of hypoxia, which is very well tolerated by
newborns [194]. However, if the labour time is prolonged, the survival of the newborn
could be compromised. Birth is the most critical phase for neonates of all species and is
associated with perinatal mortality and adverse effects on well-being [3,195,196]. In dogs,
the stress associated with the birth process is usually an underlying cause of neonatal
mortality, reported to be between 5% and 35% [196]. As we have presented, the process of
farrowing in pigs, especially when dystocia occurs, has a high impact on sow’s well-being.
Additionally, the stress of birth might impact the survival of newborns [195–202]. The pres-
ence of dystocia increases the risk of various conditions in the dam, including endometritis,
vulvar secretion, placental retention, mastitis-metritis-agalactia syndrome, and impaired
fertility [13,126,152,203]. On the other hand, piglets are particularly susceptible to intra-
partum asphyxia [195,204]. Hypoxia and metabolic acidosis are consequences of asphyxia.
They can cause severe effects on piglets’ health, vitality, and postnatal performance due to
a reduced ability to reach a teat, consequently leading to an inadequate colostrum intake
and passive immunity acquisition by the piglet [195]. On the other hand, acidosis can
also cause hypothermia and reduce the survival of neonates [197,205]. An early indicator
of foetal distress due to intrauterine hypoxia is meconium ejection into the amniotic sac,
causing staining on the foetal skin and inhaling and lodging of meconium in severe cases
the lungs [25,199,206]. On the other hand, the pain and stress associated with labour inhibit
the release of oxytocin, leading to prolonged labour and reduction of colostrum and milk
yield, consequently reducing nutritional and immunity supply to piglets [127,207]. Pain
and stress of farrowing can also lead to restlessness and even aggressiveness in sows and
bitches [208,209]. Insufficient milk production by sows with consequent malnutrition of
the piglets can be directly responsible for 6 to 17% of the total pre-weaning mortality
in commercial pig farms [210]. Metabolic and endocrine disorders in the sow, bacterial
infections such as metritis (e.g., due to improper obstetric management), contribute to the
decrease in prolactin secretion, and in primiparous sows, adequate suckling of their piglets
is also inhibited [211].

9. Methods to Improve Pain Management during Parturition

Pain management in females during parturition and the controversy over the use of
analgesics involves their dose-dependent tocolytic effect at this phase and its impact on
uterine activity [212]. It is necessary to consider the pharmacokinetics of the drug and its
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affinity for the receptor. For example, a drug with a short plasma half-life may be an option
to avoid the deleterious effects of pain during labor [213].

Likewise, pharmacokinetics helps to understand the effect that drugs may have on
the neuroendocrine control of parturition, which has a fundamental physiological role.
An example of this is morphine. This opioid can increase the plasma clearance rate of
oxytocin [214], a hormone necessary during parturition. Therefore, drugs that have a
higher affinity to its receptor or a prolonged plasma half-life could decrease the elimination
time of this hormone.

On the other hand, an increase in uterine activity has been observed after the adminis-
tration of amines [215], while drugs such as firocoxib do not affect uterine contractility [216].
These observations also suggest the implementation of analgesics with alternative path-
ways such as the inhibition of Ca2+ channels, such as gabapentinoids [217], NMDA receptor
antagonists [213], or cannabinoid receptors [218], whose literature to date has not reported
an alteration in uterine activity.

Other approaches that have been proposed to monitor and manage animals during
the labour stage, such as motion-based technologies to infer parturition time even in
wild species such as the Caribou (Rangifer tarandus caribou), are under development and
have not yet reported conclusive data [219]. Machine-learning techniques to monitor
wildlife and predict parturition have shown high rates of success (76% to 100% in wild
ungulates [220]. Likewise, the monitoring of immune function, known as “immunity shift”
has been proposed as a technique to evaluate health and immunity function, through
rapid blood tests based on nanoparticles, and regularity of the physiological response in
companion and farm animals [221].

10. Conclusions

Labour is a crucial moment for numerous species and also considered the most painful
episode of females. Pain is fundamentally a psychophysiological phenomenon. However,
unfortunately, pain in animals is not regularly recognised and is treated inappropriately. If
parturition is a painful process identified in humans, it should also be considered painful
in animals. To date, most publications on labour research focus on associated endocrine
modifications, and there are fewer studies related to pain in the birth process. More robust
comprehension of pain during farrowing in domestic animal species can generate new
hypotheses and outcomes concerning its physiology and new pharmacological therapies,
mainly concerning the relevance of analgesics and the welfare implications.
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Simple Summary: Sows in most breeding herds worldwide have larger litters than several years
ago. One of the most important problems when using these genetics is the prolonged duration
of farrowing, which can cause postpartum complications in sows and increase the percentage of
stillborn piglets per litter. In this retrospective study, we found that the farrowing duration of sows
kept in a free farrowing system in a tropical environment was associated with several factors. A high
number of piglets born per litter, a high parity number, parturition during working hours, and high
temperature and humidity in the 7 days before parturition led to a prolonged farrowing duration.
In these sows, farrowing was longer than the acceptable farrowing duration, which may cause a
higher number of stillborn piglets. Therefore, management for sows during the perinatal period
needs to be considered, especially in hyperprolific and older sows, as well as those that farrow during
working hours.

Abstract: The ongoing selection for increased litter size has had significant impacts on sow husbandry
practice. The present study investigated factors associated with farrowing duration and the propor-
tion of sows that had prolonged farrowing in modern hyperprolific sows kept in a free farrowing
system in a tropical environment. Farrowing data from 2493 Landrace x Yorkshire cross-bred sows in a
commercial swine herd in Thailand were included in the study. The time of farrowing, parity number,
litter size, and the birth status of each piglet were recorded. Farrowing duration was analysed using
multiple analyses of variance. Total number of piglets born per litter (TB), parity, and time onset of
farrowing were included in the statistical models. On average, TB, piglets born alive, and farrowing
duration were 13.7, 12.1, and 221.0 min, respectively. Of these sows, 26.4% had TB ≥ 16 and 21.7%
had a prolonged farrowing duration (≥300 min). Farrowing duration was positively correlated with
TB (r = 0.141, p < 0.001), percentage of stillborn (SB) piglets per litter (r = 0.259, p < 0.001), percentage
of mummified foetuses (MF) per litter (r = 0.049, p = 0.015), piglet birth weight (r = 0.068, p < 0.001),
and litter birth weight (r = 0.041, p = 0.043). The proportion of SB per litter was higher and piglet birth
weight lower in litters that had ≥16 TB than those with 8–12 TB (p < 0.05). The farrowing duration of
sows with parity numbers 5–7 (247.7 ± 5.1 min) and 8–10 (237.1 ± 5.1 min) was longer than that of
sows with parity numbers 1 (188.3 ± 5.2 min) and 2–4 (214.3 ± 3.9 min) (p < 0.05). Sows that had
started farrowing during working hours had longer farrowing durations (229.3 ± 3.6 min) than those
that had started farrowing during non-working hours (217.6 ± 3.4 min, p = 0.017). In multiparous
sows, the duration of farrowing was positively correlated with the maximum temperature (r = 0.056,
p = 0.012) and the maximum temperature–humidity index (r = 0.059, p = 0.008) in the 7 days before
farrowing. The present data confirm that TB, sow parity, and time of onset of farrowing are significant
risk factors for a prolonged farrowing.

Keywords: climate; litter size; parturition; pig; stillbirth
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1. Introduction

Over the last decade, genetic progress on the litter size of sows had a high impact on
sow husbandry practice. As a result, sows in most breeding herds worldwide have larger
litters than several years ago [1]. In general, sows with a total number of piglets born per
litter (TB) of ≥16 can be regarded as hyperprolific sows [2]. In practice, many sows can reach
such a high litter size in many parity numbers [3]. Hyperprolific sow genetics have been
widely distributed to the swine industry worldwide, including Thailand [1–4]. However,
one of the most important problems when using these genetics is the prolonged duration
of farrowing [5]. Oliviero et al. [6] reported that the average duration of farrowing in
modern swine production can range from 156 to 262 min, and farrowing lasting more than
300 min should be considered prolonged farrowing. Likewise, Ju et al. [7] suggested that a
farrowing duration of 240 to 300 min can be considered the ideal cutoff point for Landrace
x Yorkshire hybrid sows in a commercial pig farm having 5 to 22 TB. Prolonged farrowing
duration can cause postpartum complications in sows and increase the percentage of
stillborn piglets per litter (SB) [8]. For instance, the SB in sows with a long duration of
farrowing (>4 h) is higher than that in sows with a short duration (<2 h) of farrowing (29.2%
versus 7.9%, respectively) [8]. The average farrowing duration of sows without any SB is
shorter than that of sows with SB ≥ 3 (221.0 versus 373.0 min, respectively) [4]. Therefore,
understanding the factors significantly associated with the duration of farrowing in sows
under field conditions is important.

Farrowing duration is one aspect that is affected by an increase in litter size in modern
sows. The farrowing duration in most of the European domestic pig breeds has increased
from about 2 h per 12 TB to 6 h 40 min per 19 TB [5]. However, comprehensive information
about the factors related to the duration of farrowing in modern hyperprolific sows in Asia
is limited [4]. Factors known to influence farrowing duration are the state of constipation,
the body condition of the sow, housing, gestation length, sow age, and genetics [6]. In
a tropical environment, hyperprolific sows with an average TB of 17.5 have an average
farrowing duration of 330.6 min [4]. Thus, prolonged farrowing duration in hyperprolific
sows has become one of the most important issues.

Prolonged farrowing duration can have adverse effects on both sows and piglets [8].
The incidence of intrapartum hypoxia in newborn piglets increases following a prolonged
duration of farrowing [5]. Parturition is associated with many physiological processes,
including both hormonal and behavioural changes, and is the most painful experience for
females [9]. Moreover, the expulsion interval of each piglet is positively associated with
SB [4]. As the concentration of colostrum IgG decreases by 50% within 6 h after the birth of
the first piglet [10], the access of piglets to good-quality colostrum is reduced in sows with
a long farrowing duration. Prolonged parturition may reduce piglet vitality at birth [1,5].
A previous study demonstrated that a higher proportion of piglets that attempted to stand
after 5 min (38.5%) died compared to piglets that attempted to stand within 1 min (6.3%)
after birth [11]. Moreover, retained placentae and uterine inflammation increase in sows
with a long duration of farrowing [12]. Thus, sows with a long farrowing duration may
have compromised reproductive performance. Oliviero et al. [13] found that 13% of sows
that failed to get pregnant at the first insemination after weaning had a relatively long
farrowing duration in their previous farrowing.

In tropical environments, the average environmental temperature generally varies
from 20 to 35 ◦C [14]. On average, the temperature at night is a few degrees lower than
that during the day. However, it is still a few degrees above the comfort-zone temperature
for a pregnant sow [15]. Although farrowing during the night is favourable because of the
lower environmental temperature, this is a nonworking period in most pig farms. During
late gestation, sows prefer a temperature of 12.6 to 15.6 ◦C [15]. Lucy and Safranski [16]
found that exposure to heat stress in late gestation in sows resulted in some negative effects,
such as reduced piglet birth weight and an increased number of stillborn piglets. Not only
high temperature but also high relative humidity and/or a high temperature–humidity
index during gestation can reduce TB [17]. Heat stress that comes from the environment
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not only affects piglet characteristics but also compromises the reproductive performance
of sows, e.g., prolonged weaning-to-first-service interval and reduced farrowing rate [18].
Interestingly, the threshold of temperatures leading to a prolonged weaning-to-first-service
interval is lower for primiparous than for multiparous sows (17 ◦C vs. 25 ◦C), and the
threshold temperatures leading to reductions in farrowing rates for gilts, primiparous
sows and multiparous sows are 20, 21 and 24 to 25 ◦C, respectively [18]. However, to our
knowledge, the influences of temperature and humidity in the tropical environment on
farrowing duration in both sows with normal litter size and hyperprolific sows have never
been reported. Therefore, we investigated the factors influencing farrowing duration and
the proportion of sows that had a prolonged farrowing duration in modern hyperprolific
sows in a free farrowing system under tropical conditions. The influences of the time of
the onset of farrowing (working vs. non-working hours) and temperature and relative
humidity inside the farrowing house for 7 days before farrowing on farrowing duration
and the incidence of sows with prolonged farrowing duration were also investigated.

2. Materials and Methods

2.1. Study Design

The present study included farrowing data from 2493 Landrace x Yorkshire cross-bred
sows that farrowed during the period from January to April 2021 in a commercial swine
herd in the central region of Thailand. Sows were randomly distributed according to TB
into three groups: 8–12 (n = 853), 13–15 (n = 983) and ≥16 piglets/litter (n = 657). Parity
number of sows was classified into four groups: 1 (n = 506), 2–4 (n = 919), 5–7 (n = 534)
and 8–10 (n = 534). The time when the onset of farrowing occurred was classified into two
groups: working hours (0700 h–1700 h) (n = 1176) and non-working hours (1701 h–0659 h)
(n = 1317). The average temperature, humidity and temperature–humidity index (THI)
during the 7-day period before farrowing were recorded for each individual sow. Farrowing
duration was expressed as either a continuous trait (the interval from the first piglet to
the last piglet delivered in minutes) or a categorical trait (the proportion of sows that had
a farrowing duration of longer than 300 min). Factors including TB, parity number, the
time when the onset of farrowing occurred and the average temperature, humidity and
THI during the 7-day period before farrowing were analysed to determine their association
with the farrowing duration and the proportion of sows that had a prolonged farrowing.

2.2. Data: Inclusion and Exclusion Criteria

The original farrowing data were obtained from 2750 sows. The data included sow
identity, breed of sows, parity number, date of farrowing, TB, BA, SB, percentage of
mummified foetuses per litter (MF), liveborn piglet birth weight, the time when the onset of
farrowing occurred and the end of parturition. The farrowing duration for each individual
sow was calculated, defined as the period from the first to the last piglet delivery in
minutes. Data were scrutinised for correctness, and data with values too extreme were
excluded from the analyses. Errors in the reported farrowing times records were checked
by calculating the farrowing duration and constructing the frequency distribution of the
farrowing duration. The data of sows with too short farrowing duration (<30 min, n = 15)
and farrowing duration too long (>720 min, n = 30) were excluded from the analyses. Old
sows (parity numbers ≥ 11, n = 7) and sows that had a TB ≤ 7 (n = 205) were excluded.
In total, 9.4% (n = 257) of the raw data were excluded. Thus, the analysed data contained
observations on 2493 sows.

2.3. Housing and General Management

The sows and gilts were kept in a group housing system during gestation. The
number of sows per group was 40, and the size of the gestating pen was 9 × 11 m. The
sows were kept group-housed within 3 days after the last insemination until 108 days of
gestation before transfer to the farrowing pen. The average daily minimum to maximum
temperatures inside the barn during the experimental period were 26.5 ± 0.9 ◦C (range
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21.8–28.2 ◦C), and the average daily minimum to maximum humidity levels inside the
barn were 71.0 ± 1.0% (range 69.0–73.7%). During the first, middle, and late periods of
gestation, the sows were fed approximately 1.8–2.0, 2.0–2.2 and 3.0–3.5 kg feed per sow
per day, respectively. Three days before the estimated day of farrowing, the feed was
reduced to 2.5–3.0 kg of feed per sow per day. The gestation diet contained 15.0% crude
protein, 2700 kcal/kg metabolizable energy, and 0.7% lysine. After farrowing, the sows
were fed ad libitum. The lactating sows were fed using an automatic feeding machine that
allowed the sows to consume feed freely. The lactation diet contained 16.0% crude protein,
3600 kcal/kg metabolizable energy, and 0.8% lysine. Water was provided ad libitum via
a drinking nipple. At 109 ± 2.0 days of gestation, sows and gilts were moved to a free
farrowing pen system. Temperature and humidity in the farrowing house were recorded
manually by stock persons three times a day at 0600 h, 1300 h and 1600 h. The farrowing
process was carefully monitored by stock persons in the barn for 24 h daily. The time onset
and the end of farrowing, birth weight of live born piglet and the status of the piglets at birth
(i.e., live-born, stillborn, or mummified foetuses) were recoded. During farrowing, the sows
and gilts were disturbed as little as possible. Single-dose administration of 20 IU oxytocin
via intramuscular route (Phenix Pharmaceuticals N.V. Co., Ltd., Hoogstraten, Belgium) was
performed if the sow had a birth interval of >60 min and/or no sign of uterine contraction.
In addition, 20 IU oxytocin was routinely administered via intramuscular route to all sows
after the 10th piglet was born to initiate placental expulsion and milk let-down. Live-
born piglets were weighed individually. Stillborn piglets and mummified foetuses were
removed and distinguished based on their skin colour, sucked eyes and skin appearance.
Stillborns were dead piglets that had pink skin, non-sucked eyes and wet skin, whereas
mummified foetuses were dead piglets with dark skin colour, sucked eyes and dry skin.
At the end of parturition, all sows were treated with an antipyretic drug (ketoprofen
3.0 mg/kg intramuscularly using Ketaprofen®, KELA N.V., Hoogstraten, Belgium). The
health status of the sows was monitored routinely by the herd veterinarian. Gestating
sows were vaccinated against foot and mouth disease (AFTOPOR®, Merial SAS, Lyon,
France) and porcine epidemic diarrhoea virus (SUIT-SHOT PT-100®, Choong Ang Vaccine
Laboratories Co., Ltd., Deajeon, Korea), porcine circovirus (Circumvent PCV®, Merck
Animal Health, Kenilworth, QL, USA) and Aujeszky’s disease virus (Porcilis® Ad Begonia,
Merck Animal Health, Madison, WI, USA). After farrowing, the sows were vaccinated
against classical swine fever (Ceva-Phylaxia Veterinary Biologicals Co., Ltd., Budapest,
Hungary) and porcine parvovirus–Leptospira–erysipelas (Zoetis ZA, Sandton, South Africa).
The piglets were vaccinated against Mycoplasma hyopneumoniae (Hyogen®, Ceva Santé
Animale S.A, Libourne, France) at 18–22 days of age.

2.4. Statistical Analysis

All statistical analyses were carried out using SAS version 9.4 (SAS Inst., Cary, NC, USA).
Descriptive statistics for continuous and categorical variables were analysed using MEANS
and FREQ procedures, respectively. Frequency distribution for the duration of farrowing
was analysed using the FREQ procedure of SAS. Pearson’s correlation was calculated
to determine the associations between farrowing duration and other continuous traits
including TB, BA, SB, MF, piglet birth weight, litter birth weight, percentage of piglets
with birth weight <1.0 kg, temperature, humidity and THI during the period of 7 days
before parturition. Farrowing duration was analysed using multiple analyses of variance,
applying the general linear model procedure of SAS. The factors included in the statistical
models were TB classes (8–12, 13–15 and ≥16), parity number classes (1, 2–4, 5–7 and
8–10), time of the onset of farrowing (working hours and non-working hours) and two-
way interactions with p < 0.10. Least-square means were obtained from each variable
class and compared using the Tukey–Kramer adjustment for multiple comparisons. The
proportion of sows with prolonged farrowing (i.e., >300 min) was expressed as a percentage
and analysed using logistic regression in the generalised linear mixed model (GLIMMIX)
procedure of SAS. The factors included in the statistical models were TB classes (8–12, 13–15
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and ≥16), parity number classes (1, 2–4, 5–7 and 8–10), onset of farrowing (working hours
and non-working hours) and two-way interactions with p < 0.10. Least-square means were
obtained from the models and compared using the Tukey–Kramer adjustment for multiple
comparisons. Additionally, the influences of temperature, humidity and THI during 7 days
before farrowing on farrowing duration was analysed using the general linear model
procedure of SAS. The factors included in the statistical models were TB classes (8–12,
13–15 and ≥16), parity number classes (1, 2–4, 5–7 and 8–10) and two-way interactions
with p < 0.10. The temperature, humidity and THI values during the 7-day period before
parturition were included in the statistical models one at a time, as they were highly
correlated. For all analyses, differences at p < 0.05 were regarded statistically significant.

3. Results

3.1. Descriptive Data

Table 1 shows the descriptive statistics on sow reproductive performances and far-
rowing characteristics. On average, sows in the present study had 13.7 TB with farrowing
duration of 30.0 to 716.0 min (Table 1). The proportions of sows that had 8–12, 13–15
and ≥16 TB were 34.2%, 39.4% and 26.4%, respectively. The proportion of sows with the
onset of farrowing during working hours and non-working hours were 47.2% and 52.8%,
respectively. Of all sows, 21.7% had a prolonged farrowing duration (≥300 min) (Figure 1).
Pearson’s correlations between farrowing duration, birth interval and sow reproductive
characteristics are shown in Table 2. Farrowing duration was positively correlated with TB
(r = 0.141, p < 0.001), SB (r = 0.259, p < 0.001), MF (r = 0.049, p = 0.015), piglet birth weight
(r = 0.068, p < 0.001) and litter birth weight (r = 0.041, p = 0.043).

Table 1. Descriptive statistics on reproductive performance and farrowing characteristics of
2493 Landrace x Yorkshire cross-bred sows in a commercial swine herd in Thailand.

Variables Means ± SD Range

Parity number 4.4 ± 2.9 1–10
Total number of piglets born per litter 13.7 ± 2.8 8–23
Number of piglets born alive per litter 12.1 ± 3.1 0–23

Stillborn piglets per litter (%) 5.9 ± 8.0 0–100
Mummified foetuses per litter (%) 5.8 ± 12.4 0–100

Litter birth weight (kg) 16.2 ± 4.0 1.9–41.4
Piglet birth weight (kg) 1.4 ± 0.2 0.8–3.2

Piglet with birth weight <1.0 kg (%) 11.0 ± 13.4 0–87.5
Duration of farrowing (min) 221.0 ± 119.3 30.0–716.0

Birth interval (min) 16.6 ± 9.4 2.1–71.9

Table 2. Pearson’s correlations between farrowing duration (mean ± SD = 221.0 ± 119.3 min), birth
interval (mean ± SD = 16.6 ± 9.4 min) and sow reproductive characteristics (n = 2493).

Variables
Correlation Coefficient (r)

Farrowing Duration Birth Interval

Total number of piglets born per litter 0.141 *** −0.239 ***
Stillborn piglets per litter (%) 0.259 *** 0.167 ***

Mummified foetuses per litter (%) 0.049 ** NS
Piglet birth weight (kg) 0.068 *** 0.181 ***
Litter birth weight (kg) 0.041 * −0.177 ***

Piglets with birth weight <1.0 kg NS −0.065 ***
Number of piglets born alive per litter NS −0.280 ***

NS = not significant (p > 0.05); significance is indicated by * 0.01 < p < 0.05, ** 0.001 < p < 0.01 and *** p < 0.001.
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Figure 1. Frequency distribution of sows based on farrowing duration (n = 2493).

3.2. Effect of Litter Size

The reproductive performance and farrowing characteristics of sows that had 8–12,
13–15 and ≥16 TB are presented in Table 3. The proportion of sows with a prolonged
farrowing in the litters that had TB ≥ 16 was higher than that in litters with TB 8–12
(p < 0.001) and tended to be higher than that in litters with TB 13–15 (p = 0.071). Likewise,
the farrowing duration of sows that had TB ≥ 16 and 13–15 was longer than that of sows
with TB 8–12 (Table 3). However, the birth interval of sows that had TB ≥ 16 was shorter
than that of sows that had TB 13–15 and 8–12 (Table 3). In addition, the SB was higher and
the piglet birth weight lower in the litters with ≥16 TB compared to the litters with 8–12 TB
(Table 3). Farrowing duration and birth intervals among the TB groups by parity classes are
presented in Figure 2a,b, respectively. Prolonged farrowing as well as a long birth interval
were frequently detected in sow parities 5–7 and 8–10. In addition, farrowing duration and
birth interval in sows that had 3 and ≥4 stillborn piglets per litter were longer than in sows
that had 0, 1 and 2 stillborn piglets per litter (Figure 3).

Table 3. Reproductive performances and farrowing characteristics of sows by the total number of
piglets born per litter.

Variables
Total Number of Piglets Born per Litter

8–12 13–15 ≥16

Number of sows 853 983 657
Parity number 4.7 ± 0.1 a 4.3 ± 0.1 b 4.0 ± 0.1 c

Total number of piglets born per litter 10.6 ± 0.0 a 14.0 ± 0.0 b 17.1 ± 0.0 c

Number of piglets born alive per litter 9.4 ± 0.1 a 12.4 ± 0.1 b 15.1 ± 0.1 c

Stillborn piglets per litter (%) 5.5 ± 0.3 a 6.0 ± 0.3 a,b 6.4 ± 0.3 b

Mummified foetuses per litter (%) 6.0 ± 0.4 a 5.9 ± 0.4 a 5.4 ± 0.5 a

Litter birth weight (kg) 13.6 ± 0.1 a 16.6 ± 0.1 b 19.2 ± 0.1 c

Piglet birth weight (kg) 1.43 ± 0.01 a 1.34 ± 0.01 b 1.27 ± 0.01 c

Piglets with birth weight <1.0 kg (%) 7.8 ± 0.5 a 10.9 ± 0.4 b 15.4 ± 0.5 c

Farrowing duration (min) 199.9 ± 4.0 a 228.2 ± 3.8 b 237.9 ± 4.6 b

Proportion of sows farrowed >300 min (%) 17.0 a 22.9 b 25.9 b

Birth interval (min) 19.1 ± 0.3 a 16.4 ± 0.3 b 13.9 ± 0.4 c

a,b,c Different superscript letters within a row denote data that differ significantly (p < 0.05).
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Figure 2. The duration of farrowing (a) and birth intervals (b) of sows among the total number
of piglets born per litters and parities classes. a,b,c Different lowercase letters within the class of
total number of piglets born per litter denote data that differ significantly (p < 0.05). Bars indicate
standard error.

 

Figure 3. Farrowing duration and birth intervals of sows with different numbers of stillborn piglets
per litter. a,b,c,d Different superscripts differ significantly (p < 0.05).
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3.3. Effect of Parity Numbers

The farrowing duration differed among the parity groups (p < 0.05). The farrowing
duration of sows with parity numbers 5–7 and 8–10 was longer than that of sows with
parity numbers 1 and 2–4 (Table 4). Primiparous sows that had TB 8–12 had the shortest
farrowing duration (173.2 ± 8.8 min), and sows with parity numbers 5–7 and TB ≥ 16 had
the longest farrowing duration (263.2 ± 10.0 min) (Figure 2a). Birth intervals also differed
among parities. Birth intervals of sows with parity numbers 5–7 and 8–10 were longer than
those of sows with parity numbers 1 and 2–4 (Table 4).

Table 4. Reproductive performance and farrowing characteristics of sows by parity number.

Variables
Parity Number

1 2–4 5–7 8–10

Number of sows 506 919 534 534
Total number of piglets born per litter 13.4 ± 0.1 a 14.1 ± 0.1 b 13.7 ± 0.1 a 13.0 ± 0.1 c

Number of piglets born alive per litter 12.3 ± 0.1 a 12.8 ± 0.1 b 11.7 ± 0.1 c 10.9 ± 0.1 d

Stillborn piglets per litter (%) 3.8 ± 0.3 a 4.4 ± 0.3 a 7.6 ± 0.3 b 8.9 ± 0.3 c

Mummified foetuses per litter (%) 4.5 ± 0.5 a 4.9 ± 0.4 a 7.2 ± 0.5 b 7.2 ± 0.5 b

Litter birth weight (kg) 15.6 ± 0.2 a 17.4 ± 0.1 b 16.0 ± 0.2 a 15.1 ± 0.2 c

Piglet birth weight (kg) 1.28 ± 0.01 a 1.37 ± 0.01 b 1.36 ± 0.01 b 1.38 ± 0.01 b

Piglets with birth weight <1.0 kg (%) 12.1 ± 0.6 a 10.0 ± 0.4 b 12.0 ± 0.6 a 10.9 ± 0.6 a,b

Farrowing duration (min) 188.3 ± 5.2 a 214.3 ± 3.9 b 247.7 ± 5.1 c 237.1 ± 5.1 c

Proportion of sows farrowed >300 min (%) 13.8 a 18.3 a 29.6 b 27.0 b

Birth interval (min) 14.5 ± 0.4 a 15.5 ± 0.3 b 18.6 ± 0.4 c 18.7 ± 0.4 c

a,b,c,d Different superscript letters within a row denote data that differ significantly (p < 0.05).

3.4. Onset of Farrowing

Overall, farrowing duration, birth intervals and SB were affected by the onset of
farrowing (p < 0.05). In general, sows that started farrowing during working hours had
a longer farrowing duration (229.3 ± 3.6 min) than sows that started farrowing during
non-working hours (217.6 ± 3.4 min, p = 0.017). Similarly, sows that started farrowing
during working hours also had longer birth intervals (17.0 ± 0.3 min) than sows that started
farrowing during non-working hours (16.1 ± 0.3 min, p = 0.019). On the other hand, sows
that started farrowing during working hours had a lower SB than sows that started to
farrow during non-working hours (5.8 ± 0.2% vs. 6.7 ± 0.2%, p = 0.007). The farrowing
duration, birth intervals and SB during working hours and non-working hours in different
classes of TB and parity number are presented in Table 5. Interestingly, the difference in the
farrowing duration of sows between sows that started farrowing during working hours
and non-working hours was significant in only sow parity numbers 5–7 (Table 5). Similarly,
the influence of onset of farrowing on the birth interval of piglets was also detected in sow
parity numbers 5–7 (Table 5).

3.5. Temperature and Humidity

In the present study, the housing had a good cooling system, resulting in a narrow tem-
perature range (24.2–27.3 ◦C) and stable relative humidity (69.7%–72.1%) inside the barn. In
general, only the average maximum temperature and the maximum temperature–humidity
index in the farrowing house for a period of 7 days before farrowing influenced farrowing
duration (p < 0.05). Farrowing duration in primiparous sows was not correlated with daily
mean temperature, daily maximum temperature, relative humidity, temperature–humidity
index, or maximum temperature–humidity index (p > 0.05) (Table 6). However, in multi-
parous sows, farrowing duration was positively correlated with maximum temperature
(r = 0.056, p = 0.012) and maximum temperature–humidity index (r = 0.059, p = 0.008)
during the 7-day period before farrowing (Table 6).
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Table 5. Farrowing duration, birth intervals and percentage of stillborn piglets during working hours
(07.00 h–17.00 h) and non-working hours (17.01 h–06.59 h) by total number of piglets born per litter
(TB) and parity number.

Variables Working Hours Non-Working Hours p Value

Number of sows 1176 1317
Farrowing duration (min)

All sows 229.3 ± 3.6 217.6 ± 3.4 0.017
TB classes

8–12 206.2 ± 5.9 194.1 ± 5.5 NS
13–15 236.3 ± 5.6 223.9 ± 5.2 NS
≥16 245.5 ± 6.9 234.9 ± 6.7 NS

Parity number classes
1 194.9 ± 7.8 185.9 ± 7.2 NS

2–4 215.5 ± 5.5 210.4 ± 5.4 NS
5–7 260.7 ± 7.1 235.8 ± 7.3 0.014

8–10 246.2 ± 7.9 238.4 ± 6.9 NS
Birth interval (min)

All sows 17.0 ± 0.3 16.1 ± 0.3 0.019
TB classes

8–12 19.6 ± 0.5 18.6 ± 0.4 NS
13–15 17.0 ± 0.4 16.0 ± 0.4 NS
≥16 14.4 ± 0.5 13.8 ± 0.5 NS

Parity number classes
1 14.7 ± 0.6 13.9 ± 0.6 NS

2–4 15.7 ± 0.4 15.4 ± 0.4 NS
5–7 19.3 ± 0.6 17.3 ± 0.6 0.010

8–10 18.4 ± 0.6 17.9 ± 0.5 NS
Stillborn piglets (%)

All sows 5.8 ± 0.2 6.7 ± 0.2 0.007
TB classes

8–12 4.9 ± 0.4 6.1 ± 0.4 0.025
13–15 5.6 ± 0.4 6.9 ± 0.3 0.012
≥16 6.8 ± 0.5 7.0 ± 0.4 NS

Parity number classes
1 3.3 ± 0.5 4.4 ± 0.5 NS

2–4 4.2 ± 0.4 4.5 ± 0.4 NS
5–7 7.6 ± 0.5 7.6 ± 0.5 NS

8–10 7.9 ± 0.5 10.1 ± 0.5 0.001

NS = not significant (p > 0.05).

Table 6. Pearson’s correlations between farrowing duration and climatic parameters during the 7-day
period before farrowing in sows by parity number.

Climatic Parameters Mean ± SD
Parity Number of Sows

Primiparous Multiparous (Parities 2–10)

Number of sows 506 1987
Mean temperature (◦C) 26.5 ± 0.3 NS NS

Maximum temperature (◦C) 28.4 ± 0.3 NS 0.056 *
Relative humidity (%) 71.0 ± 0.2 NS NS

Temperature-humidity index 76.4 ± 0.4 NS NS
Maximum

temperature-humidity index 79.2 ± 0.4 NS 0.059 **

NS = not significant (p > 0.05); significance levels are indicated by * 0.01 < p < 0.05, ** 0.001 < p < 0.01.

4. Discussion

4.1. Effect of Litter Size

In this study, the sows in a commercial swine herd in Thailand currently had 13.7 TB.
This indicates that the TB has increased by 38% over the last two decades (TB 9.9) [19]. In
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another commercial swine herd in Thailand, the average TB was as high as 17.5 [4]. This is
mainly due to the import of modern hyperprolific sows from European countries, especially
from Denmark. When classifying the litters according to TB, sows that had ≥16 TB under
the tropical climate accounted for more than a quarter of the sow population. This indicates
that sows with ≥16 TB are becoming increasingly common in the swine industry. We
demonstrated that farrowing duration increased following an increase in TB, while the
average birth interval decreased. This can be due to the routine administration of oxytocin
in all sows after the birth of the 10th piglet. The administration of oxytocin during parturi-
tion can increase the duration and intensity of myometrium contraction, thus decreasing
farrowing duration and the average birth interval [20]. However, the proportion of sows
with a prolonged farrowing duration (i.e., >300 min) with litters of TB ≥ 16 was higher than
that with a lower TB. Parturition may last longer in large litters because of the accumulation
of expulsion for each piglet [21]. In sows as well as in other species, labour is suspected
to be painful due to contraction of the uterus, foetal expulsion, and female reproductive
tract inflammation, especially if it lasts for more than 3 h [9]. Therefore, an endogenous
opioid-mediated analgesia system exists as a defence mechanism against pain during par-
turition [21]. However, increasing the release of opioids due to severe pain and stress can
interfere with oxytocin [9,21], especially during farrowing in sows with large litters. This
is supported by a study in rats, which found an opioid-dependent reduction of oxytocin
release during prolonged parturition under stress [22]. There are two known mechanisms
for the inhibition of oxytocin release by opioids. First, opioids bind to κ-opioid receptors
in the neurohypophysis, which results in the inhibition of neurosecretory terminals [23];
second, opioids bind to μ-opioid receptors in the paraventricular nucleus, resulting in a
reduction in the pulse rate of oxytocinergic neurons [24]. Moreover, pain during parturition
also activates the autonomic nervous system, which increases catecholamine secretion.
High plasma concentration of catecholamine has been considered to affect uterine motility
by reducing myometrial contractibility and promoting muscular relaxation. These mecha-
nisms can lead to prolonged farrowing and increased number of nociceptive signals [25].
Decreasing the oxytocin secretion can reduce uterine contraction and results in a prolonged
piglet expulsion. In addition, parturition requires energy, and in large litters, the energy
demand may be greater. Uterine and mother fatigue due to insufficient energy can cause
delivery difficulties or even stop farrowing in sows [21]. Thus, sows with large litters are
more susceptible to experiencing severe pain and stress, leading to a decrease in oxytocin
release. Moreover, insufficient maternal energy in sows with large litters during parturition
may lead to slowing down uterine contractions, further prolonging the farrowing duration.
In the present study, sows with prolonged farrowing had more stillborn piglets than sows
with shorter farrowing duration. Therefore, various procedures to increase the uterine
contractions of sows with large litters need to be comprehensively investigated [26].

4.2. Effect of Parity Number

In the present study, farrowing duration and birth intervals were longer in old sows
(parity numbers 5–7 and 8–10) than in young sows (parity numbers 1 and 2–4). This
agrees with a previous study that demonstrated longer farrowing durations in sows
with higher parity numbers compared to those with lower ones [27]. On the other hand,
van Dijk et al. [28] demonstrated that parity number did not affect the duration of the
expulsive stage. Additionally, Yang et al. [29] found a shorter farrowing duration in sows
with higher parity numbers (6–9) compared to sows with lower parity numbers (i.e., 1 and
2–5). However, in their study, sows with parity numbers 6–9 had a smaller total number of
piglets born per litter (12.4 ± 3.2) than sows with parity numbers 2–5 and 1 (15.5 ± 3.1 and
16.8 ± 1.8) [29]. Litter size is positively correlated with farrowing duration, and thus, in
sows with large litters, farrowing may last longer. In the present study, farrowing duration
and birth intervals were longer in sows with higher parity numbers within the same classes
of the total number of piglets born per litter. It is suspected that primiparous sows are more
susceptible to experiencing painful parturition than multiparous sows [9], with effects on
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the duration of labour. However, a previous study demonstrated that sows experienced
more pain than gilts due to the uterine activity during farrowing [30]. Ison et al. [30] found
that sows showed more frequent back arching as an indicator of pain and had higher
salivary cortisol levels than gilts on the day of farrowing. In addition, a study in rats
demonstrated that young rats exhibited greater spontaneous contractile activity in my-
ometrium tissue and tended to be stronger than during labour than old rats [31]. Also,
integral activity and rate of contraction were greater in young rats than in old rats [31].
Similarly, Mota-Rojas et al. [25] reported that gilts had a better uterine contraction and
greater contraction intensity than old sows (i.e., sixth parity). This supports our finding
that farrowing duration in sows with lower parity numbers is shorter than in those with
higher parity numbers. With less pain during parturition and primed myometrium, the
duration of labouring is expected to be shorter in younger animals. These findings indicate
that prolonged farrowing duration in hyperprolific sows is a serious issue in multiparous
rather than primiparous sows. Pain management as well as improved myometrial activity
in multiparous sows should therefore be focused on.

4.3. Onset of Farrowing

In the modern swine industry, farrowing management is important to optimise pig
production, with sows starting farrowing during working hours becoming preferable
compared to those starting farrowing during non-working hours. In the present study,
we found that the farrowing duration and birth interval lasted longer when the sows
had started farrowing during working hours compared to sows that had started farrow-
ing during non-working hours. Surprisingly, even though the farrowing duration was
longer, the stillbirth rate was lower when sows had started farrowing during working
hours. This can be explained by the noise in the farrowing house during working hours,
either from the sows themselves (e.g., screaming during feeding times) or the environment
(e.g., mechanical ventilation, high-pressure cleaning, feed mixing and manure removal
lines) [32]. A previous study found that pigs are sensitive to prolonged or intermittent
noise, which can cause increased cortisol levels [33]. A previous study in women found that
cortisol and oxytocin levels are reciprocal: when cortisol increases, then oxytocin decreases
and vice versa [34]. Therefore, sows that start farrowing during working hours are likely
susceptible to noise stress, which can lead to an increase in cortisol levels and a decrease in
oxytocin levels, resulting in delayed foetal expulsion. A previous study also confirmed that
maternal stress can lead to hyperactivity of the hypothalamic–pituitary–adrenal axis and
the sympathetic–adrenal–medullary system, which is related to catecholamine release [25].
As stated before, catecholamine compromises uterine activity during parturition. However,
farrowing during working hours is preferable due to the ease of monitoring, and staff can
assist immediately if dystocia occurs. In a previous study, the administration of exogenous
hormones to control the onset of farrowing was investigated [35,36]. The authors demon-
strated that altrenogest supplementation in combination with double administrations of
PGF2α successfully synchronised the onset of farrowing in sows, with the proportion of
sows that started farrowing during working hours tending to be higher in the treatment
group than in the control group. However, the use of pharmacology to control parturition
in sows needs to be carefully considered due to its side effects, e.g., reduced colostrum
intake and high stillbirth rates [35].

4.4. Temperature and Humidity

Interestingly, the maximum temperature and maximum temperature–humidity index
were positively correlated with farrowing duration in multiparous sows (parity number
2–10), but this was not the case in primiparous sows. In contrast, Iida et al. [18] demon-
strated that gilts had a lower critical temperature threshold than sows, making them more
susceptible to heat stress than sows. In a previous study, sows kept at lower room tempera-
tures (15 ◦C) had shorter farrowing durations and birth intervals than sows kept at higher
room temperatures (20 and 25 ◦C) [37]. Similarly, Muns et al. [38] demonstrated that second-
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parity sows kept at an initial room temperature of 20 ◦C, with a gradual increase to 25 ◦C,
from d 112 to 115 of gestation had a longer farrowing duration compared to sows kept
at a room temperature of 20 ◦C. Failure to perform thermoregulatory behaviour around
farrowing may result in heat stress, which has negative effects that lead to prolonged far-
rowing [38]. Pigs require different housing temperatures for different reproductive stages.
Gestating sows need housing temperatures of 15–24 ◦C, whereas lactating sows require
slightly lower housing temperatures: 15–21 ◦C [39]. However, suckling piglets need much
higher housing temperatures: 28–32 ◦C [39]. Thus, in addition to the mother’s require-
ments, it is important to provide a heater behind the sows during the first few hours after
birth, which can reduce hypothermia in newborn piglets. Our findings indicate that heat
stress due to rising temperatures and/or humidity in the 7-day period before parturition
can cause prolonged farrowing durations in multiparous sows. However, temperature or
humidity may not be the only factors influencing the farrowing duration of sows, since they
have a relatively low correlation coefficient. Therefore, other factors, such as parity number
and maternal stress, may also contribute to the prolonged farrowing duration problem in
sows under tropical conditions.

5. Conclusions

The significant risk factors associated with the farrowing duration of Landrace x
Yorkshire sows kept in free farrowing pens under tropical conditions included TB, SB, MF,
parity number, litter birth weight, piglet birth weight, and time of onset of farrowing. The
proportion of sows with a prolonged farrowing in the litters that had TB ≥ 16 was higher
than that in litters with TB 8–12. Sows that started farrowing during working hours had a
longer farrowing duration than sows that started farrowing during non-working hours.
The farrowing duration of sows with parity numbers 5–7 and 8–10 was longer than that of
sows with parity numbers 1 and 2–4. For multiparous sows, the maximum temperature
and the maximum temperature–humidity index also influenced the farrowing duration.
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Simple Summary: Loose-housed pens are being implemented as alternative farrowing systems in
the swine industry worldwide. This system allows sows to express natural behaviour and reduces
stress during the peripartum period. However, most intensive swine farms in Thailand still confine
sows in crates during lactation to minimise piglet mortality due to crushing. The present study
was performed to compare the reproductive performance of sows kept in the farrowing crate and
in the free-farrowing system under tropical conditions. Sows kept in the free-farrowing system
produced more colostrum than crated sows. Piglet preweaning mortality rate and the proportion
of piglet loss due to crushing in free-farrowing sows were greater than in crated sows. Sow farrow-
ing performance, newborn piglet characteristics and milk production did not differ between the
two farrowing systems. Interestingly, in the free-farrowing system, the incidence of crushing in sows
with high backfat thickness was significantly higher than in those with moderate and low backfat
thickness. These findings imply that free-farrowing pens can be applied in tropical environments
without impairing sow farrowing and can enhance sow colostrum production. However, intensive
management strategies should focus on adjusting the body conditions of sows prior to farrowing to
avoid crushing piglets.

Abstract: The present study was performed to determine the farrowing performance of sows, new-
born piglet characteristics, colostrum yield, milk yield and piglet preweaning mortality in a free-
farrowing pen compared to a conventional farrowing crate system in a tropical environment. A
total of 92 sows and 1344 piglets were included in the study. The sows were allocated by parity
into two farrowing systems, either a free-farrowing pen (n = 54 sows and 805 piglets) or a crate
(n = 38 sows and 539 piglets). Backfat thickness and loin muscle depth of sows at 109.0 ± 3.0 days
of gestation were measured. Reproductive performance data including total number of piglets
born (TB), number of piglets born alive (BA), percentage of stillborn piglets (SB) and percentage of
mummified foetuses (MF) per litter, farrowing duration, piglet expulsion interval, time from onset
of farrowing to the last placental expulsion, piglet preweaning mortality rate, percentage of piglets
crushed by sows and number of piglets at weaning were analysed. In addition, piglet colostrum
intake, colostrum yield, Brix index and milk yield of sows were evaluated. On average, TB, BA,
farrowing duration, colostrum yield and milk yield during 3 to 10 and 10 to 17 days of lactation
were 14.7 ± 2.8, 12.8 ± 3.1, 213.2 ± 142.2 min, 5.3 ± 1.4 kg, 8.6 ± 1.5 kg, and 10.4 ± 2.2 kg, respec-
tively. Sows kept in the free-farrowing pen tended to produce more colostrum than crated sows
(5.5 ± 0.2 vs. 4.9 ± 0.2 kg, p = 0.080). Piglets born in the free-farrowing pen had a higher colostrum
intake than those in the crate system (437.0 ± 6.9 and 411.7 ± 8.3 g, p = 0.019). However, the piglet
preweaning mortality rate (26.8 ± 2.9 vs. 17.0 ± 3.8, p = 0.045) and the proportion of piglets crushed
by sows (13.1 ± 2.1 vs. 5.8 ± 2.7, p = 0.037) in the free-farrowing pen were higher than those in the
crate system. Interestingly, in the free-farrowing pen, piglet preweaning mortality rate in sows with
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high backfat thickness was higher than that in sows with moderate (37.8 ± 5.1% vs. 21.6 ± 3.6%,
p = 0.011) and low (21.0 ± 6.2%, p = 0.038) backfat thickness. Moreover, the incidence of crushing
in sows with high backfat thickness was higher in the free-farrowing pen than in the crate system
(17.6 ± 3.6 vs. 4.0 ± 5.7, p = 0.049), but this difference was not detected for sows with moderate
and low backfat thickness (p > 0.05). Milk yield of sows during 3 to 10 days (8.6 ± 0.2 vs. 8.6 ± 2.3,
p > 0.05) and 10 to 17 days (10.2 ± 0.3 vs. 10.4 ± 0.4, p > 0.05) did not differ between the two farrowing
systems. In conclusion, piglets born in the free-farrowing pen had a higher colostrum intake than
those in the crate system. However, the piglet preweaning mortality rate and the proportion of piglets
crushed by sows in the free-farrowing pen were higher than in the crate system. Interestingly, a
high proportion of piglet preweaning mortality in the free-farrowing system was detected only in
sows with high backfat thickness before farrowing but not in those with low and moderate backfat
thickness. Therefore, additional management in sows with high backfat thickness (>24 mm) before
farrowing should be considered to avoid the crushing of piglets by sows.

Keywords: animal welfare; backfat thickness; colostrum; farrowing; piglet preweaning mortality

1. Introduction

In recent decades, animal welfare has become an issue of interest in the intensive
swine industry. In many European countries, the use of gestation crates has been limited or
prohibited in most periods of pregnancy except for the first month of gestation and the week
before farrowing [1]. The gestation crate fails to meet all of a sow’s biological requirements
in part by limiting her ability to perform several natural behaviours, including simply
turning around. These altered behavioural responses result from the central nervous system
processing of both internal and external stimuli and can frustrate a sow, evoking negative
emotional responses and potentially compromising her well-being [2]. The farrowing crate
places similar limitations on the periparturient sow. Compromised behavioural responses
of sows prior to farrowing is associated with untoward physiological and/or endocrine
responses during parturition and lactation periods.

Norway, Finland, Sweden and Switzerland have banned the use of farrowing crates
and replaced them with pen-based farrowing systems for lactating sows [1,3]. These so-
called free-farrowing systems feature a loose-housed design that allows sows to move
freely during the transition and lactation periods and are designed to be an alternative
to conventional crated farrowing systems [4]. Sows in free-farrowing pens bedded with
straw have lower cortisol responses to the corticotropic-releasing hormone challenge test
than crated sows, indicated a lower stress response [5]. Moreover, penned sows tended to
have a higher oxytocin pulse than crated sows, which benefits the farrowing process [6].
These findings provide evidence for possible animal welfare benefits to sows housed in
free-farrowing systems.

Litter size at farrowing, which has been dramatically increased in modern swine
genetics via selective breeding [7], portends several challenges for sows farrowing in either
conventional or alternative facilities. This includes prolonged farrowing duration, a varia-
tion in newborn piglet birthweight, insufficient colostrum intake and an increased piglet
preweaning mortality rate [7]. A previous study over almost three decades revealed the
trend of increasing litter size and farrowing duration in modern hyperprolific sows [7]. The
process of delivering foetuses causes visceral pain, and its magnitude will be proportional
to the number of offspring and the length of parturition [8]. Prolonged farrowing impairs
placenta expulsion and increases the risks of postpartum metritis and retained placenta [7].
Continual uterine contraction can cause umbilical cord rupture, meconium staining and
peripartum death of piglets [9]. These findings indicate that a long farrowing duration com-
promises sow welfare as well as health in postpartum and lactation periods. Postpartum
complications due to prolonged farrowing duration are exacerbated by barren farrowing
environments, for example, confinement or the lack of nest building material [10].
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Another consequence of large litter size is that a certain proportion of newborn piglets
suffer from intrauterine growth restriction (IUGR). This results in high variation in piglet
birthweight within the litter; high competition for colostrum intake, often compromising
their ability to achieve sufficient colostrum consumption; and the increased number of low-
viability piglets. Large litter size also results in an increased frequency of sows experiencing
a negative energy balance during lactation due to their need to produce large volumes of
milk [11,12]. Backfat thickness and loin muscle depth are the body-condition parameters
associated with sow feed intake, milk yield and lactation performance [11–14]. Sows with
high backfat thickness before farrowing have an increased farrowing duration and piglet
expulsion interval [15], leading to a high backfat loss during lactation [13]. However,
backfat thickness and loin muscle depth at farrowing are positively correlated with both
sow milk yield [13] and milk fat content during lactation [11].

Increased litter size also has begotten increased preweaning mortality. In Thailand,
the piglet preweaning mortality average is 11.2% and varies from 4.8% to 19.2% among
herds [16], with 78.5% of preweaning mortality occurring within the first 72 h postpar-
tum [17]. Even a short period of peri-parturient asphyxia and hypoxia can lead to brain
damage, increase the piglet’s risk of being crushed by a sow and compromise piglet vitality
during early postnatal life [18]. The distinct elevation of piglet preweaning mortality rate
has become a both a production and welfare concern within the modern swine industry,
especially in free-farrowing systems [19]. In the loose-housed system, the primary cause
of piglet mortality based on post-mortem examination is trauma, which is most likely
associated with crushing by sows [20].

Taken together, these challenges highlight the opportunities for improvement in
managing the modern hyperprolific sow of today. Much less is known about how free-
farrowing systems impact these factors and to our knowledge have never been examined
in a tropical environment. They are all important issues to be considered in the design
and adoption of pen-based farrowing systems. Thus, before the further implementation of
loose-housed farrowing pens in the large-scale swine industry under tropical conditions,
additional knowledge associated with both sow health and piglet characteristics is required.
Hence, the present study determined the farrowing performance of sows including the
dynamics of backfat thickness and its role on newborn piglet characteristics, colostrum
yield, milk yield and piglet preweaning mortality in a free-farrowing system compared to a
crated system in a tropical environment.

2. Materials and Methods

2.1. Animals and Experimental Design

The experiment was conducted in a commercial breeding farm with a herd size of
5000 sows, located in central Thailand, in May to August 2022. A total of 101 crossbred
sows (Canadian Landrace × Yorkshire) were randomly allotted to one of two farrowing
systems, (i) farrowing crates (n = 45) and (ii) free-farrowing pens (n = 56), from entering
the farrowing unit until weaning. Parity number of sows averaged 2.1 ± 0.6 (range
1 to 3). The experiment was carried out from 7 days before parturition until weaning in
two consecutive replicates. The average lactation length was 22.1 ± 0.9 days (range 21 to
24 days). For multiparous sows, the type of the farrowing structures that the sows had
previously experienced was the conventional crate system. The farrowing processes of
the sows were monitored closely from the start to the end by the research team. Data on
sow farrowing characteristics, piglet birthweight, body weight at 24 h postpartum and
piglet preweaning mortality were collected. Piglet colostrum intake, sow colostrum yield
and sow milk yield were determined. Sow colostrum IgG was estimated by using the
Brix refractometer [21]. The experiment was reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) in accordance with the university regulations
and policies governing the care and use of experimental animals (protocol number 2131053).
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2.2. Housing and General Management

Pregnant gilts and sows that were raised in a group-housed system with 280 females
per pen, equipped with six electronic sow feeders, were included in the experiment.
Gilts and sows were moved to the indoor farrowing house with an evaporative cool-
ing system and temperature control facilities 7 days before the expected parturition date
(109 ± 3 days of gestation). After entering the farrowing house, the sows were randomly
divided into two groups: farrowing crate and free-farrowing pen. The farrowing pen was
designed with an adjustable metal swing hinge and a fully plastic slatted floor, measur-
ing 2.00 × 2.35 × 0.90 m and providing the total area of 4.7 m2 per pen. In the farrowing
crate system, the metal swing hinge was permanently closed, and the sows were kept in
individual crates (1.80 × 0.60 × 0.90 m) with a space allowance of 1.08 m2 per sow. In
the free-farrowing system, to create a loose farrowing environment, the swing hinge was
completely opened, providing a space allowance of 3.25 m2 per sow during the whole exper-
imental period. The space allowance for sows in the free-farrowing system in Thailand was
designed following the criteria of the minimum space requirement for sows that are able to
turn around in their nest space for piglet inspection and gathering behaviour (i.e., 3.17 m2)
in the farrowing pen [22,23]. In the creep area, a heating lamp, a rubber mattress and a feed-
ing bowl were installed. The schematic diagram of the farrowing pen design is illustrated
in Figure 1. This farrowing pen design has been used as an alternative farrowing system in
a commercial swine herd in Thailand for over 2 years [24]. Gilts and sows were fed with
a commercial lactation diet (907 BTG, Betagro Public Co., Ltd., Lopburi, Thailand) via an
automatic feeding pipeline, with an averaged feed allowance of 3.0 to 3.5 kg/sow/day
before farrowing, and the feed was provided to ad libitum from parturition date until
weaning to meet or exceed their nutritional requirements. The lactation diet contained
13.1% crude protein, 3.68 Mcal/kg metabolisable energy and 0.8% lysine. Drinking water
was provided ad libitum via nipples for sows and piglets. After parturition, sows were
intramuscularly administered an anti-inflammatory drug (6 mg/kg of ketoprofen, Bezter
Ketofen Tec 100®, Siam Bioscience Co., Ltd., Nonthaburi, Thailand) and an antibiotic drug
(10 mg/kg of amoxicillin, Vetrimoxin L.A.®, Ceva Santé Animale, Libourne, France). The
creep feed was provided for all litters from 3 days postpartum onwards. Piglet general
husbandry included iron injection (200 mg/piglet of iron dextran, Bezter Irondex 100®,
Thainaoka Pharmaceutical Co., Ltd., Samut Sakhon, Thailand), and teeth clipping was
carried out at 1 day of age. Additionally, antiprotozoal drug provision (20 mg/kg of 5%
toltrazuril, Better Pharma Co., Ltd., Lopburi, Thailand) and castration were performed
at 3 days of age. Cross-fostering was performed to balance the sow functional teats and
the number of nursing piglets in the same treatment within 2 days postpartum. Routine
sow health care and the vaccination programme were handled by a veterinarian. All
gilts and sows were vaccinated against foot and mouth disease virus, porcine circovirus,
classical swine fever virus, pseudorabies virus, porcine reproductive and respiratory virus
and porcine parvovirus. All sows were kept in a close-housed system equipped with
an evaporative cooling system and temperature control facilities (DOL-532, SKOV A/S,
Roslev, Denmark) to maintain an optimal temperature inside the barn. The average indoor
temperature and humidity during the experimental period were 28.1 ± 1.5 ◦C (range
25.0 to 32.4 ◦C) and 74 ± 5.4% (range 67% to 91%), respectively. The proportion of days
when the average temperature inside the barn rose above 25.0 ◦C during the experimental
period was 97.4%. In addition, the average maximum daily temperature inside the barn
during the experimental period was 30.7 ± 0.9 ◦C (range of 28.9 to 32.4 ◦C).
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Figure 1. Schematic diagram of the farrowing pen with a lockable swing hinge providing the total
area of 4.7 m2 per pen (2.0 × 2.35 × 0.9 m). In the crate system, the swing hinge was closed (yellow
dashed line) from entering the farrowing unit until weaning (sow space allowance = 1.08 m2). In the
free-farrowing system, the hinge was completely opened and locked with one side of the pen. The pen
remained opened from entering to the farrowing unit until weaning (sow space allowance = 3.25 m2).
The feeding box was located in the front of the pen. The creeping area was covered with a red plastic
roof and consisted of a heating lamp, a rubber mattress and a piglet feeding bowl.

2.3. Farrowing Supervision and Characteristics

The farrowing process was carefully supervised by the research team for 24 h a day.
Farrowing induction was not applied in this study. Farrowing assistance was performed
only when dystocia was clearly identified. Sow dystocia was defined when an interval of
over 45 min elapsed from the birth of the previous piglet and the sow showed intermittent
straining, accompanied by the paddling of her legs without any piglet being delivered.
Birth assistance included the manual extraction of the piglet and the intramuscular ad-
ministration of oxytocin (20 IU/sow, Oxytocin Synth, Kela N.V., Hoogstraten, Belgium).
The newborn piglet was grabbed immediately after birth and evaluated for the meconium
staining score according to Mota-Rojas et al. [9]. Thereafter, the piglet was gently rubbed
with a dry towel to remove the remaining amniotic sac, the umbilical cord was cut and
tied with a sterilised thread, and the piglet was covered with hygienic powder (Farmasec,
Farmapro, Plestan, France). All liveborn, stillborn and mummified foetuses were counted
and numbered to determine the birth order. Subsequently, individual liveborn piglets were
weighed using a digital scale (SDS® IDS701–CSERIES, SDS Digital Scale Co. Ltd., Yangzhou,
China). Intrauterine growth restriction (IUGR) was scored according to Bahnsen et al. [25].
Briefly, the piglets were classified as ‘0’ when their physiological appearance was normal
(i.e., normal head shape). The piglets were defined as ‘1’ when they experienced mild IUGR
(i.e., steep or dolphin-like forehead, narrow hind part, with a maximum of one secondary
parameter) and ‘2’ when they experienced severe IUGR (i.e., steep or dolphin-like forehead,
distinctively narrow hind part, with at least one secondary parameter) [25]. The secondary
parameters included bulging eyes, wrinkles perpendicular to the mouth, spiky hair and
unstable mobility. All neonatal management procedures were done within 3 min after
delivery. Farrowing duration was defined as the time interval between the delivery of the
first and last piglets. The piglet expulsion interval was defined as the time between the
births of two consecutive piglets. The cumulative expulsion interval was defined as the
difference in the time between the delivery of the first piglet and the time noted for piglet
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delivery within the same sow. Time from onset of farrowing to the last placental expulsion
was defined as the time between the delivery of the first piglet and the expulsion of the last
compartment of the placenta. The coefficient of variance (CV) of piglet birthweight was
calculated for each litter.

2.4. Sow Measurement and Data Collection

Sow identities, parity number, insemination date, farrowing date, weaning date, total
number of piglets born (TB), number of piglets born alive (BA), number of stillborn piglets,
number of mummified foetuses per litter, number of nursed and weaned piglets and
weaning-to-service interval were recorded. The percentages of stillborn piglets (SB) and
mummified foetuses (MF) per litter were calculated by dividing the number of stillborn
piglets or number mummified foetuses per litter with TB and multiplying it by 100. All
gilts and sows were evaluated for backfat thickness and loin muscle depth twice at entering
the farrowing house and at 21 days of lactation, using a linear array probe and a real-time
B mode ultrasonography (HS–2200, Honda Electronics Co., Ltd., Toyohashi, Aichi, Japan).
To measure backfat thickness and loin muscle depth, the ultrasound probe was placed
approximately 6.5 cm from the dorsal midline at the last rib curve. Lactational backfat
loss was calculated by dividing the difference between backfat thickness at entering the
farrowing house and at 21 days of lactation with backfat thickness at entering the farrowing
house multiplied by 100. Likewise, lactational loin muscle loss was calculated by dividing
the difference between loin muscle depth at entering the farrowing house and at 21 days of
lactation with loin muscle depth at entering the farrowing house multiplied by 100.

2.5. Piglet Measurement and Preweaning Mortality Data

All live piglets were weighed individually at birth and 24 h after birth. Piglet weight
gain at 1 day old was calculated and used to estimate piglet colostrum intake [26]. During
lactation, the piglets were weighed at 3, 10, 17 and 21 days of life. Litter weight was
calculated by summing all individual piglet body weights. The date and cause of death
were recorded for all dead piglets from 1 to 21 days of lactation. Post-mortem examination
was not performed because of the farm disease-control policies. However, the cause of
death was determined by the observation of the external lesions of the piglet. Piglet
preweaning mortality was classified as ‘crush’ if the piglet presented external traumas or
lacerations or fractures of major bones, ‘weak’ if the piglet was dead with low birthweight
and no external lesions were found and ‘miscellaneous’ if the piglet was dead from other
causes not mentioned above. Dead piglets were noted on a daily basis. Piglet preweaning
mortality was considered for two periods, including early mortality (the first 3 days of
postnatal life) and late mortality (from 4 to 21 days of postnatal life). The piglet preweaning
mortality rate of each period was calculated by dividing the total number of dead piglets
in the timeframe with BA and multiplying it by 100. Likewise, the proportion of piglets
crushed by sows in each period was calculated by dividing the total number of crushed
piglets by BA and multiplying it by 100. The piglet preweaning mortality rate during
lactation was derived from the piglet preweaning mortality rate of early and late mortality.

2.6. Colostrum and Milk

The colostrum intake of individual piglets was calculated using the equation reported
by Thiel et al. [26]: −106 + 2.26 WG + 200 BWB + 0.111 D − 1414 WG/D + 0.0182 WG/BWB.
Sow colostrum yield was calculated by summing the colostrum intake of all piglets within the
litter. Milk yield was estimated using the equation reported by Hansen et al. [27]: milk yield
day 3 to 10 (g) = 1.93 + 0.07 × (litter size − 9.5) + 0.04 × (litter gain, kg/day − 2.05). Milk
yield day 10 to 17 (g) = 2.23 + 0.05 × (litter size − 9.5) + 0.23 × (litter gain, kg/day − 2.05).
Furthermore, within 1 h after the onset of parturition, the Brix refractometer (Pocket PAL–1
refractometer, Atago, Tokyo, Japan) was used to estimate the colostrum IgG [21]. The
colostrum sample (0.3 mL) was collected manually from the first three pair of teats of the
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sows and was dropped into the prism chamber of the Brix refractometer using a disposable
plastic dropper. The Brix index value was determined immediately after testing.

2.7. Statistical Analysis

All analyses were performed using the statistical analysis system (SAS) software
version 9.4 (SAS Institute Inc., Cary, NC, USA). Of the 101 sows, data of sows with litter
size less than 8 (n = 8) and incomplete farrowing supervision (n = 1) were excluded from
the analyses. Based on these exclusion criteria, 7 sows in the crate system and 2 sows
in the free-farrowing system were excluded, leaving 92 sows and 1344 piglets for data
analyses. Descriptive statistics on reproductive data were determined using the MEAN
and FREQ procedures of SAS. To differentiate sow lipid deposition, backfat thickness prior
to parturition was classified as low (<18 mm), moderate (18 to 24 mm) or high (>24 mm).
Continuous data of sows including gestation length, TB, BA, SB, MF, farrowing duration,
time from farrowing onset to the last placental expulsion, colostrum yield, Brix index, milk
yield from 3 to 10 days and 10 to 17 days of lactation, CV of piglet birthweight within
the litter, piglet preweaning mortality rate, proportion of piglets crushed by sow, number
of weaned piglets and weaning-to-service interval were analysed by the general linear
model (GLM) procedure of SAS. The factors included in the statistical models included
farrowing systems (farrowing crate and free-farrowing pen), classes of backfat thickness
prior to parturition (low, moderate and high) and their interaction. Least square means
of each class of variables were compared using the Tukey–Kramer test. Moreover, sow
metabolic parameters, including backfat thickness prior to parturition and at 21 days of
lactation, loin muscle depth prior to parturition and at 21 days of lactation and lactational
backfat thickness and loin muscle depth loss, were analysed using the GLM procedure of
SAS. Piglet characteristics including individual piglet birthweight, piglet expulsion interval,
cumulative expulsion interval and colostrum intake were analysed by the general linear
mixed model (MIXED) procedure of SAS. The statistical models included the farrowing
system (crate and pen), classes of backfat thickness prior to parturition (low, moderate and
high) and their interaction as a fixed effect. Sow identities were included in the statistical
models to adjust for repeated measurement of the piglet parameters for each sow. Least
square means in each class of the variables were compared by using the Tukey–Kramer
test. According to Tummaruk and Sang-Gassanee [28], a farrowing duration exceeding
240 min was considered a prolonged farrowing duration. The proportion of sows that
had a prolonged farrowing duration (>240 min) for the crate and free-farrowing systems
was compared using Chi-square tests. Additionally, the proportions of meconium-stained
piglets (score 0 vs. score 1 and 2) and IUGR piglets (score 0 vs. score 1 and 2) were compared
between farrowing systems by using Chi-square tests. For all analyses, a p value below
0.05 was considered statistically significant, and a p value between 0.05 and 0.10 indicated
a tendency.

3. Results

Across groups, the average TB, BA, SB and MF levels were 14.7 ± 2.8, 12.8 ± 3.1,
9.2% and 3.7%, respectively. Furthermore, farrowing duration, colostrum yield, Brix
index and milk yield during 3 to 10 and 10 to 17 days of lactation (means ± SD) were
213.2 ± 142.2 min, 5.3 ± 1.4 kg, 25.7 ± 3.4%, 8.6 ± 1.5 kg and 10.4 ± 2.2 kg, respectively.

3.1. Sow Characteristics
3.1.1. Gestation Length, Litter Traits and Sow Metabolic Parameters

Gestation length did not differ between sows kept in the farrowing pen compared
with those in the farrowing crate (114.4 ± 0.3 vs. 114.8 ± 0.2 days, p > 0.05). Litter traits
and metabolic parameters of sows in the free-farrowing system compared to those in the
crate system are presented in Table 1, and the different classes of backfat thickness prior to
parturition are presented in Table 2. Sows with low backfat thickness prior to parturition
had a TB 1.7 higher than that of sows with moderate backfat thickness (p = 0.025, Table 2).
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However, backfat thickness and loin muscle depth prior to parturition were not different
between the farrowing systems (p > 0.05). Furthermore, sows with low backfat thickness
prior to parturition lost less backfat during lactation than those with moderate (16.5 ± 3.1%
vs. 28.3 ± 1.9%, p = 0.002) and high backfat thickness (33.4 ± 3.2%, p < 0.001).

Table 1. Gestation length, litter traits and metabolic parameters in sows kept in the crate system
compared to sows kept in the free-farrowing system in a tropical environment (Lsmeans ± SEM).

Variables Crate System Free-Farrowing System p Value

Number of sows 38 54
Parity number 1 2.0 ± 0.5 2.2 ± 0.6
Gestation length (d) 114.4 ± 0.3 114.8 ± 0.2 0.320
Total number of piglets born per litter 14.7 ± 0.5 15.3 ± 0.4 0.365
Number of piglets born alive per litter 12.9 ± 0.6 13.2 ± 0.5 0.699
Stillborn piglets per litter (%) 9.8 8.9 0.757
Mummified foetuses per litter (%) 2.1 4.8 0.191
Backfat thickness prior to parturition (mm) 20.7 ± 0.6 21.2 ± 0.5 0.549
Loin muscle depth prior to parturition (mm) 48.2 ± 0.7 49.4 ± 0.6 0.202
Backfat thickness at 21 days of lactation (mm) 15.1 ± 0.5 15.0 ± 0.4 0.907
Loin muscle depth 21 days of lactation (mm) 41.5 ± 0.8 41.2 ± 0.6 0.822
Lactational backfat loss (%) 25.1 28.3 0.288
Lactational loin muscle loss (%) 14.0 15.8 0.445
Sow loss backfat during lactation >20% (%) 62.9 75.5 0.204
Sow loss loin muscle during lactation >10% (%) 62.9 69.8 0.497
Weaning-to-service interval (days) 4.5 5.1 0.435

1 Means ± SD.

Table 2. Gestation length, litter traits and metabolic parameters of sows with low (<18 mm), moderate
(18 to 24 mm) and high (>24 mm) backfat thickness prior to parturition (Lsmeans ± SEM).

Variables
Backfat Thickness Prior to Parturition (mm)

Low Moderate High

Number of sows 19 51 22
Parity number 1 2.2 ± 0.5 2.0 ± 0.5 2.2 ± 0.7
Gestation length (d) 114.3 ± 0.4 114.8 ± 0.2 114.6 ± 0.4
Farrowing duration (min) 176.9 ± 33.6 208.9 ± 20.5 258.2 ± 32.4
Total number of piglets born per litter 15.7 ± 0.6 a 14.0 ± 0.4 b 15.2 ± 0.6 ab

Number of born alive piglets per litter 13.6 ± 0.7 12.2 ± 0.4 13.2 ± 0.7
Stillborn piglets per litter (%) 10.0 8.6 9.4
Mummified foetuses per litter (%) 3.1 3.5 3.7
Backfat thickness prior to parturition (mm) 15.1 ± 0.4 a 21.2 ± 0.3 b 25.7 ± 0.4 c

Loin muscle depth prior to parturition (mm) 46.3 ± 0.9 a 48.4 ± 0.6 a 52.2 ± 0.9 b

Backfat thickness at 21 days of lactation (mm) 12.5 ± 0.7 a 15.2 ± 0.4 b 17.1 ± 0.7 c

Loin muscle depth 21 days of lactation (mm) 39.3 ± 1.0 a 41.4 ± 0.6 ab 43.6 ± 1.1 b

Lactational backfat loss (%) 16.5 ± 3.1 a 28.3 ± 1.9 b 33.4 ± 3.2 b

Lactational loin muscle loss (%) 15.0 ± 2.6 14.3 ± 1.6 16.6 ± 2.7
Weaning-to-service interval (days) 4.9 ± 0.3 4.6 ± 0.7 5.0 ± 1.0

1 Means ± SD. a, b and c superscripts indicate statistical significance (p < 0.05).

3.1.2. Farrowing Performance

Farrowing duration and time from the onset of farrowing to the last placental expul-
sion of sows did not differ between crate and free-farrowing systems (Table 3). Besides,
farrowing duration did not differ among those with low, moderate or high backfat thickness
prior to parturition (p > 0.05). The proportion of sows that had a prolonged farrowing
duration was similar for the two systems (p > 0.05). Regarding piglet traits, piglet expulsion
interval, cumulative expulsion interval, individual piglet birthweight and proportion of
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low-body-weight piglets (<1.0 kg), the proportion of meconium-stained piglets and IUGR
piglets were not different between the two farrowing systems (p > 0.05) (Table 3).

Table 3. Farrowing performance and piglet characteristics in the litters in the crate system compared
to the litters in the free-farrowing system in a tropical environment (Lsmeans ± SEM).

Variables Crate System Free-Farrowing System p Value

Number of sows 38 54
Farrowing duration (min) 229.9 ± 26.5 199.3 ± 21.3 0.371
Time from onset of farrowing to the last placental
expulsion (min) 471.5 ± 51.2 384.4 ± 42.8 0.196

Proportion of sow farrowed longer than 240 min (%) 21.1 22.2 0.894
Coefficient of variance of piglet birthweight (%) 21.4 21.3 0.974
Number of piglets 539 805
Piglet expulsion interval (min) 12.9 ± 0.8 12.4 ± 0.7 0.612
Cumulative expulsion interval (min) 101.8 ± 4.3 96.7 ± 3.5 0.361
Individual birthweight (g) 1297 ± 15 1308 ± 12 0.570
Proportion of piglets with body weight <1.0 kg (%) 16.2 18.6 0.281
Individual piglet body weight at 1 day old (g) 1388 ± 17 1420 ± 14 0.142
Body weight gain during the first 24 h (g) 85.3 ± 6.2 105.5 ± 5.1 0.012
Meconium-stained piglets (%) 49.4 46.6 0.347
IUGR piglets (%) 1 13.6 13.2 0.830
Number of piglets at weaning per litter 11.0 ± 0.5 10.0 ± 0.3 0.080
Litter weight at weaning (kg) 55.3 ± 2.7 49.1 ± 2.2 0.078

1 Intrauterine growth restriction.

3.1.3. Colostrum Yield, Milk Yield and Brix Index

Sows kept in the free-farrowing system tended to produce more colostrum than
confined sows (p = 0.080, Figure 2a). However, the Brix index did not differ between
sows kept in the crate and those in the free-farrowing systems (25.7 ± 0.7 vs. 25.6 ± 0.5,
p > 0.05). Regardless of the farrowing system, sows with high backfat thickness prior to
parturition had a higher colostrum yield than those with low backfat thickness (5.7 ± 0.3 vs.
4.8 ± 0.3 kg, p = 0.065). Milk yield of sows during 3 to 10 days (8.6 ± 0.2 vs. 8.6 ± 2.3 kg,
p > 0.05) and 10 to 17 days (10.2 ± 0.3 vs. 10.4 ± 0.4 kg, p > 0.05) of lactation did not differ
between the two farrowing systems. In addition, in high-backfat sows, milk production
during 3 to 10 days (8.3 ± 0.4 vs. 9.6 ± 0.6 kg, p = 0.059) and 10 to 17 days (9.6 ± 0.6 vs.
11.7 ± 0.9 kg, p = 0.050) of lactation were lower in the free-farrowing system compared to
the crate system.

Figure 2. (a) Sow colostrum yield and (b) piglet colostrum intake for sows kept in the crate system
and the free-farrowing system. Data are presented as Lsmeans and SEM. a and b superscripts indicate
a tendential difference (p = 0.080). c and d superscripts indicate a significant difference (p < 0.05).
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3.2. Piglet Characteristics
3.2.1. Piglet Measurement and Colostrum Intake

Individual piglet birthweight, CV of the piglet birthweight within the litter and piglet
body weight at 1 day did not differ between the two systems (Table 3). However, at 1 day
old, the piglets raised in the free-farrowing system had gained more weight than those in
the crate system (p = 0.012, Table 3). Piglets born in the free-farrowing system ingested
more colostrum than those in the crate system (p = 0.019, Figure 2b). The number of piglets
at weaning tended to be higher in sows kept in the crate system than in those kept in the
free-farrowing system (p = 0.080, Table 3). Similarly, the litter weight of piglets at weaning
for the sows kept in the crate system also tended to be higher than that of piglets from sows
kept in the free-farrowing system (p = 0.078, Table 3).

3.2.2. Piglet Preweaning Mortality

The total piglet preweaning mortality rate and the mortality rate classified by causes
in the free-farrowing system compared with the crate system are presented in Table 4.
Interestingly, the piglet preweaning mortality rate (26.8 ± 2.9% vs. 17.0 ± 3.8%, p = 0.045)
and the proportion of piglets crushed by sows (13.1 ± 2.1% vs. 5.8 ± 2.7%, p = 0.037,
Figure 3) were higher in the free-farrowing than in the crate system. The proportion of
piglets crushed by sows did not differ between the two farrowing systems during the first
3 days postpartum (p > 0.05), but a difference was observed after 4 to 21 days of lactation
(p = 0.008, Table 4). In the free-farrowing system, the piglet preweaning mortality rate in
sows with high backfat thickness was higher than that in sows with moderate (37.8 ± 5.1%
vs. 21.6 ± 3.6%, p = 0.011) and low (21.0 ± 6.2%, p = 0.038) backfat thickness. In addition,
piglet preweaning mortality for high-backfat sows in the free-farrowing system was greater
than that for crated sows at both 3 days (17.9 ± 3.9% vs. 4.8 ± 5.8%, p = 0.065) and
21 days of age (37.8 ± 5.1% vs. 10.9 ± 8.0%, p = 0.006). Similarly, the incidence of crushing
in sows with high backfat thickness was higher in the free-farrowing system than in the
crate system at both 3 days (11.1 ± 3.3% vs. 2.6 ± 4.9%, p = 0.055, Figure 4a) and 21 days of
age (17.6 ± 3.6% vs. 4.0 ± 5.7%, p = 0.049, Figure 4b).

Table 4. Causes of piglet mortality during the lactation period in the crate system and the free-
farrowing system.

Causes of Piglet Mortality Crate System Free-Farrowing System p Value

All piglet preweaning mortality (n = 260)
- Total mortality (%) 17.0 ± 3.8 26.8 ± 2.9 0.045
- 0 to 3 days of age (%) 10.9 ± 2.8 12.6 ± 2.3 0.628
- 4 to 21 days of age (%) 5.3 ± 2.1 14.2 ± 1.6 0.001

Crushing by sow (n = 104)
- Total mortality (%) 5.8 ± 2.7 13.1 ± 2.1 0.037
- 0 to 3 days of age (%) 4.1 ± 2.4 7.4 ± 1.9 0.279
- 4 to 21 days of age (%) 1.4 ± 1.2 5.7 ± 1.0 0.008

Weak (n = 121)
- Total mortality (%) 17.0 ± 3.8 26.8 ± 2.9 0.050
- 0 to 3 days of age (%) 6.1 ± 1.5 4.8 ± 1.2 0.501
- 4 to 21 days of age (%) 3.0 ± 1.3 5.7 ± 1.0 0.116

Miscellaneous causes (n = 35)
- Total mortality (%) 1.4 ± 1.6 3.2 ± 1.2 0.376
- 0 to 3 days of age (%) 0.7 ± 0.5 0.5 ± 0.4 0.743
- 4 to 21 days of age (%) 0.6 ± 1.3 2.7 ± 1.0 0.197
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Figure 3. Proportion of piglets dead due to crushing by sows from litters raised either in the crate
system (black bar) or the free-farrowing system (white bar) between 0 and 3 days of age and 0 to
21 days of age. Data are presented as Lsmeans and SEM. a and b superscripts indicate a significant
difference (p < 0.05).

Figure 4. Preweaning mortality of piglets from litters raised either in the crate system (black bar) or
the free-farrowing system (white bar) from sows of three different backfat classes before farrowing,
low (<18 mm), moderate (18 to 24 mm) and high (>24 mm). (a) Between 0 to 3 days of age and
(b) between 0 to 21 days of age. Data are presented as Lsmeans and SEM. a and b super-
scripts indicate a tendential difference (p = 0.055). c and d superscripts indicate a significant
difference (p < 0.05).

4. Discussion

In the present study, the farrowing performance of sows, newborn piglet characteris-
tics, colostrum yield, milk yield and piglet preweaning mortality were compared between
two different farrowing systems, i.e., crate vs. free-farrowing pen, within the same herd
and in the same farrowing house. The sows were under moderate heat stress because
the average 24 h indoor temperature and humidity during the experimental period were
28.1 ± 1.5 ◦C and 74 ± 5.4%, respectively. Moreover, the proportion of days when the
average temperature inside the barn rose above 25.0 ◦C was 97.4%. A previous study has
demonstrated that the sow thermal preference during the late gestation period was only
14.0 ◦C [29], which is much lower than that observed in the present study. In general, heat
stress in sows can occur when the ambient temperatures rises above 25 ◦C. This is one of the
major problems that decreases daily feed intake and compromises the milk yield of sows
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under tropical conditions [30]. Furthermore, sow reproductive performance under tropical
conditions can be compromised due to the effect of heat stress on the intestinal barrier
function, which can limit digestive ability and allow potential pathogens and/or toxins
to become systemic [30]. Therefore, all farrowing performance and piglet characteristics
demonstrated herein represented those of sows kept in a tropical environment, different
from previous studies in temperate areas [6,10,15,31–33]. Moreover, the free-farrowing
system has recently been introduced to the Thai swine industry, and scientific data con-
cerning the advantages and disadvantages of this new farrowing system are insufficient.
The differences in both farrowing performance and piglet characteristics from birth until
weaning between the free-farrowing system and the crate system are presented below.

4.1. Colostrum and Milk Yield

The colostrum yield of sows in the free-farrowing system was higher than that of
sows in the crate system. Interestingly, the sows in the free-farrowing system produced
0.5 kg more colostrum than those in the crate system. Oxytocin plays a crucial role as
the mediator for mammary myoepithelial cell contraction [34], and an increase in oxy-
tocin around parturition is important for both colostrum production and secretion [34].
Oliviero et al. [6] demonstrated that the levels of oxytocin during farrowing in sows kept in
pens were significantly higher than those of sows kept in crate systems. Thus, sows kept
in the farrowing pen had a shorter farrowing duration than those in the crate system [6].
Moreover, Yun et al. [33] found that the concentration of prepartum plasma oxytocin of
sows in the free-farrowing system with provision of nesting materials was 26.4% higher
than that of sows in the crate system. These studies indicate that an increase in oxytocin
concentration during pre- and peri-partum periods may attribute to a higher colostrum
yield in sows kept in the free-farrowing system compared to the crate system. In the present
study, exogenous oxytocin was frequently used in either the crated or the free-farrowing
systems. The use of exogenous oxytocin during the peripartum period could be an impor-
tant factor that influences the colostrum consumption of piglets. Previous studies have
demonstrated that exogenous oxytocin administration can increase the number of stillborn
and number of live-born piglets with ruptured umbilical cord, meconium staining and
neonatal asphyxia [35,36]. These characteristics can influence piglet vitality and hence com-
promise their colostrum consumption ability. However, in the present study, the proportion
of stillborn and meconium-stained piglets did not differ significantly between the crated
and the free-farrowing systems.

In the present study, the average milk yield of sows in the free-farrowing system did
not differ significantly compared to that of sows kept in the crate system. This indicates
that the free-farrowing system has no deleterious effect on sow milk yield. Regardless
of the farrowing system, the average milk yield of sows between 3 and 10 days and 10
and 17 days of lactation were 8.6 and 10.4 kg/day, respectively. These values are lower
than those reported in an earlier study under tropical conditions, i.e., 10.4 and 12.8 kg/day,
respectively [13]. In a previous study in Denmark, the average milk yield of sows at
lactation peak was 9.23 kg [27]. In addition, backfat thickness before parturition influences
sow milk yield. In the previous study, the milk yield of sows between 3 and 10 days of
lactation increased as backfat thickness before parturition increased [13]. However, in
the present study, high-backfat sows in the free-farrowing system had a lower milk yield
than high-backfat sows in the crate system. The reason could be because sows with high
backfat thickness had more mammary parenchymal tissue and more total protein and
total DNA than sows with moderate and low backfat thickness [37]. Therefore, increasing
parenchymal tissue in late gestation is the major factor that enhances milk production
and the growth of suckling piglets [37]. Another reason could be due to a higher piglet
mortality rate and a higher proportion of crushed piglets in the high-backfat sows kept in
the free-farrowing system, with a consequent reduction in the number of suckling piglets.
Therefore, the estimated milk yield was also reduced. Thus, if the number of crushed
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piglets in the high-backfat sows was reduced, the milk yield of sows in the free-farrowing
system might have been increased.

4.2. Piglet Preweaning Mortality

The piglet preweaning mortality rate and the proportion of piglets crushed by sows
in the free-farrowing system were 26.8% and 13.1%, respectively. On the other hand, the
piglet preweaning mortality rate and the proportion of piglets crushed by sows in the
crate system were only 17.0% and 5.8%, respectively. To our knowledge, the present study
is the first study demonstrating the piglet preweaning mortality rate and the proportion
of piglets crushed by sows in the free-farrowing system under a tropical climate. The
average piglet preweaning mortality rate observed in the present study is relatively high
but still within the normal range reported earlier in either the crate or the free-farrowing
system [16,19,38–42]. In the conventional crate system, the piglet preweaning mortality
rate in swine commercial herds in Thailand averages 11.2% and varies among herds from
4.8% to 19.2% [16]. In the free-farrowing system in European countries, the average piglet
preweaning mortality rate ranges from 5.1% to 26.0% [19,38–42]. The relatively high piglet
preweaning mortality observed in the present study could be related to heat stress in
pre- and peri-partum sows because the average temperature inside the farrowing house
was, in most cases, above 25.0 ◦C [43]. A recent study has demonstrated that the risk
of piglet mortality in the free-farrowing system was 14% higher than that in the crate
system [44]. The present study demonstrated that, within the same herd and the same
management, the piglet preweaning mortality rate in the free-farrowing pen was 9.8%
higher than that in the crate system. However, a study in Denmark found that the difference
in piglet preweaning mortality between free-farrowing and crate systems was only 1.3%,
i.e., 13.7% vs. 11.8%, respectively [41]. This indicates that the major disadvantage of the
free-farrowing system is the risk of having a high piglet-preweaning mortality. However,
the differences among studies indicate that the high piglet-preweaning mortality in the
free-farrowing system is a manageable trait and could be overcome by improving various
husbandry strategies. For instance, in a previous study, a temporary crate system during
some periods of lactation was recommended [42]. However, the total piglet mortality in
the temporary confinement system was only slightly decreased compared to that of the
complete free-farrowing system, i.e., 25.4% vs. 26.0%, respectively [42]. This indicates that
some underlying factors associated with piglet preweaning mortality in the free-farrowing
system remain to be further elucidated.

Interestingly, the present study also demonstrated that the proportion of piglets
crushed by sows in the free-farrowing pen was 7.3% higher than that in the crate system.
This is in agreement with a number of previous studies in temperate areas [31,39,42,45].
For example, in China, the percentage of piglets crushed by sows in the farrowing pen was
14.7% higher than that in the crate system, i.e., 25.5% vs. 10.8%, respectively [45]. However,
data regarding the proportion of piglets crushed by sows in the free-farrowing system in
the tropics have never been reported. In Finland, the proportion of piglets crushed by sows
in the farrowing pen was 14.2% greater than that in the farrowing crate [31]. In Germany,
the proportion of piglets crushed by sows in the farrowing pen accounted for up to 70.8%
of the piglet preweaning mortality [39]. Similarly, in Switzerland, crushing accounted for
53.4% of the piglet preweaning mortality in the free-farrowing pen [38]. In the present
study, crushing by sows accounted for 48.9% of the total piglet preweaning mortality in the
free-farrowing pen. On the other hand, Loftus et al. [40] recently demonstrated that the
proportion of piglets crushed by sows in the free-farrowing system can be reduced to 3.5%,
without a significant difference to the crate system (i.e., 3.3%), by using a large size of the
farrowing pen (i.e., 5.6 m2). In the present study, the total area of the pen was 4.7 m2, and
the space available for a sow in the farrowing pen was only 3.25 m2, much lower than that
recently recommended by the European Food Safety Authority (EFSA), i.e., above 6.6 m2 for
the complete free-farrowing system and 4.3 to 6.3 m2 for the temporary crating system [46].
Therefore, the incidence of crushing in the free-farrowing system observed in the present
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study was relatively high (13.1%) compared to that reported in UK (i.e., 3.5%) [40]. This
indicates that some husbandry practices, as well as the equipment used in the farrowing
house, may help in minimising the proportion of piglets crushed by sows in the free-
farrowing system. Additionally, poor maternal behaviours, e.g., rapid postural change and
rolling and stepping on the piglets, can also contribute to the high incidence of crushing in
the free-farrowing pen [31,39]. Interestingly, the present study found that the proportion of
piglets crushed by sows was higher for sows with high backfat thickness (i.e., >24 mm).
This is in agreement with Rangstrup-Christensen et al. [47], who observed an increase in
piglet preweaning mortality in sows that had a high body-condition score. Most likely,
high-backfat sows frequently step on their piglets while lying down [48]. Moreover, these
sows frequently change posture and spend more time standing, consequently trapping their
piglets [31]. These data indicate that the high prevalence of piglets crushed by sows in the
free-farrowing system is usually observed for sows with a relatively high backfat thickness.
Thus, additional management strategies to avoid crushing by sows in the free-farrowing
system should be focused on sows with high backfat thickness (i.e., >24 mm), trying to
minimise the proportion of sows with high body condition before parturition.

4.3. Farrowing Performance and Piglet Characteristics

The farrowing duration of sows in the free-farrowing system did not differ significantly
from that of sows in the crate system (199.3 vs. 213.3 min). This is in contrast to a previous
study in Finland [15], wherein sows kept in pens had a shorter farrowing duration than
those kept in crates, i.e., 212 vs. 301 min, respectively [15]. Furthermore, in a temperate
area, Yun et al. [31] revealed that modern hyperprolific sows with an average of 19.3 piglets
per litter and kept in a free-farrowing system had a much longer farrowing duration
(i.e., 399.4 min) compared to those in the present study. This might be explained by the fact
that the total number of piglets born per litter in the Finnish study was four piglets higher
than that observed in the present study (15.3 vs. 19.3 piglets/litter) [31]. In the present study,
22.1% and 22.2% of sows in the crate system and the free-farrowing system, respectively,
had a prolonged duration of farrowing (i.e., >4 h). Farrowing duration is strongly associated
with the concentration of oxytocin, which plays a major role in farrowing progression as
it binds to receptors in myometrial cells and stimulates calcium as a second messenger
for contraction [8]. During farrowing, the oxytocin concentration was higher in penned
sows compared to those kept in crates, i.e., 77.6 vs. 38.1 pg/mL, respectively [6]. Moreover,
Blim et al. [49] found that the total calcium concentration in serum at the beginning of the
expulsion stage was higher in penned sows compared to crated sows [49]. Thus, if the litter
size at birth in the free-farrowing sows under tropical conditions is increased, farrowing
duration may also be increased, and the benefits of this farrowing system may be detected.

In the present study, the incidence of stillborn piglets did not differ between the
two farrowing systems. This finding agrees with previous studies in temperate environ-
ments [15,31]. In additions, the present study is the first that demonstrates the incidence
of piglets born with meconium staining (46.6%) and IUGR piglets (13.2%) in the free-
farrowing system in a tropical environment. In piglets, meconium staining is associated
with umbilical cord rupture and asphyxia [50,51]. Nevertheless, the incidence of either
piglets born with meconium staining or IUGR characteristics observed in the present study
did not differ between the pen and the crate systems. This indicates that piglets from
both systems experienced similar levels of growth retardation and asphyxia. Therefore,
the free-farrowing system in tropical environments has no negative impact on newborn
piglet characteristics.

4.4. Sow Backfat Thickness and Loin Muscle Depth

Sow backfat thickness and loin muscle depth before parturition and 21 days of lactation
and the relative backfat and loin muscle loss during lactation did not significantly differ
between sows kept in the farrowing crate and the free-farrowing pen. This finding is in
line with the results of a previous study conducted in Europe, which proposed no effects of
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the farrowing pen on lactational body weight and backfat loss in sows [52]. This indicates
a similar backfat and loin muscle loss during lactation in the two different farrowing
systems under tropical conditions. Regardless of the farrowing system, lactational backfat
loss was higher in sows with high backfat thickness before farrowing compared to those
with low and moderate backfat thickness. This is in agreement with a previous study in
Thailand [13]. However, the average backfat thickness in the previous study [13] was lower
compared to that of the present study. Additionally, our previous study demonstrated that
the percentage of sows losing backfat >10% during lactation was higher when backfat was
>25.0 mm before farrowing (85.7%) compared to backfat levels of 15.0 to 20.0 mm before
farrowing (35.0%) [53]. The difference in sow backfat thickness observed among these
studies might be due to the different genetic lines. Therefore, the optimal backfat thickness
of sows can vary among herds and genetics lines.

5. Conclusions

Gestation length, stillbirth, farrowing duration, piglet expulsion interval and time
from the onset of farrowing to the last placental expulsion in sows kept in farrowing
crates did not differ significantly compared to those in sows kept in free-farrowing system.
Piglets born in the free-farrowing system had a higher colostrum intake than those in
the crate system. However, the piglet preweaning mortality rate and the proportion
of piglets crushed by sows in the free-farrowing pen were higher than those in the crate
system. Interestingly, a high proportion of piglet preweaning mortality in the free-farrowing
pen was detected only in sows with high backfat thickness (>24 mm) before farrowing
but not in those with low and moderate backfat thickness. Therefore, special attention,
e.g., temporary confinement, can be recommended for sows with high backfat thickness to
avoid the crushing of piglets.
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Simple Summary: Oxytocin is a hormone that plays an important role in parturition. For this reason,
in animal production farms, the exogenous application of this substance is regularly used to help in
reducing calving times. However, this hormone can indirectly reduce vitality in the newborn by a
direct effect on the intensity of uterine contractions, inducing fetal hypoxia and affecting neonate
mortality and thereby a significant economic loss when it is administered in high doses or at times
when it is not required. For this reason, the aim is to review the proper administration of oxytocin in
domestic animals.

Abstract: Oxytocin is a key hormone for parturition and maternal traits in animals. During the
peripartum period, the levels of endogenous oxytocin dictate physiological events such as myometrial
contractions, prostaglandin production with the subsequent increase in oxytocin receptors, and the
promotion of lactation when administered immediately after birth. While this hormone has some
benefits regarding these aspects, the exogenous administration of oxytocin has been shown to have
detrimental effects on the fetus, such as asphyxia, meconium staining, ruptured umbilical cords,
and more dystocia cases in females. This review aims to analyze the main effects of oxytocin on
myometrial activity during parturition, and its potential favorable and negative administration effects
reflected in the fetus health of domestic animals. In conclusion, it is convenient to know oxytocin’s
different effects as well as the adequate doses and the proper moment to administrate it, as it can
reduce labor duration, but it can also increase dystocia.

Keywords: oxytocin; domestic animals; parturition; meconium staining; fetal asphyxia

1. Introduction

In all mammal species, birth is characterized by an increase of plasma estradiol,
prolactin, and cortisol levels, and by the activation of the oxytocinergic system at the time
of delivery [1]. Oxytocin (OXT) is a neuropeptide that presents a dual action neurohormone
and neurotransmitter with a chemical structure composed of nine amino acids [2–6]. For
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this reason, the use of endogenous OXT has become popular in the veterinary field for
reproductive management in domestic animals [7].

The synthesis of this hormone has several physiological effects on the central nervous
system (CNS). According to Young and Zingg [8], OXT is a behavioral modulator and the
abundant presence of oxytogenic neurons in the brain is responsible for the modulation of
behavior in both sexes. Additionally, it is pointed out that OXT may be responsible for the
stimulation of affiliative relationships in mammals and also in the the generation of bonds of
the dam–calf during imprinting [9–11]. During parturition, due to the distribution of OXT
receptors, oxytocin also participates in lactation and the development and strengthening of
the maternal behavior [10,12–14]. Notably, OXT induces milk ejection and is recognized
for its participation in the induction of synchronous and sustained uterine contractions
during parturition. For this reason, it is considered the most important hormone during
this process [15–18]. Of note, the word “oxytocin” came from Greek words meaning “quick
birth” after Dale discovered its uterine-contracting properties in 1906 [19].

On the other hand, it is important to mention that OXT induces contractions in the
myometrium in late pregnancy and thereby causes a temporary decrease in blood flow and
transient episodes of fetal hypoxia [3]. In addition to this, the number of OXT receptors
increases as gestation progresses [20] and it seems important to know that G protein-
coupled receptors, such as the oxytocin receptor, could experience desensitization after
repeated or prolonged stimulation [21]. More precisely, Robinson et al. [22] demonstrated
in vitro that OXT-induced desensitization of myocytes to OXT stimulation occurs within
4.2 h and that this mechanism of desensitization involved OXT receptors.

OXT is present in different systems as it is synthesized in the ovaries, nervous system,
testicles, placenta, and even in cardiac tissue [3–6]. OXT is primarily synthesized in
magnocellular neurons of the paraventricular and supraoptic nuclei of the hypothalamus.
It is stored in vesicles in the posterior pituitary for its further release into peripheral
circulation after neurologic stimulation [23–25]. It is also produced by smaller parvocellular
neurons of the paraventricular nucleus of the hypothalamus, which directly projects to
many regions of the brain, notably the limbic system, with structures such as the amygdala,
the hippocampus, the nucleus accumbens, and the medial preoptic area (MPOA) [26].

In dogs, OXT promotes maternal interest in puppies by reducing anxiety and stimu-
lating maternal care [13,27]. Intracerebroventricular infusions of OXT stimulate maternal
behavior in sheep [28]. In sows, it has been shown by Gilbert et al. [29] that peripheral OXT
is not involved in nest-building behavior because the pre-partum rise in OXT secretion has
been linked to the end of sow nest-building behavior, which occurs 1–6 h before birth [30].

It has been seen that in swine production farms, sometimes sows experience prolonged
farrowing, postweaning anestrus, and estrus return, which can have a significant impact
on the economic profits of the company [31]. Some hormones play an important role in the
labor process during farrowing [32] and if the time of farrowing could be reduced by admin-
istering them, it would be important for piglet survival, as a delay in farrowing can increase
stillbirth numbers [33,34]. In this sense, serum estradiol, as well as the concentration of
OXT, prolactin, progesterone, and prostaglandins have been used [3–6,15–17,35,36].

For this reason, the administration of exogenous OXT is one of the most important
resources regarding the management of animals during farrowing, and some demographic
data mention that 83.1% of pig farms use oxytocin as the first resource in the management
of farrowing [37]. This is because its application has been observed to significantly reduce
labor time, between 12 and 20 min in most species, and it begins to take effect within
the first 10 min after its administration [2,38,39]. This can be recognized as an immediate
benefit in relation to costs and care time, because an increase in synchronous contractions
facilitates the expulsion of the newborn and even the expulsion of fetal membranes [40].

The benefits of OXT administration could have led to its indiscriminate use due to little
control and the apparent absence of adverse effects of this neuropeptide [41–43]. However,
due to the greater knowledge of the participation of OXT in other physiological systems,
notably in cardiovascular regulation [44], it could make evident the adverse effects that the
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exogenous administration of this hormone could bring with it [3,16]. In some studies, it
has been seen that the increase in uterine contractions caused by exogenous use of OXT
can reduce blood flow at the level of the fetal umbilical artery [45]. This can cause hypoxia,
which can be associated with states of respiratory stress and lead to suffocation [46], and,
due to these events, the fetal vitality in newborns could be decreased [47–51]. In dogs, for
example, fetal asphyxia represents 60% of losses of puppies [52]; in swine production, there
are reports that have shown that mortality caused by asphyxia is 5–10% when this hormone
has been administrated [53], while in dairy cattle there is an incidence of asphyxia between
0.67–9.2% derived from the use of OXT [54].

Therefore, these undesirable effects should be considered prior to OXT administration
to reduce the potential dystocia and intrapartum mortality that this would generate. For
this reason, the present review aims to analyze the mechanism of action of OXT, its main
effects on myometrial activity during parturition, and the potential favorable and negative
effects on the fetus of domestic animals.

2. Oxytocin: Pharmacology and Clinical Application at Parturition in
Domestic Animals

In small ruminants, the half-life of OXT has been found to range from 1.3 (sheep)
to 22 min (goats) [55,56]. In horses, it has been reported that the administration of 25 IU
of intravenous OXT allows a half-life of 5.89 min, with a clearance rate of 7.78 min [57].
A comparative study of the pharmacokinetics of OXT suggests that the parameters of
bioavailability, clearance time, and half-life are similar in most domestic mammals, which
could possibly be taken as a reference [58]. Due to these reported half-life data, it is
suggested that OXT in rabbits and goats has extensive penetration into different tissues [59,
60]. It is worth mentioning that a short half-life in some animals leads to questioning if
labor can be induced with a single administration of OXT (Table 1) [61,62].

Table 1. Pharmacokinetic parameters of oxytocin in different species.

Dose

Absorption Kinetics

Pharmacokinetics Species ReferenceAdministration
Route

Evaluated Parameters

25 IU IV

T1/2: 5.89 min., clearance
rate of 11.67 L/min., and
mean residence time of

7.78 min.

Maximum effective
concentration of 0.45 ng/mL

and a plasma concentration of
0.25 ng/mL

Mare Steckler et al. [57]

10 IU IM

Minimal plasma
concentration at 20 min. of

administration
4822 pg/h/mL.

Tmax = 1.13 ± 0.91 h,
Cmax = 2662 ± 567 pg/mL,

AUC = 4822 ± 728 pg/h/mL,
T1/2 = 1.02 ± 0.33 h.

Rabbit Zhu and Lal [63]

400 IU Sublingual
Plasmatic concentration at
20 min. of administration

1234 pg/h/mL.

Tmax = 0.93 ± 0.64 h,
Cmax = 1164 ± 1179 pg/mL,

AUC = 1234 ± 1001 pg/h/mL,
T1/2 = 0.90 ± 0.33 h.

0.33–1.32 IU Intranasal

T1/2 = 12.2 min.,
Tmax = 12.2 min.,

Mean plasma
concentration =

18.9 pg/mL.

Cmax = 77.3 pg/mL,
AUC = 1726 pg/mL/min.,

mean residence time = 20 min.
Cow Wagner et al. [64]

0.083, 0.11
and 0.17 IU IM

T1/2 = 1–6 min.
Bioavailability: 70–100%,

Vss: 40 min.
Clearance rate 7.87 mL. Sow Mota-Rojas et al.

[65], Hill [66]
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Table 1. Cont.

Dose

Absorption Kinetics

Pharmacokinetics Species ReferenceAdministration
Route

Evaluated Parameters

40 IU
20 IU

IM
IV

Intravulvar
T1/2 = 1.94 ± 0.21 min. Vd = 0.46 ± 0.02 L/kg, T1/2 of

elimination = 22.3 ± 0.3 min. Sow

Mota-Rojas
et al. [67],

Ybarra
Navarro [68]

In the case of non-domestic species, the reported values for baboons receiving 500 IU IV OXT were a mean plasma
concentration of 10 pg/mL on 10 min., T1/2 = 1.1 ± 0.2 min, Vd = 80 mL/Kg, Vss = 200 mL/Kg, fraction of elimina-
tion = 34 ± 5%, and mean residence time = 7.7 ± 0.8 min. For rats receiving 200–1000 ng/Kg IV, T1/2 = 21.09 min,
T1/2 elimination = 7.94 min, Vd = 0.13–0.80 L/Kg, Vss = 0.34–0.80 L/Kg, and AUC = 2219–80,087 h/ng/L. AUC:
area under the plot of plasma concentration of a drug versus time after dosage; Cmax: peak plasma concentra-
tion; IU: international units; IM: intramuscular; IV: intravenous; T1/2: half-life; Tmax: time to reach maximum
concentration; Vd: volume of distribution; Vss: steady state volume of distribution.

The distribution of OXT and its clinical effect may be related to the route of administra-
tion, since it is mentioned that the preferred routes are intravenous (IV) and intramuscular
(IM) [69–71]. In a study carried out by Mota-Rojas et al. [67] in 50 sows in which they
compared the effect of OXT administered by three different routes: IM, IV, and intravaginal,
they observed that in the animals that received OXT intravaginally and intravenously, there
was an increase in the number of stillbirths and intrapartum broken cords. However, in the
IM administration, umbilical cord rupture could be due to increased uterine contractions.
In another study carried out by the same authors, they confirmed that IM administration of
OXT significantly increased the intensity of uterine contractions, decreasing their duration
and farrowing by up to 40 min, but with adverse effects for the fetus (e.g., meconium-
stained piglets when OXT is administered at early phases of farrowing) [48]. This could
make evident that the IM and IV routes of administration allow OXT to reach its highest
plasmatic concentration and exert its action in the target organ, in this case, the uterus.

In the case of cattle, Wagner et al. [64] studied five bovines (Bos taurus) that received a
dose of 0.66 IU/kg of OXT intranasally. They found that the concentration of OXT in the
blood increased by 63.3 pg/mL at 3.5 min and that it maintained a half-life of 12.1 min.
This indicates that the intranasal route could be an alternative for the use of OXT. However,
while several behavioral effects have been shown with this route [72,73], as far as we know,
to date, there are no reports indicating that it may have any effect on uterine activity.

According to Hill et al. [66], the most used doses of OXT in sows are 5 IU, 10 IU, 20 IU,
25 IU, 30 IU, and 40 IU administered by one of the three common routes of administration,
IM, IV and intravulvar. A study was carried out on 200 sows in which they were grouped
into four groups according to the dose of OXT administered (1 UI/6 Kg being the high dose,
3.1 UI/9 Kg being the medium dose, 1 UI/12 Kg being the low dose and control group).
They observed that there was an increase in the number and intensity of contractions
during farrowing in animals treated with the high and medium doses compared to the low
dose, but they had greater deleterious effects on the fetuses [74].

In horses, the use of OXT is reported in doses of 3.5 IU up to 75 IU IM for the induction
of uterine contractions. Villani and Romano [75], evaluated the effect of three low doses
(3.5 IU) of IM OXT in 350 standardbred mares, pregnant at term. They observed that
the administration of OXT caused a foaling stimulation effect on the length of gestation:
51.3% of the animals responded to the first dose of OXT, 14.2% to the second dose, and
3.4% to the third dose. This means that the last dose allowed moderate efficacy for labor
induction. Opposite results were obtained in another study on 16 mares in which they
compared the effect of two doses of oxytocin (1.75 IU and 75 IU) for labor induction. The
authors observed that animals receiving the highest dose of OXT had a shorter interval
from oxytocin administration to delivery of the fetus compared to animals receiving the
higher dose, but resulting in weak foals [76].
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Consequently, OXT tends to have a short plasma half-life so that a single dose may not
achieve a correct stimulation of myometrial contractions. However, this effect may depend
on the route of administration, the IM and IV routes being the most used. The dose may
also be responsible for the intensity of the effects at the uterine level and, as studied in
human medicine, the mode of administration could also have influence, but it is not well
studied in animals.

3. OXT: Its Mechanism of Action and Receptor Signaling in the Myometrium in
Domestic Animals

The mechanism of action of exogenous OXT in the myometrium does not differ from
its endogenous ligand, promoting uterine contractions due to the arrangement of receptors
in this tissue (Figure 1) [77]. In this regard, Taverne et al. [78] evaluated the functionality
of uterine OXT receptors in cows around calving, using an intra-arterial dose of 800,
1600, and 3200 mU, making a continuous evaluation of the uterine electromyographic
activity. The authors reported that OXT significantly increased myometrial activity and the
magnitude of contractions. The production of uterine contractions in domestic animals is
induced by the increase in intracellular Ca2+ in the myofibrils of the smooth muscle of the
myometrium [60]. A close relationship between OXT receptor occupancy and Ca2+ entry
through voltage-gated or coupled channels has been found, as suggested by in vitro studies
on rat myometrial cells [3,79,80]. Furthermore, Riemer and Heymann [81] argue that, along
with OXT and prostaglandins, connexin 43 (CX43) also participates in inducing myometrial
contractility. Thus, it leads to understanding a possible stimulation of contractions through
the activation of other contractile proteins such as CX43, due to the expression of genes
encoding for proteins associated with a uterine contraction that cause an increase in said
substance, which induces an ionic coupling to allow increased intracellular Ca2+ flow into
myofibrils and coordinated contractions [82,83]. Immunohistochemical studies performed
on neurons of the preoptic nucleus in lactating rats revealed that OXT neurons were positive
for CX36, another protein, thus suggesting the involvement of this hormone with OXT [84].

Figure 1. Oxytocin action on the smooth muscle cells in the myometrium. Endogenous and ex-
ogenous OXT promotes myometrium contraction by activation of the OXTR and its action on the
voltage-regulated Ca2+ channels that facilitate Ca influx to the cell. In the SR, the interaction of Ca2+

participates in several events that result in muscle contraction, such as PG, production, MLC kinase
activation, MLC phosphorylation, and the formation of actomyosin to maintain uterine contrac-
tions during calving: myosin light chain; MLC: myosin light-chain; OXT: oxytocin; OXTR: oxytocin
receptors; PG: prostaglandin; SR: sarcoplasmic reticulum.
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The action of OXT can not only be observed at the uterine level. In fact, due to the
universal distribution of its receptor, other physiological effects can be observed [16]. One
of the most notorious would be the cardiovascular effect of OXT. Peterson [85] mentions
that this neuropeptide induces a paradoxical effect at the vascular level because of its
systemic vasodilator effect. In an in vivo study in nephrectomized Wistar rats, it was found
that OXT attenuates the serum levels of urea, creatinine, and lactate dehydrogenase, which
could be considered a protective effect [86]. However, at the uterine level, it can induce
vasoconstriction [49]. Interestingly, given the abundant presence of OXT receptors in
neurons, it has been suggested that it may be related to the mechanisms of nociception in
females [12,87]. Biurrun Manresa et al. [88] suggest that this is possibly due to oxytocinergic
neuron projections at the spinal cord that generate inhibitory modulation of painful stimuli.
This makes it evident that OXT shows relevant physiological participation in different
systems to consider that this hormone has a limited effect on the myometrium.

In summary, the mechanism of action of exogenous OXT allows an increase in the
permeability of Ca2+ in the uterine myofibrils, which would stimulate contractions [89].
Despite its obvious mechanism of action, it has been argued that the efficacy of OXT
may be affected by conditions such as a lack or decreased number of receptors in the
myometrium [60]. In a systematic review, it was reported that the use of OXT reduces up
to 3 to 5 min the farrowing interval time in piglets and up to 40 min the labor time of sows
in the first stage of farrowing [66]. However, previous reports mention that OXT is not
effective at term due to the absence of OXT receptors that develop after a change in the
estrogen:progesterone ratio minutes before delivery [90].

Therefore, exogenous OXT promotes uterine contractions by occupying specific recep-
tors and increasing intracellular ion flow in the myometrium. This mechanism of action is
primarily responsible for the effect on the uterus. However, due to the dependence on the
presence of receptors, the effect of exogenous OXT could be limited in the absence of said
receptors. Another aspect relating to the OXT receptors could be of importance: their DNA
sequences can be subject to variation, i.e., Single Nucleotide Polymorphisms, that can lead
to OXT receptors variants, which in turn, may influence myometrial OXT response in the
setting of parturition. For instance, an association between an OXT receptor variant and
the development of postpartum hemorrhage in humans has been recently shown [91].

4. Favorable Effects of the Use of Oxytocin during Parturition and Recommendations
for Its Use in Veterinary Obstetrics

Exogenous and endogenous OXT also has positive effects both in the dam and the
fetus. For example, through placentophagy and consumption of amniotic fluids during par-
turition, the dam can obtain OXT, and some analgesic effects have also been reported [92].
In bitches, the administration of OXT during partum intervenes in the frequency of my-
ometrial contractions, increasing them. It is usually given when uterine contractions are
less than expected and the fetal heart rate is normal. However, the administration of
low IV doses is recommended to prevent tetanic effects in the uterus, putting oxygena-
tion of the fetus at risk [93,94]. According to Davidson [95], medical management of
dystocia with irregular contractions or primary uterine inertia in bitches could include
the administration of 10% calcium gluconate (0.465 mEq/4.5 kg SC) followed by OXT
(0.5–1 U.S.P. units/bitch SC).

In the case of intensive pig production farms, the problems of sows at farrowing are
resolved indistinctly through the use of oxytocics. However, it is important to point out
that the application of exogenous OXT is not recommended in the following cases [96]:
when there are regular contractions, when the cervix is not yet fully dilated, when there
is a disproportion between the size of the fetus and the pelvis bone, when there is a bad
presentation, and when there is any bleeding, vaginal prolapse, or hypocalcemia. In these
cases, it can have adverse results if it is used neglectfully and indiscriminately [92]. In a
study carried out by González-Lozano et al. [97] in sixty hybrid Yorkshire–Landrace sows
(30 with eutocic farrowing and 30 with dystocia farrowing), in which was administrated
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exogenous OXT, at the dose of 0.083 UI/kg, to 15 eutocic and 15 dystocic sows, intramus-
cularly after the delivery of the 5th piglet. The results showed that OXT decreases the
number of intrapartum deaths by 50%, and the highest viability was observed in the group
of eutocic sows treated with OXT. Likewise, Paccamonti [98] points out that the application
of OXT in mares for inducing foaling, with a single low dose of 10 IU, IV for a 550 kg mare
is preferred because it is sufficient to initiate the cascade of events leading to foaling and
provides a more natural course of events than higher doses or repeated administration.
Therefore, it can be concluded that both the moment of application, as well as the dose,
route, manner, and type of delivery influence whether there are benefits or adverse factors
with the exogenous application of this hormone.

On the other hand, it is necessary to point out the importance of uterine contractions
due to OXT, since, thanks to them, the exit of the lochia is favored, causing a more rapid
uterine involution [99]. In the same way, this hormone contributes to stimulating the
descent of milk into the mammary glands together with the stimulation that the offspring
make when suckling [100], and also with the establishment of bonding between the dam
and newborn [9,13,101–103].

Another important effect of OXT is that it can intervene in helping to establish maternal
behaviors and decreasing the incidence of maternal cannibalism. This was confirmed in a
study carried out by Kockaya et al. [104] in 30 adult Kangal bitches, 15 with the presentation
of cannibalism and 15 that did not present it, in which the levels of OXT in serum were
measured and it was found that in bitches with presentation of cannibalism, OXT levels
were lower (3.58 ± 0.43 ng/mL) compared to bitches that did not present it (9.68 ± 1.58
ng/mL). In a study conducted by Feldman et al. [105] in humans, it has been shown that
plasma and salivary OXT levels are associated with dam–infant bonding. Contrasting
to these data, there was a study carried out by Ogi et al. [106] on 25 lactating Labrador
Retriever dogs, in which salivary concentration of OXT was unrelated to the amount
of maternal care, but had a weak negative correlation with sniffing/poking behavior.
Therefore, salivary OXT concentration cannot be considered a strong predictive biomarker
of the quantity of maternal care in dogs. Therefore, this study suggests that if what is
sought is to improve maternal care in bitches, the exogenous application of OXT is probably
not effective. Furthermore, the OXT assay procedures can differ and be themselves a source
of discrepancies between the studies. Indeed, the assessment and interpretation of urine
and saliva measurements often provide inconsistent findings. To a lesser extent, it can be
also true for plasma measurements, as the methodological procedures can deeply impact
the outcome of OXT concentrations [107,108].

Thus, it can be deduced that the application of OXT could have beneficial effects, if
there are no situations such as those mentioned above in which its application is contraindi-
cated.

5. Effects of the Exogenous Application of Oxytocin on the Fetus and the
Umbilical Cord

The induction of myometrial contractions is the main reason behind the use of OXT
during the parturition process [109]. Although the expulsion time is reduced, an increase
in myometrial contractions due to the administration of OXT is a factor associated with
decreased fetal oxygen saturation which can affect the viability and vitality of the fetus [110].
Moreover, its use can have an adverse effect on the fetus due to contractions, resulting in
compromised blood flow (Figure 2) [111]. According to Mota-Rojas et al. [96], OXT given to
sows at the onset of fetal expulsion significantly increases the rate of fetal distress, anoxia,
and intrapartum death in piglets. The rupture of the umbilical cord, as well as the presence
of meconium staining, could be other consequences of the excessive or misused exogenous
application of OXT [65,112,113]. This effect on the fetus may be related to the type of
placentation in different mammalian species [114]. For example, horses, cattle, and pigs
present an epitheliochorial-type placenta, and some immunohistochemical studies have
shown the presence of OXT receptors, mainly in the endometrium; however, the presence
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of these receptors in the allantochorionic or cotyledonous region is low, which possibly
interferes with its impact on fetal membrane rupture [115,116]. In the case of species thar
present hemochorial placenta, such as humans or rats, it has been suggested that OXT
may lead to development of oxidative stress effects, due to the interrelationship that exists
between the fetal vascular endothelium and the dam. Additionally, uterine contractions
could reduce flow due to the rupture of this relationship [117].

Figure 2. Effect of oxytocin administration on the umbilical cord and fetus health. Although OXT is
commonly used during the onset of parturition, adverse effects directly on fetal health have been
reported. After the hyperstimulation of the myometrium, prolonged contractions reduce uterine
blood flow, resulting in a hypoxia state and accumulation of lactate. These events cause fetal distress
with the main consequences including neonatal hypoxia, acidosis, abnormal heart rate, umbilical cord
ischemia, and possible brain damage or intrapartum death when administering OXT. OXT: oxytocin.

In Yorkshire x Landrace sows, Alonso-Spilsbury et al. [47] found that the adminis-
tration of a single dose of OXT immediately after the birth of the first piglet resulted in
several health outcomes for the fetus, although the expulsion interval was also reduced
from an average of 27.76 ± 0.81 min to a minimum of 22.2 ± 1.80 min. The presentation of
stillbirths was higher in the first and third delivery of sows receiving OXT (a range between
five and ten stillbirths), and the grade of meconium staining was greater (between 0.27 and
0.30). Additionally, an increased frequency of ruptured umbilical cords was observed in
the treated animals compared to the control group (0.42–0.47 vs. 0.07, respectively), and
dystocia cases were more prevalent in the sows receiving OXT (p < 0.01) [47].

The association between OXT and dystocia is due to the effect that OXT has on the
intensity and duration of myometrial contractions [96], reducing uterine blood flow and
fetal oxygenation [118]. This has been reported in 300 dairy Holstein calves, resulting in
animals with lower mean oxygen partial pressure (39.6 ± 9.3 mmHg) (15 mmHg lower than
control animals) and higher sodium concentration (137.7 ± 2.1 mmol/L) than newborns
from dams not treated with OXT [118]. Therefore, these effects could affect neonatal vitality
and welfare [12].

The direct effect of OXT on the local bloodstream has been suggested as one of the main
adverse effects of its exogenous administration. For example, Stenning et al. [49] evaluated
the effect of said hormone as an inducer of uterine contractions on the umbilical arterial
and venous flow of premature lambs. The authors found that, together with an increase
in myometrial contractions and blood pressure (of 5 ± 0.8 mmHg), there was a decrease
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in arterial and venous umbilical blood flow (by 12.1 ± 2 mmHg and by 20 ± 2 mmHg,
respectively). These results show that the increased uterine contraction can diminish the
blood flow and result in low systemic oxygenation and low newborn vitality. Likewise, a
systematic review by Muro et al. [119] was carried out to evaluate the effect of uterotonics
(OXT and carbetocin) on the duration of farrowing, farrowing interval, farrowing assistance,
and feasibility of farrowing in sows. These authors observed that OXT reduced the duration
of labor by 18% but increased the need for delivery assistance by 137% (p < 0.01). These
figures were related to the 30% increase in stillborn pigs. For this reason, it seems that
OXT would be a useful tool under strict technical guidance. However, there would still
exist a risk of some harmful effects on the calf and the dam. The integrity of the umbilical
cord and the uterus are other structures that can be affected by OXT administration. For
example, in 2099 newborn piglets, the administration of OXT at the onset of fetal expulsion
resulted in a higher incidence of stillborns, a greater piglets with ruptured (from 0.55 to
0.73) and hemorrhagic umbilical cords (from 0.21 to 0.36), together with an increase in
the severity of meconium staining (p < 0.001) [96]. Fetal asphyxia has also been observed
in 180 sows treated with OXT, resulting in a high percentage of umbilical cord rupture
(76.0%) and an absence of heart rate in 53.5% of newborns [53]. Contrarily, in a murine
model of fetal asphyxia (exposition of immature rats to 9% oxygen and 20% CO2), OXT
administered intranasally to the newborn resulted in a neuroprotective role, preventing
hippocampal injury [120]. Fetal distress, reported as meconium-stained newborns, was
reported in piglets, with 2.5 times the presentation in litters from dams IM-treated with
OXT at high doses (0.17 IU/kg), with an opposite effect being observed when low doses of
0.083 IU/kg were administered, also decreasing piglet mortality [65]. A beneficial effect
was also reported in foals, in whom a mare receiving low doses of OXT resulted in foaling
induction without the birth of immature foals [121]. Therefore, not only OXT but also the
dose needs to be considered when deciding to use it during parturition.

The species must be considered in order to evaluate the effect that OXT might have
on both the dam and the offspring. However, repeated administration of OXT during
parturition causes hyperstimulation, leading to uterine exhaustion and reduced blood flow
to the umbilical cord [122], and even uterine rupture when other confounding factors are
present, such as an insufficient amniotic fluid [123] and limited cervical dilatation [124].
OXT-induced rupture leads to fetal distress and, consequently, high mortality of neonates
and the need for medical intervention [125]. Therefore, the increase in uterine contractions
could be associated with an increase in local blood pressure, which would lead to reduced
blood flow, fetal stress, and hypoxia, and all these factors could reduce vitality in the
newborn, having a high impact on its mortality [121]. In a case of a Great Dane bitch treated
with repetitive doses of OXT and manual intervention to help in the dystocia process, a
uterine rupture was reported [126]. The indiscriminate use of OXT can cause umbilical
cord morphological alterations such as edema, congestion, hemorrhage, and, in extreme
cases, umbilical cord rupture. High doses of oxytocin increase fetal heart rate decelerations
and the presentation of meconium-stained fetuses. These elements are indicators of fetal
hypoxia and can be reflected in intrapartum deaths [64]. Additionally, administering
OXT at the beginning of parturition in polytocous species can double the number of
meconium-stained fetuses and stillbirths during the first hour after administration [46]. It
is relevant to mention the role of progesterone, a hormone that decreases during parturition
to promote uterine contractions (known as the removal of the “progesterone block”) and
fetal expulsion [127]. However, when administered in combination with caffeine at the last
week of gestation in sows, the number of live born piglets decreased (11.7 ± 1.03 vs. 14.5 ±
0.73 in the control group) and piglet survival was impaired during the first five days of life
and at weaning [128].

In horses, it is recorded that the contractions induced by the administration of OXT help
to induce labor or expulsion of the placenta, which avoids the possibility of infections [76,129].
However, Sgorbini et al. [130] evaluated the effect of OXT at a dose of 2.5 IU IV on the
incidence of peripartum complications at the behavioral, physical, and blood levels in
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mares. These authors found that foals born to mares under OXT treatment took longer
to stand up and suckle compared to those born with spontaneous partum. In addition
to this, they found higher levels of pCO2 and lactate. This evidence reaffirms that even
though these changes are not considered clinically relevant in the dam, they can affect the
physical condition of the newborn. In fact, at a high dose (3.5 UI), they can induce the birth
of premature foals, thereby altering their vitality [121]. In horses, it is suggested that the
presence of complications could possibly be related to pharmacological aspects, either due
to the dose used and/or the frequency of administration [131].

Hence, when using OXT in a parturient female, it is essential to consider the benefits
but also the possible adverse effects on the newborn, since the use of the hormone can
fasten the parturition process but might result in negative outcomes for the fetus.

6. Future Directions

Due to the multiple effects that OXT administration can have on the dam and the
fetus, the studies aiming to evaluate this hormone need to focus on different aspects of
animal reproduction. One example is the role that OXT might have on behavior in both
sexes. It is known that endogenous OXT participates in, and is a key element for, maternal
bonding [132]. It has even been pointed out that it can regulate affiliative behavior between
congeners. Additionally, alterations in the oxytocinergic system can alter postpartum
maternal performance and the administration of exogenous OXT in the early stage has
been proposed as a potential treatment to restore the functionality of OXT [133]. In bovines,
the administration of OXT can facilitate social interaction, especially during maternal
behavior, in addition to generating milk letdown [134,135]. Likewise, neglect and OXT
administration to prevent this abnormal maternal behavior is being studied in humans
with imaging techniques such as functional magnetic resonance to determine the cerebral
regions activated by OXT, such as the inferior frontal junction and putamen [136,137]. In
cases of male animals, this could be a field of study when the dam rejects the offspring or
shows aggression towards them [25]. The circuit mechanisms by which oxytocin modulates
social behavior are receiving increasing attention. Nonetheless, the complexity of the
subject requires an entire article that is simultaneously produced by the authors of the
present review (11).

The administration route and the pharmacokinetics of OXT depending on this aspect
need to be studied to determine if, for example, subcutaneous administration of OXT also
increases myometrial contractions and the risk of fetal distress. Currently, intranasal OXT to
reach the brain and cerebral structures is being researched in humans [138] and non-human
primates [139], but its association with fetal consequences during parturition needs to be
determined. As it has been studied in humans, the mode of administration (i.e., bolus
or infusion, or a combination of both) and its influence on labor complications [140,141]
remains as another field that could be researched in veterinary medicine. In humans,
authors such as Grotegut et al. [142] found that infusion of oxytocin was associated with
severe postpartum hemorrhage, and Sheehan et al. [143] determined that the combination
of bolus + infusion of oxytocin reduced the presentation of major obstetric hemorrhage
in women. For this reason, the administration of OXT in different modes and its effect on
myometrial activity and obstetric outcome could be assessed.

The implementation of other monitoring techniques, such as tocodynamometry, to
evaluate and promptly detect OXT action on the myometrium smooth muscle cells is an
alternative to continuing using OXT during parturition in domestic animals and to detect
any uterine physiological compromising. Tocodynamometry has been used in the last
decade in diverse species to detect primary uterine inertia [33]. Therefore, its implementa-
tion could help to identify the presence or absence of uterine myometrial contractions and
their relative strength and frequency [95,144], and, if necessary, to determine whether or
not the exogenous application of OXT is adequate to promote the presence of contractions.
In the same way, it is necessary to study the relationship between the toxicological aspects
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of OXT with the impact that this hormone can have on the fetus or offspring, since the
evidence is scarce in this regard.

Finally, it is important to teach producers and stock people that excessive use of OXT
in parturient females must be managed prudently. An alternative could be imparting small
courses taught by veterinarians to farmers and people involved with livestock so they can
be aware of the advantages and disadvantages of the use of this hormone.

7. Conclusions

There are various functions of OXT around parturition, among which we can mention
the establishment of bonding between the dam and offspring; myometrium contractions
that, in addition to helping in the expulsion of the fetus, also intervene in the expulsion of
lochia and placental residues; establishment of maternal behavior, as well as intervention
in lactation by stimulating the descent of milk from the mammary gland. This is why in
animal production farms this hormone is used indiscriminately to reduce parturition times,
as well as to reduce the incidence of dystocia caused by primary uterine inertia. Before
OXT application, it is important to consider the weight of the dam, parity (e.g., primiparous
or multiparous), the evolution of parturition, and if the birth canal is free, among other
aspects.

There must be adequate management of the dose of OXT supplied, since with an
excessive dose, the contractions become powerful and frequent, triggering heart rate
deaccelerations and umbilical cord damage, producing partial fetal asphyxia and with
each successive contraction, the situation may worsen, causing meconium-stained fetuses
and weak, hypoglycemic neonates, until it causes fetal death. For this reason, when this
hormone is used, it is convenient to know its effects, because, although in general terms,
oxytocics reduce the duration of labor, they have the disadvantage of increasing dystocia.
OXT dose-finding studies, as well as studies about administration routes and procedures,
could be performed in each species of interest to clarify what doses and procedures are
required for adequate effects on uterine contraction without side effects on the fetus.
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Simple Summary: Parturition as a stressful event may influence puppies’ neonatal morbidity and
mortality. The purpose of this study was to investigate the impact of parturition type on stress in
newborn puppies, their weight gains, and survival in the first week postpartum. One hundred and
twenty-three puppies were divided into three groups: vaginal parturition, emergency, and elective
cesarean section. The Apgar score was assessed 5, 15, and 60 min postpartum, and samples of amniotic
fluid, umbilical blood, and urine were collected for lactate, glucose, and cortisol concentration
measurements. Although emergency cesarean section puppies had the highest cortisol concentration
of all groups, their Apgar score at 5 min postpartum was comparable to the vaginal parturition group,
which had the highest lactate levels. There were no significant differences between groups regarding
relative growth rate. The type of parturition had no impact on puppies’ survival in our study, but
supportive treatment was provided for non-vital puppies in stress. Non-invasive analysis of amniotic
fluid and/or urine could help in the assessment of the neonatal vitality.

Abstract: The objective of this study was to investigate the impact of parturition type on vitality in
newborn puppies, their weight gains, and survival in the first week postpartum. One hundred and
twenty-three puppies were divided in three groups: vaginal parturition (VP), emergency (EM-CS),
and elective cesarean section (EL-CS). Apgar scores were assessed 5, 15, and 60 min postpartum.
Lactate and glucose concentrations were measured in amniotic fluid and umbilical blood; cortisol
concentrations were measured in amniotic fluid and puppy urine. Puppies’ weight gain was tracked
daily for 7 days postpartum. Apgar score at 5 and 15 min was significantly better in the VP group.
EL-CS puppies had significantly lower umbilical blood and amniotic fluid lactate concentrations
compared to the VP group, which also had higher umbilical blood lactate concentration than EM-
CS puppies. The cortisol concentration in the amniotic fluid and in urine differed significantly
between the groups, with the highest concentration in the EM-CS, followed by the VP group. Glucose
concentration in amniotic fluid was higher in the VP group than EM-CS group. The type of parturition
had no impact on puppies’ weight gain or their survival at birth; however, supportive treatment was
provided for non-vital puppies. Non-invasive analysis of puppies’ fluids could help in the assessment
of the neonatal vitality.

Keywords: neonate; Apgar score; lactate; glucose; cortisol; neonatal fluids
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1. Introduction

Parturition is always a challenge for the bitch and her puppies. The neonates are
forced to adapt to their new life outside the womb in the first few hours after parturition [1].
Therefore, perinatal disorders and losses in dogs are a common and often unavoidable
problem; they can occur in utero, during labor, immediately after, or within the first two
to three weeks of life, but most puppy losses occur during whelping and the first 24 h [2].
Many factors may contribute to higher neonatal mortality in dogs [3], ranging from 5% to
35%, depending on complications before, during, and/or after parturition [4–8]. Adequate
reproductive management throughout the bitch’s reproductive cycle and good veterinary
care at the onset of parturition, with intensive neonatal care and monitoring during the first
days of life, can significantly reduce neonatal losses [9–11]. At the time of weaning, 91% of
1342 newborn puppies were alive in a study by Münnich and Kuechenmeister, reflecting
the aforementioned reproductive management [8].

In human medicine, neonatal assessment is performed using the Apgar score, which
immediately assesses the infant’s status at birth and targets the need for neonatal resus-
citation [12]. In 2009, the Apgar score was modified to adapt it to the needs of canine
neonates [13]. Observation of the neonate and measurement of vital signs via the modified
Apgar score in conjunction with reflex assessment in the first hour of life has been shown
to be satisfactory for assessing neonatal status [12] and short-term survival prognosis [13].
However, in practice, clinical evaluation of neonatal puppies has been largely limited
to a subjective examination. Basic diagnostics to objectively evaluate neonatal puppies
are readily available to practitioners, but without established parameters, it is difficult to
analyze them and determine what is normal versus abnormal and what might indicate
future vitality [14]. Further, the type of parturition can also have a major impact on the
vitality and survival of puppies after parturition [5,11], with puppies delivered by cesarean
section (CS) having better survival than naturally born puppies [5].

In humans, the Apgar score is combined with umbilical blood gas analysis, which
provides important information about the condition of the neonate [15]. There are limited
data on the blood parameters in neonatal dogs [16,17], but as in humans, measurement
of specific biomarkers from umbilical blood or amniotic fluid, e.g., lactate, cortisol, and
glucose, could help to discriminate between healthy neonates and those requiring veteri-
nary assistance [10,18]. Since these parameters are good indicators of non-vital neonates in
humans, they were chosen in our study to see if they could also be used as indicators of
neonatal vitality in puppies.

Clinically, it has been demonstrated that very high cortisol concentrations in puppies
in amniotic fluid are a reliable indicator for identifying those neonates that require intensive
care in the first 24 h of life [10]. In a recent study, all groups of puppies had cortisol
concentrations above the basal concentration at birth. Significantly higher cortisol levels
were noticed in fetal dystocia puppies compared to eutocia, maternal dystocia, and CS
puppies. The difference between fetal dystocia and CS puppies persisted at 60 min after
birth [19].

Increased lactate concentrations in the blood indicate the presence of anaerobic cellular
metabolism, which is a sign of tissue hypoperfusion and hypoxia. Lactate concentrations
increase before any abnormalities in heart rate, blood pressure, or urine output occur, mak-
ing blood lactate measurement a superior method for early detection of hypoperfusion [20].
In dogs, there is a study that examined the concentration of lactate in the umbilical vein,
which was found to be useful in predicting neonatal mortality within 48 h of birth. The
threshold of 5 mmol/L of umbilical vein lactate concentration allowed differentiation be-
tween healthy and non-vital puppies. Higher lactate values were associated with non-vital
puppies, whereas lower values characterized vital puppies [17]. Mean blood lactate levels
of 10.0 mmol/L ± 4.9 standard deviations (SD) were found in non-surviving puppies [21].
However, this was not confirmed in two other studies where lactate levels did not vary
between vital and disturbed puppies [22,23].
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Transient hypoglycemia is common in neonates. Insufficient glycogen storage at par-
turition is a frequent occurrence in puppies with low birthweight and those suffering from
respiratory failure or severe respiratory distress during parturition; hence, the measure-
ment of glucose concentration may aid as a prognostic factor [24]. In one study on puppies
evaluating glucose concentrations from ear blood, it was found that low blood glucose
concentration was found in puppies with higher risk of neonatal mortality [25]. However,
Lucio et al. (2021) found that fetal dystocia and CS are hyperglycemic obstetrical conditions
for neonatal puppies [19]. There is also a study dealing with amniotic glucose concentration
in newborn puppies where it was found that non-surviving puppies had lower median
amniotic fluid glucose concentrations compared with neonates that survived. However,
two of six amniotic fluid glucose concentrations were below the minimum detectable
concentration, so this result should be taken in consideration with caution [23].

The limited data, the different ti”es o’ puppy evaluation or collection of samples, and
the different vessels used for blood collection make it very difficult to compare the results
mentioned above. A thorough evaluation of non-invasive parameters and their correlation
with neonatal vitality are still lacking in veterinary neonatology. Therefore, the aim of this
study was to assess lactate and glucose concentrations in newborn umbilical blood and fetal
amniotic fluid, cortisol concentrations in fetal amniotic fluid, and urine of newborn puppies,
and to evaluate the association between these biomarkers with newborn vitality score,
parturition type (vaginal parturition (VP) versus elective CS (EL-CS) versus emergency
CS (EM-CS)), and puppy survival within the first seven days of life. We also aimed to
investigate the association between parturition type and puppy survival and growth. The
vitality of the newborn puppies was assessed using the modified Apgar scoring for dogs.

2. Materials and Methods

2.1. Animals

The study was approved by the Animal Welfare Commission of the Veterinary Faculty.
The certificate is included as a Non-published Material. All animals were client-owned:
the owners volunteered their dogs for the purpose of this research and signed a consent
form allowing for the collection of samples from the bitch and the newborns. Samples were
collected from March 2017 to May 2018. During this time, 123 puppies born to 20 healthy
bitches of 16 different breeds (two Boston terrier bitches whelped twice) were included
in our research. The mean age of the bitches was 41.6 months ± 19.2 SD (range: from
23 to 86 months). All bitches were fed only FDA-approved food for pregnant dogs. Bitches
for VP and EM-CS were not fasted before the parturition. The bitches for EL-CS were also
allowed to eat a small amount of soft canned food 3 h before the planned surgery. The
number of puppies ranged from two to 11 per litter (median 5.5). The mean litter size was
5.59 puppies ± 2.38 SD. The types of parturition were divided into vaginal parturition
(VP) and caesarian section (CS). CS was further divided into emergency CS (EM-CS) and
elective CS (EL-CS). Regarding the type of parturition, there were 9 VPs, 8 EL-CSs, and
5 EM-CSs. One bitch gave birth to two alive puppies and one dead puppy via VP and
was then presented for the EM-CS (she and the following 4 puppies were accounted to the
EM-CS group) (Table 1).

For survival data, each newborn was categorized as stillborn or born alive.

2.2. Cesarean Section

This group consisted of EM-CS and EL-CS. If the medical management of dystocia had
failed or was inadvisable, the EM-CS was performed according to indications as previously
described [26,27]. The reason for the EM-CS was the primary uterine inertia in one dam,
secondary uterine inertia in two, and obstruction in the other two. In one case, the puppy
was too big and in the other it was in an incorrect posture. All dams were in good general
condition. However, at least one puppy was under stress in all cases, as indicated by its
heart rate, measured with ultrasound. The bitch with primary uterine inertia was given
oxytocin twice (0.25 IU and 30 min lates 0.5 IU), prior to coming to the clinic for EM-CS.
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Table 1. Number and proportion (%) of different breeds included in the study.

Breed Size Breed
Number of

Parturitions (%)

Age of
Bitches
(Years)

Number
of Parity

Number of
Female

Puppies (%)

Number of
Male

Puppies (%)

Number of
Puppies (%)

Miniature Schnauzer 2 (9.1) 3–4 1–2 6 (4.9) 4 (3.2) 10 (8.1)
Yorkshire Terrier 1 (4.5) 2.25 1 1 (0.8) 3 (2.4) 4 (3.3)

Maltese 1 (4.5) 3.25 2 2 (1.6) 3 (2.4) 5 (4.1)
Miniature Poodle 1 (4.5) 7 3 1 (0.8) 1 (0.8) 2 (1.6)

Boston Terrier 4 (18.2) 2–5.5 1–3 11 (8.9) 5 (4.1) 16 (13)
Jack Russell

Terrier–Maltese mix 1 (4.5) 5 1 3 (2.4) 4 (3.3) 7 (5.7)

Total small
breeds(<10 kg) 10 (45.4) 24 (19.5) 20 (16.3) 44 (35.8)

Pembroke Welsh Corgi 2 (9.1) 2.5–2.75 1 3 (2.4) 7 (5.7) 10 (8.1)
English Bulldog 1 (4.5) 2.5 1 2 (1.6) 2 (1.6) 4 (3.3)
French Bulldog 2 (9.1) 2–2.5 1 5 (4.1) 8 (6.5) 13 (10.6)

Beagle 1 (4.5) 4.25 3 3 (2.4) 4 (3.3) 7 (5.7)
Dachshund 1 (4.5) 3 2 7 (5.7) 2 (1.6) 9 (7.3)

Whippet 1 (4.5) 2.5 1 4 (3.3) 3 (2.4) 7 (7.3)
Total medium breeds

(10–25 kg) 8 (36.4) 24 (19.5) 26 (21.1) 50 (40.6)

Greater Swiss
Mountain Dog 1 (4.5) 3.5 2 1 (0.8) 5 (4.1) 6 (4.9)

Golden Retriever 1 (4.5) 2.5 1 5 (4.1) 6 (4.9) 11 (8.9)
Labrador Retriever 1 (4.5) 2.75 2 8 (6.5) 2 (1.6) 10 (8.1)
German Shepherd 1 (4.5) 3 2 1 (0.8) 1 (0.8) 2 (1.6)

Total large and giant
breeds (>25 kg) 4 (18.2) 15 (12.2) 14 (11.4) 29 (23.6)

EL-CS was planned based on progesterone measurements during heat to determine
LH peak and ovulation, coupled with ultrasound (US) examinations of the ovaries and
uterus. The day of surgical parturition in EL-CS cases was determined using the average
63-day gestation from ovulation guidelines, coupled with a decrease in the dams’ rectal
temperature and the information collected from the serial blood progesterone concentration
monitoring and by fetal ultrasonographic measurements of both the inner chorionic cavity
and the biparietal diameter, as reported by Meloni [28]. None of the puppies showed signs
of immaturity at birth.

CS was always performed using the same anesthetic protocol. The preoperative health
status of the bitch was determined via a clinical examination and complete blood count
(ADVIA® 120, Siemens, München, Germany) with blood collected from a peripheral vein.
The cephalic vein was used for intravenous cannulation. During the preoxygenation with
100% oxygen for 10 min, the abdomen was shaved and aseptically prepared in a routine
manner. Propofol at 4–7 mg/kg of body weight (BW) was given intravenously (Propoven
10 mg/mL, Fresenius Kabi Austria GmbH, Graz, Austria) for induction to anesthesia,
followed by orotracheal intubation. General anesthesia was maintained with sevoflurane
(Sevorane, AbbVie, Campoverde di Aprilia, Italy) at a concentration of 1.5–3%. Methadone
(Synthadon 10 mg/mL, Produlab Pharma B.V., Raamsdonksveer, The Netherlands) at
0.2 mg/kg BW was administered subcutaneously after the skin incision. A balanced isotonic
crystalloid solution (Hartmann solution, B. Braun, Melsungen, Germany) at a rate of
10 mL/kg/h intravenously was started 30 min before general anesthesia. CS was performed
with a caudal midline abdominal incision, followed by a ventral incision of the uterine
body. The most caudal fetus and its fetal membranes were removed first, followed by
fetuses and fetal membranes from the left and right uterine horn alternately.

A simple continuous suture pattern using 3/0 or 4/0 Glycomer 631 (Biosyn, Covidien,
Dublin, Ireland) was used to close the uterus. To promote uterine contractions and cleaning,
oxytocin (Oxytocin Veyx, Veyx-Pharma Gmbh, Schwarzenborn, Germany) at 0.25–1 IU was
injected into the uterus at the end of the celiotomy. The abdominal cavity was thoroughly
inspected and rinsed with 0.9% sodium chloride (NaCl, B Braun, Melsungen, Germany)
and warmed to body temperature before the abdominal wall was sutured routinely in
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three layers. Lidocaine 10 mg/mL (Lidocaine HCl, University Medical Centre, Ljubljana,
Slovenia) at a dosage of 1 mg/kg was administered infiltrative at the incision line.

Four hours after the first dose, methadone (0.2 mg/kg) was administered subcuta-
neously. When the mothers were awake and demonstrated normal maternal behavior,
the bitch and her puppies were discharged from the clinic. Postoperative analgesia was
provided with tramadol chloride (Tramal, Stada, Bad Vilbel, Germany) at 3 mg/kg orally
every 12 h, as needed, for a maximum of three days postoperatively. When the bitch
did not have colostrum at the time of parturition, the puppies were given a drop of 40%
glucose under the tongue. If mammary secretions were still not available, newborns were
fed with a commercial milk replacer formula (Puppy Protech Colostrum + Milk, Royal
Canin, Ljubljana, Slovenia) at suggested dosages every two hours. This was needed only
for one litter of EL-CS puppies (for the first day) and for one other puppy that died one
day postoperatively.

Puppy Resuscitation

The basic steps for puppies who did not breathe spontaneously and did not vocalize
followed the resuscitation guidelines of ABC. First, the airway was cleared by removing
the fetal membranes from the face, followed by gentle suctioning with a bulb syringe. The
puppies were then gently but briskly dried with a warm towel to promote respiration
and prevent chilling. If the neonates were still not breathing, a Jen Chung vacupuncture
point in the nasal philtrum with a 26-gauge needle was used. For neonates who were not
breathing spontaneously, a constant flow of oxygen was administered through the oxygen
mask. Ventilation or endotracheal intubation and cardiac stimulation were not required.
The only drug used was naloxone (one drop under the tongue) when the puppies did not
respond to environmental stimuli. Puppies were kept warm during resuscitation and in the
immediate postpartum period. Water bottles heated to 38 ◦C were used for this purpose.

2.3. Vaginal Parturition

Vaginal deliveries took place in the home environment of the owner.

2.4. Evaluation of the Puppy, Apgar Score, and Neonatal Reflexes

Each newborn puppy was weighed, assessed using the modified Apgar scoring
system [14,17,29], and examined for the presence of congenital malformation (congenital
oronasal fistula, cleft palate, atresia ani). When needed, resuscitation was performed by
ABC route: rubbing to stimulate breathing, cleaning mucous from the upper airways,
oxygen supplementation, heating, glucose supplementation, and, on one occasion, external
heart massage. Each puppy was marked immediately after parturition with a colored collar
to enable the identification of the puppies and correctly mark the collected samples.

The vitality of the puppies was assessed by observing the color of the mucous mem-
branes, auscultation of the heart to measure the heart rate, and evaluation of the frequency
and quality of respiration. The neonatal irritability reflex was assessed with a firm, almost
painful stimulus on the back. Active movements of the puppies were observed in the dorsal
position to assess muscle tone. Each parameter was scored as 0, 1, or 2 points (Table 2). The
Apgar score was interpreted depending on the number of points collected, severe distress
from 0 to 3, moderate distress from 4 to 6, and no distress from 7 to 10 points. Apgar score
was evaluated 5 (Apgar 5), 15 (Apgar 15), and 60 (Apgar 60) min after parturition.

125



Animals 2022, 12, 1247

Table 2. The modified Apgar scoring system used in this study [14,17,29].

Parameter Points

0 1 2

Mucous membrane color Pale or cyanotic Pink Reddish
Heart rate (bpm 1) Absent or <120 bpm 120–180 bpm >180 bpm
Respiratory rate Absent or <6/min Weak, irregular, 6–15/min >15/min, rhythmic

Activity, muscle tone Flaccid Some flexions Active motion

Reflexes irritability Absent Weak vocalization and
weak reflex

Vigorous vocalization and
immediate reflex

1 bpm: beats/min.

Neonatal reflexes (suckling, rooting, and righting reflex) were also assessed at 5, 15,
and 60 min after parturition. The suckling reflex was assessed by inserting a clean, warm
tip of the smallest finger into the mouth of the puppies. The righting reflex was assessed by
turning the puppies onto their backs and observing how quickly they turned back to the
sternal position. The rooting reflex was scored by holding a loosely clenched fist in front
of the puppy and observing whether the puppy responded by pressing its snout into the
hand. Each reflex was scored from 0 to 2, with 0 representing no reflex and 2 representing a
strong reflex. Then the total sum was calculated. The interpretation of the results was as
follows: poorly responsive from 0 to 2, moderately responsive from 3 to 4, and adequately
responsive from 5 to 6 points [12,14].

2.5. Amniotic Fluid, Umbilical Blood, and Urine Samples

Samples of amniotic fluid were taken immediately after birth from all puppies, but
only samples of alive puppies were processed further. The puppy was put in an upward
position, the amniotic sac was freed from the puppy’s head, and the amniotic fluid samples
were collected from the underlying amniotic sac in an aseptic manner using a sterile needle
and syringe. Then the amniotic sac was opened completely, and the amniotic fluid was
decanted from a syringe in a urine collection tube. The umbilicus was clamped on two
sides and a small 25-gauge needle was used to try to obtain umbilical blood within 2 min
after birth. At least 25 μL of umbilical blood was taken and was processed immediately.
Amniocentesis, sampling of the umbilical blood, and neonatal resuscitation were performed
by different individuals.

Amniotic and umbilical blood samples of newborns delivered by spontaneous whelp-
ing were collected the same way as in the CS group, if they were born with an intact
amniotic sac and umbilical cord. Urine samples were collected within an hour after partu-
rition after manual stimulation of the vulva/prepuce of the neonate with the moistened
swab. The first two drops of urine were discarded.

Amniotic fluid analysis included measurement of specific gravity with refractome-
ter (Veterinary refractometer, Eickemeyer, Tuttlingen, Germany), glucose (Wellion Gluco
Calea, Med Trust Handelsges.m.b.H., Marz, Austria), lactate (Accutrend Plus, Roche,
Basel, Switzerland), and cortisol concentration (MiniVidas analyzer, BioMerieux S.A., Lyon,
France) in accordance with the manufacturer’s instructions. For cortisol measurement, the
amniotic fluid sample was centrifuged at 2000× g for 10 min and frozen within an hour at
−80 ◦C until analyzed less than 6 months after collection.

Umbilical blood analysis included glucose (measured with Wellion Gluco Callea), and
lactate concentration (measured with Accutrend Plus), and the samples were processed
within the first 5 min.

After the first suckling, samples of newborn urine were collected. Urine was frozen at
−80 ◦C within an hour and stored for no longer than 6 months. Cortisol concentrations
were then measured using the MiniVidas analyzer.

At the beginning of the study, we performed a partial validation of amniotic glucose
and amniotic lactate assay by determining the accuracy and repeatability. The accuracy
of the methods for lactate measurements was determined by analysis of a control sample
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with known low- and high-lactate concentrations, 3.6 and 9.0 mmol/L, respectively. The
measured values were 3.32 mmol/L ± 0.12 SD and 8.49 mmol/L ± 0.21 SD; the inter-assay
coefficients of variation (CV) for the control solution were 3.42% and 2.51%, respectively.
By performing 6 measurements of the single amniotic fluid sample, the intra-assay CV
for lactate was 3.21% and 2.15% for the two samples with 4.4 (low) and 23.3 mmol/L
(high) lactate concentrations, respectively. The procedure of measuring intra-assay CV was
repeated several times during the study: If there was enough amniotic fluid, the coefficient
of variation stayed in the mentioned frame.

By performing 6 measurements of the single sample, the intra-assay CV for glucose
in amniotic fluid was 3.73%. Since there were no puppies with high amniotic glucose
concentrations, only one CV was calculated.

At the beginning of the study also a partial validation of amniotic fluid and urine
cortisol, determining the accuracy and repeatability was performed. The accuracy of the
methods for cortisol measurements was determined by analysis of a control sample with
known low- and high-cortisol concentrations, 0.725 and 22.112 ng/mL, respectively. The
measured values were 0.729 ng/mL ± 0.011 SD and 22.009 ng/mL ± 1.003 SD; inter-
assay CVs for the control solution were 1.52% and 2.23%, respectively. By performing
6 measurements of the single sample, the intra-assay CV for cortisol in amniotic fluid
was 2.74% and 1.35% for two samples with 8.79 (low) and 16.37 ng/mL (high) cortisol
concentrations, respectively. Six measurements of the single urine sample were performed
and the intra-assay CV of variation for cortisol in urine was 2.08% and 1.23% for two
samples with 11.03 (low) and 18.49 ng/mL (high) cortisol concentrations, respectively.

2.6. Growth Rate of Newborn Puppies

Immediately after birth, the puppies were weighed on a steady scale with an accuracy
of +/−1 g. After the first day, the puppies were weighed by the owners on the same
scale. The growth rate of the puppies was followed until they were eight weeks old. The
bodyweight of the puppies was measured each morning in the first week. Later, they were
weighted once weekly in a 7-day interval. The day of the parturition was determined as
Day 0.

The relative growth rate was calculated as the relative change in the bodyweight
compared to the puppy’s initial birthweight.

2.7. Statistical Analysis

Data were collected and edited in Microsoft Excel 365. The statistical analyses were
performed using R statistical software, version 4.1.2 [30], and p < 0.05 was considered
significant.

The data are presented with basic descriptive statistics; e.g., median, quartiles,
mean ± standard error of the mean (SEM). The normal distribution of the data was tested
by the Shapiro-Wilk test. Differences between blood parameters, amniotic fluid, urine,
puppies’ vitality estimates, and relative growth rates according to the type of parturition
and vitality were tested with a non-parametric Kruskal–Wallis rank-sum test and Wilcoxon
rank-sum test, respectively. Due to multiple comparisons, we adjusted the p-values with a
Benjamini–Hochberg correction. Correlations were given using the Spearman correlation
coefficient, and statistical significance was determined according to the adjusted p-value
according to the Holm method. The interpretation of Spearman’s correlation coefficient is as
follows: 0.00–0.19—very low/weak; 0.20–0.39—low/weak; 0.40–0.59—medium/moderate;
0.60–0.70—high/strong; 0.80–1.0—very high/strong correlation.

3. Results

3.1. Basic Information

The data of different breeds, included in our research, and the number of puppies
per breed are presented in Table 1. The number and proportion (%) of puppies according
to the type of parturition, sex, and survival of newborns are presented in Table 3. The
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birthweight data are missing for two puppies that were born at home via VP before the
bitch was presented for EM-CS; additional six puppies were lost to follow-up after day 0.

Table 3. Number of puppies according to the type of parturition, sex, survival of newborns and the
body weight at birth and on day 7.

Type of
Parturition

Number of
Puppies

Survival
Body Weight in Grams at Birth

(Mean ± SEM)
Body Weight in Grams on Day 7

(Mean ± SEM)

Female Male
Born
Alive

Stillborn
Died after
Discharge

Female Male Female Male

VP 36 32 63 5 3 279 ± 12 (n = 33) 283 ± 17 (n = 28) 466 ± 23 (n = 31) 464 ± 32 (n = 27)

EL-CS 18 20 36 2 4 243 ± 16 (n = 17) 234 ± 18 (n = 19) 382 ± 32 (n = 14) 335 ± 32 (n = 16)

EM-CS 9 8 15 2 0 252 ± 48 (n = 8) 306 ± 49 (n = 7) 439 ± 64 (n = 5) 454 ± 47 (n = 6)

Legend: EL-CS: elective Cesarean section; EM-CS: emergency Cesarean section, VP: vaginal parturition; SEM:
standard error of the mean.

3.2. Survival, Apgar Score, and Neonatal Reflexes

The stillborn puppies (n = 9) were excluded from the statistical data analysis. Seven
puppies (5.7% of all puppies or 6.1% of born alive) from four bitches died after the discharge
from the clinic: They all died within the first week of life (only one died in the first 48 h) and
all but one were in severe distress 5 min after parturition. At 15 and 60 min postoperatively,
two and five of them, respectively, were in no distress. In one puppy, Apgar 5 was 1, Apgar
15, and Apgar 60 was 3; the puppy was born via VP and died one day postpartum. One
puppy showed no distress at 5, 15, and 60 min postoperatively and died on the fourth
day postoperatively of an unknown cause. One of the puppies that died on the third
day postpartum was diagnosed with neonatal sepsis due to infection with Staphylococcus
pseudintermedius. Most likely, the puppy was infected through breast milk, although the
bitch did not show any clinical signs. Namely, a pure culture of the same bacterium was
isolated from its milk [31]. Three Pembroke Welsh Corgi puppies were diagnosed with
interstitial pneumonia postmortem, and no infectious agent was found. The others were
not examined by autopsy and the cause of death remains unknown.

The results of the Apgar score 5, 15, and 60 min after parturition are presented in
Table 4. The data are missing for two puppies that were born at home via VP before the
bitch was presented for EM-CS. Data are also missing for 4 puppies at 5 and 15 min and
for 3 puppies also at 60 min. These puppies were born with VP before we arrived at the
parturition site.

Table 4. Number and proportion of puppies according to Apgar scores 5, 15, and 60 min after
parturition and type of parturition.

Type of Parturition
Apgar Score 0–3: Severe

Distress (%)
Apgar Score 4–6: Moderate

Distress (%)
Apgar Score 7–10: No

Distress (%)

5 min after parturition

VP 3 (5.3) 0 (0) 54 (94.7)
EM-CS 2 (13.3) 3 (20) 10 (66.7)
EL-CS 26 (72.2) 3 (8.3) 7 (19.4)

15 min after parturition

VP 1 (1.8) 1 (1.8) 55 (96.5)
EM-CS 2 (13.3) 2 (13.3) 11 (73.3)
EL-CS 7 (19.4) 9 (25) 20 (55.6)

60 min after parturition

VP 1 (1.7) 0 (0) 57 (98.3)
EM-CS 0 (0) 0 (0) 15 (100)
EL-CS 0 (0) 0 (0) 36 (100)
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The median Apgar score was 8 for Apgar 5, 9 for Apgar 15, and 10 for Apgar 60.
The most vital puppies were born with VP, followed by puppies born with EM-CS and

EL-CS. The Apgar score 5 min after parturition for EL-CS was significantly lower when
compared to EM-CS and VP (p < 0.0001) (Figure 1A).

Figure 1. A comparison of Apgar scores 5 min (A) and 15 min (B) after parturition of puppies born
by elective Cesarean section (EL-CS), emergency Cesarean section (EM-CS), and vaginal parturition
(VP). Above each boxplot, statistically significant differences (p < 0.05) observed between parameters
are marked with different lower-case letters, and the number of observations per group is indicated.
The box represents the lower and upper quartiles, the line in the box denotes the median values, and
whiskers the minimum and maximum values excluding outliers, which are marked with points.

Puppies born with VP still had the highest Apgar scores 15 min after parturition
compared with both other groups (p < 0.0001), but there was no statistical difference when
EL-CS and EM-CS were compared (Figure 1B). There were no statistical differences in
Apgar scores between groups 60 min after parturition (p = 0.2961). Median Apgar scores of
10 were observed in all three groups.

In the EL-CS group, 26 puppies (72%) were in severe distress 5 min after parturi-
tion, whereas 54 (95%) and 10 (67%) of puppies born with either VP or EM-CS showed
no distress. Differences in the distribution of Apgar scores were also observed 15 min
after parturition, with the distribution of the puppies born with EM-CS and VP similar to
5 min after parturition. However, most puppies born with EL-CS were not in distress and
the proportion of severely distressed puppies born with EL CS decreased compared with
Apgar scores 5 min after parturition. As a result, the proportion of puppies being moder-
ately distressed 15 min after parturition increased compared with the Apgar score 5 min
after parturition.

Puppies in severe distress 5 and 15 min postpartum had statistically significantly
worse survival in the first week postpartum, p = 0.0113 and p = 0.0231, respectively.

Table 5 presents the number of puppies with a certain reflex score according to the
type of parturition 5, 15, and 60 min after birth. Stillborn puppies were excluded from the
statistical processing of reflex assessment. Data for 6 puppies at 5 and 15 min and data for
5 puppies at 60 min as for Apgar score are missing.
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Table 5. Number and proportion (according to the type of parturition) of the poorly, moderately, and
adequately responsive puppies at 5, 15, and 60 min after parturition. Suckling, rooting, and righting
reflexes were evaluated.

Type of Parturition
Number of Poorly

Responsive Puppies (%)
Number of Moderately

Responsive Puppies (%)
Number of Adequately
Responsive Puppies (%)

Neonatal reflexes 5 min after parturition

VP 3 (5.3) 13 (22.8) 41 (71.9)
EM-CS 8 (53.3) 2 (13.3) 5 (33.3)
EL-CS 28 (77.8) 3 (8.3) 5 (13.9)

Neonatal reflexes 15 min after parturition

VP 2 (3.5) 3 (5.3) 52 (91.2)
EM-CS 5 (33.3) 2 (13.3) 8 (53.3)
EL-CS 19 (52.8) 12 (33.3) 5 (14.9)

Neonatal reflexes 60 min after parturition

VP 1 (2) 1 (2) 56 (96)
EM-CS 0 (0) 1 (7) 14 (93)
EL-CS 0 (0) 3 (8) 33 (92)

3.3. Amniotic Fluid, Umbilical Blood, and Urine Samples

The mean specific gravity of the amniotic fluid was 1.012 kg/L ± 0.004. The mean
value for EL-CS was 1.011 kg/L ± 0.005 for EM-CS 1.015 kg/L ± 0.005 and for VP
1.012 ± 0.004. There were no significant differences between the values of the specific
gravity of amniotic fluid between the different parturition types.

The mean cortisol concentration of amniotic fluid (n = 87) was 8.14 ± 0.48 ng/mL,
and the median was 8.70 ng/mL. The lowest concentrations of cortisol were observed
in the EL-CS group (3.83 ± 0.44 ng/mL), followed by the group of puppies born via VP
(9.24 ± 0.36 ng/mL), and the EM-CS group (14.01 ± 1.10 ng/mL). The difference in cortisol
concentration between all three types of parturition was significant (p < 0.0001) (Figure 2A).

Figure 2. A comparison of amniotic fluid cortisol concentrations (A) and urine cortisol concentrations
(B) in puppies born by elective Cesarean section (EL-CS), emergency Cesarean section (EM-CS), and
vaginal parturition (VP). Above each boxplot, significant differences (p < 0.05) observed between
parameters are marked with different lower-case letters, and the number of observations per group is
indicated. The box represents the lower and upper quartiles, the line in the box denotes the median
values, and whiskers the minimum and maximum values excluding outliers, which are marked
with points.
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The mean cortisol concentration in urine (n = 87) was 9.64 ± 0.54 ng/mL, and the
median was 9.30 ng/mL.

The lowest mean urinary cortisol concentration was observed in puppies born with EL-
CS (4.33 ± 0.41 ng/mL), followed by the group of puppies born with VP
(10.62 ± 0.37 ng/mL) and EM-CS (16.70 ± 1.05 ng/mL). The difference in urinary cortisol
concentration between all three types of parturition was significant (p < 0.0001) (Figure 2B).

The mean glucose concentration in the amniotic fluid (n = 55) was 3.49 ± 0.19 mmol/L,
and the median was 3.70 mmol/L. The lowest mean glucose concentration in the amniotic
fluid was observed in puppies born with EM-CS (n = 11; 2.73 ± 0.72 mmol/L), followed
by puppies born with EL-CS (n = 6; 2.80 ± 0.58 mmol/L), and those born with VP (n = 38;
3.81 ± 0.15 mmol/L). The difference in the amniotic fluid glucose concentrations between
parturition types was not significant (p = 0.0666). No statistically significant differences
in blood or amnion glucose concentrations (p = 0.1775 and p = 0.2090, respectively) were
found between dead and live pups.

The mean umbilical blood glucose concentration (n = 59) was 3.68 ± 0.17 mmol/L, and
the median was 4 mmol/L. Puppies born with EL-CS (3.23 ± 0.38 mmol/L) had the lowest
mean glucose concentration, followed by puppies born with EM-CS
(3.29 ± 0.72 mmol/L) and those born with VP (3.80 ± 0.15 mmol/L). There were no
significant differences between the concentrations of umbilical blood glucose between the
different types of parturition (p = 0.1652).

The mean lactate concentration in the amniotic fluid (n = 68) was 11.32 ± 0.54 mmol/L,
median 10.63 mmol/L. Puppies born with EL-CS (9.11 ± 0.87 mmol/L) had the lowest
mean lactate concentration, followed by puppies born with EM-CS (10.25 ± 1.82 mmol/L)
and VP (12.24 ± 0.56 mmol/L). The difference in the amniotic fluid lactate concentration
between the EL-CS and VP was significant (p = 0.0267) (Figure 3A).

Figure 3. A comparison of amniotic fluid lactate concentrations (A) and umbilical blood lactate
concentrations (B) in puppies born by elective Cesarean section (EL-CS), emergency Cesarean section
(EM-CS), and vaginal parturition (VP). Above each boxplot, significant differences (p < 0.05) observed
between parameters are marked with different lower-case letters, and the number of observations
per group is indicated. The box represents the lower and upper quartiles, the line in the box denotes
the median values, and whiskers the minimum and maximum values excluding outliers, which are
marked with points.

The mean lactate concentration in umbilical blood (n = 66) was 8.39 ± 0.55 mmol/L,
median 8.15 mmol/L. The lowest mean umbilical blood lactate concentration was observed
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in puppies born with EL-CS (3.90 ± 0.58 mmol/L), followed by puppies born with EM-
CS (4.23 ± 0.41 mmol/L) and VP (10.41 ± 0.57 mmol/L). The difference in umbilical
blood lactate concentration between EM-CS and VP as well as between EL-CS and VP was
significant (p < 0.0001) (Figure 3B).

Puppies born at the end of the parturition did not have significantly different lactate
concentrations in either umbilical blood or in amniotic fluid (p = 0.1775 and
p = 0.2751, respectively).

3.4. Growth Rate of Newborn Puppies

The bodyweight of puppies at birth and on day seven by parturition type and sep-
arately for female and male puppies are shown in Table 3. In Figure 4, we present the
relative growth rate from day one to seven by the type of parturition. The mean relative
growth rate on day 1 was −1.95 ± 0.44%, on day 2: 3.52 ± 0.54%, on day 3: 12.55 ± 0.59%,
on day 4: 23.76 ± 0.48%, on day 5: 34.49 ± 0.49%, on day 6: 48.26 ± 0.44%, and on day 7:
63.09 ± 0.39%.

Figure 4. The puppies’ relative growth rate in the first week after parturition by elective Cesarean
section (EL-CS), emergency Cesarean section (EM-CS), and vaginal parturition (VP). Above each
boxplot, the number of observations per group is indicated. The box represents the lower and upper
quartiles, the line in the box denotes the median values, and whiskers the minimum and maximum
values excluding outliers, which are marked with points.

Puppies born by EL-CS had the lowest relative growth rate, and puppies born by
VP had the highest relative growth rate; however, there were no statistically significant
differences between the three types of parturition on any given day (p: 0.0878–0.9515)
(Figure 4).

The growth rate of the puppies was followed until they were eight weeks old, but a
significant difference in relative growth rate between puppies was not observed.

3.5. Correlations

The parameters measured in the blood and in the amniotic fluid were compared with
each other and their correlations were determined (Table 6).
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Table 6. Spearman’s correlation coefficient between measured parameters in the amniotic fluid,
umbilical blood, urine, and relative growth rate.

AM Glucose AM Lactate Apgar 5 Apgar 15 AM Cortisol
Cortisol in

Urine
UB Glucose UB Lactate

AM lactate −0.1520 /
Apgar 5 0.4953 * −0.2141 /

Apgar 15 0.3952 −0.1173 0.7400 *** /
AM cortisol 0.2024 0.3513 0.0935 0.0376 /

Cortisol in urine 0.1744 0.4820 0.1115 0.1087 0.9199 *** /
UB glucose 0.5307 * −0.1361 0.5536 ** 0.5854 ** 0.0680 0.0226 /
UB lactate 0.0055 0.8741 *** −0.1602 −0.0013 0.4662 0.5778 ** −0.0404 /

Relative growth rate 0.2062 −0.5378 * 0.0422 0.0350 −0.2263 −0.3657 0.0901 −0.5876 **

Legend: AM—amniotic fluid, UB—umbilical blood, p-value < 0.001 (***), p-value < 0.01 (**), p-value < 0.05 (*),
p-value < 0.1. Bold numbers indicate statistically significant results.

Highly statistically significant (p < 0.0001) and very strong correlations were found
between the cortisol concentrations in urine and in amniotic fluid and also between the lac-
tate concentrations in amniotic fluid and in umbilical blood. There was a strong correlation
between Apgar 5 and Apgar 15, which was also highly statistically significant (p < 0.0001).
However, Apgar 60 did not correlate with any of the observed parameters. The umbilical
blood glucose moderately correlated with glucose concentrations in the amniotic fluid
(p = 0.0170), and with Apgar score 5 min (p = 0.0093) and 15 min (p = 0.0036) after partu-
rition. Glucose in the amniotic fluid, however, moderately correlated with Apgar score
5 min after parturition (p = 0.0423). Lactate in the umbilical blood moderately correlated
with cortisol in urine (p = 0.0045). The relative growth rate in puppies on day 1 moderately
correlated with lactate in the amniotic fluid (p = 0.0144) and lactate in the umbilical blood
(p = 0.0035). However, the relative growth rate from the second and later days did not
correlate with any of the other variables.

4. Discussion

The objective of this study was to explore neonatal puppy vitality by investigating
common clinical parameters with Apgar score and determining glucose, lactate, and cortisol
parameters in fetal and neonatal (urine) fluids while comparing different parturition types.
The clinical parameters assessed in this study were selected because they are widely used
in veterinary medicine for the subjective assessment of puppies to determine their vitality.
These parameters, together with the rapid assessment of the above-mentioned laboratory
parameters, could serve as a good predictor for identifying puppies that need special care
during the first hours or days after birth in order to improve their survival rates.

In our study, 9 (7.3%) of the puppies were stillborn and 7 (5.7%) died later. This
is in accordance with other recent studies [5,6,9,13,17,32] reporting mortality rates of as
high as 25% in the clinical setting [5,6]. Better survival rates are reported in controlled
pregnancies and parturitions, suggesting that survival can be improved by appropri-
ate reproductive management and support during pregnancy and parturition, and by
timely surgical intervention when needed [9,13,17,32]. However, the most important
question is how to identify the newborns at risk and help them in the first days of life.
Birthweight [6,32–34] and Apgar score [32] are recognized as prognostic factors for early
postpartum survival. On the contrary, as reported in [34], the Apgar score seems to be more
accurate. Of the seven puppies that died in the first week postpartum in the present study,
six were in severe distress 5 min after birth. A statistically lower Apgar score measured at
5 and 15 min after birth was significantly associated with higher mortality. Similarly, an
Apgar score between 0–3 measured 5 min after birth was associated with a higher mortality
rate than scores between 4–6 and higher in previous studies [13,29,32,35]. In our study, the
condition of the puppies improved over the next 10 and 55 min, respectively, indicating
the need for an early Apgar score to identify at-risk neonates, as a later measurement may
mask the initial stress level, as in our study 99% of puppies showed no distress 60 min after
birth. The Apgar score did not correlate with the relative growth rate in our study.
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Thirty-one puppies (28.7%) in this study population showed severe distress 5 min
after birth, which is significantly more than in some other studies, reporting between 85.3%
and 94% normally viable puppies 5 min after birth [10,13], but similar or less than 17%
at 5 min [36] or 45.3% of puppies showing severe distress 10 min after birth [17]. In both
studies [17,36], puppies born with CS predominantly contributed to Apgar scores 0–3 at
5–10 min after birth, demonstrating the differences in Apgar scores between the different
types of parturition. Sixteen of thirty-seven puppies (43.2%) born with CS showed severe
distress 5 min after birth [36], but Groppetti et al. (2010) reported as many as 100% and 92%
of puppies showing severe distress 10 min postpartum in the EM-CS and EL-CS groups,
respectively [17]. Our study confirms significant differences between the groups 5 and
15 min after birth where 72% of the EL-CS puppies, but only 13.3% of the EM-CS and
5.3% of the VP puppies, showed severe distress 5 min postpartum. The results of puppies’
responsiveness were very similar to the results of the Apgar score. While anesthesia
could be a possible factor for the lower Apgar scores and poor responsiveness in all CS
puppies [35,37], the very high proportion of the EL-CS puppies in severe distress in our
study compared to two previous studies [10,32] requires further investigation. The reason
for the lower Apgar scores could be influenced by the determination of the parturition date,
although we used several parameters to determine the best timing for EL-CS. However, their
accuracy depends on several factors such as breed, gestational age, and litter size. Therefore,
it is challenging to choose the most appropriate parameter for all breeds and each individual
animal. Currently, the most accurate method of predicting the parturition date is the
prepartum progesterone drop, but the use of ultrasound parameters throughout gestation
is still necessary to detect bitches before the onset of parturition [38]. An additional factor
was the time that elapsed between neonatal extraction and the start of supportive measures,
which was minimally prolonged due to obtaining samples for the study. Although this was
minimal, it may have contributed to Apgar scores in highly sensitive, slightly immature
EL-CS neonates. Our observation suggests that the appropriate timing of an EL-CS is of
paramount importance. To minimize the vulnerability of EL-CS neonates in the immediate
postpartum period and the demand for intensive neonatal resuscitation, EL-CS should
ideally be performed after the onset of the first stage of parturition.

The expected difficulty in the noninvasive collection of the umbilical blood samples
for lactate measurement, especially in small breed dogs [17], was confirmed in our patients.
Whereas in a previous study at least 25 μL of umbilical blood was successfully collected
from 70 of 94 puppies (74.5%) [17], in our study this was possible in 72 of 108 puppies
(66.7%). This is less than mentioned by Groppetti et al. (2010), but in their population,
only two out of 21 (9.6%) bitches belonged to small breeds [17] in contrast to 10 out of
22 parturitions (45.5%) in our study. In humans, umbilical blood gas analysis provides
important information about the condition of the neonate [15]. In canine neonates, mixed
acidosis was confirmed in the jugular venous blood sample 5 min after birth, and metabolic
acidosis persisted until 1 h after birth when the second sample was collected [16]. We
attempted to obtain 100 μL of blood for umbilical blood cord gas analysis but obtained only
55 complete samples in 108 neonates (51%), similar to Antończyk et al. [22], making this
diagnostic tool unsuitable for clinical practice and requiring a learning curve. Further, the
umbilical cord has a two-way direction of blood flow and with our technique, we were not
able to ascertain that the taken blood sample originated from the neonate. This prompted
us to investigate and compare the results of different parameters in fetal fluids other than
the umbilical blood (amniotic fluid, urine) and to perform tests requiring less umbilical
blood. We collected 87 (80.6%) amniotic fluid samples for the measurement of glucose,
lactate, and cortisol concentration and 87 samples for urine cortisol concentration. The
reason for the discrepancy in the number of samples collected and tests performed is due
to the order and variety of tests that we performed at the beginning of the study.

The highest lactate concentration was found in VP puppies (in blood and amniotic
fluid), and lower values were found in EM-CS and EL-CS puppies, which is in agreement
with previous studies in dogs [18] and in humans [39]. Most likely, this is a consequence of
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uterine contractions during labor causing a physiological decrease in placental circulation
with hyperlactatemia and acidosis at birth [40]. In another study, an initial lactate level
of 6.7 mmol/L was reported in surviving neonates and 10 mmol/L in those who died
in the first 24 h after VP [21]. In addition, a cut-off value for umbilical blood lactate of
5 mmol/L has been suggested to distinguish distressed from healthy puppies. Puppies
that died within 48 h of birth had a mean lactate value of 12.2 mmol/L ± 6.7 SD [17].
Antończyk et al. [22] were able to confirm this correlation. In our study, umbilical lactate
concentrations were available for three out of four puppies that died 4 days post parturition,
and were 15.3, 23.3, and 20.1 mmol/L, respectively. Moreover, the duration of the active
second stage of labor correlated significantly with the presence of fetal lactate [40]. In our
study, the duration of the parturition was not always recorded, but puppies born at the
end of the parturition did not have higher lactate concentrations in either umbilical blood
or amniotic fluid. A very strong correlation between lactate concentrations in umbilical
blood and amniotic fluid suggests that both fetal fluids can be used for the test, but higher
concentrations in amniotic fluid must be considered. Lactate concentration did not correlate
with relative growth rate except on day one.

In humans, higher blood glucose concentrations have been found in VP-delivered
infants compared to EM-CS infants [41]. Similar to humans and in agreement with previous
studies in dogs [12,18], significantly higher amniotic fluid glucose concentrations were
found in VP puppies than in EM-CS puppies, but the concentrations reported by Groppetti
et al. [18] were lower than in our study. On the contrary, Lucio et al. (2021) reported higher
glucose concentrations in blood in fetal dystocia and EM-CS (after fetal or maternal dysto-
cia) puppies when compared to eutocia puppies [19]. While some studies reported higher
glucose concentrations in non-surviving compared to surviving neonates [21,22], others
found that newborn puppies with glucose concentrations below 2.22 mmol/L usually had
low Apgar scores and poor reflexes [12]. Balogh et al. (2018) showed that metabolites of
carbohydrate and lipid metabolism in the bitch likely affect fetal concentrations and compo-
sition of fetal fluids [42], hence maternal hypoglycemia may affect neonates. Hypoglycemia
is a reported syndrome affecting bitches presented for EM-CS and it is a particular risk in
smaller dog breeds [42,43], probably due to consumption of glucose, which is reported to
be normal or increased in at term dams and at the beginning of the dystocia [42,44]. These
small EM-CS bitches often present after many hours in difficult labor as well as after or
during episodes of dystocia where serum glucose is depleted. They are also often depressed
and inappetent, which prevents them from correcting hypoglycemia. In contrast, one study
reported that EM-CS dams had the highest glucose concentrations and the eutocia group
had the lowest glucose concentrations, but the weight of the dams was not reported. In
this study, a positive and significant correlation was found between maternal cortisol
concentrations and glucose [19]. The reason for the lower glucose levels in EL-SC bitches
could be that these bitches are often fasted before anesthesia, which would easily lead to
lower serum glucose levels in their puppies. The EL-CS dams in our study were not fasted.

In our study, the umbilical blood glucose correlated moderately with amniotic fluid
glucose concentrations and with Apgar scores at 5 and 15 min, but not with mortality in
the first week. There was also no correlation with the growth rate of the puppies. These
results suggest that neonatal hypoglycemia immediately after parturition is a common
finding and should not be an immediate clinical concern. In addition, neonates in humans
are reported to be much more resistant to hypoglycemia than adults [25]. These lower
blood glucose levels early after birth have also been observed in dogs [45], foals [46], and
calves [47], leading to the conclusion that they may represent an evolutionary adaptation
to early life outside the womb.

In contrast to the previous results, where lower cortisol concentrations in puppies
delivered by both types of CS were found [18], our results show the highest cortisol
concentrations in puppies delivered by EM-CS and the lowest in those delivered by EL-CS.
Again, this only partially supports data from human medicine indicating that vaginal
delivery is more stressful for human neonates than CS. In humans, amniotic fluid cortisol
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concentrations increase abruptly during the last weeks of pregnancy due to activation of the
hypothalamic–pituitary–adrenal axis, and the same can be expected in dogs [48]. Therefore,
elevated cortisol levels are expected in at-term puppies (VP, EM-CS) compared to EL-CS
puppies. Further stress to which the fetuses are subjected during dystocia results in higher
cortisol levels in these puppies [19,49], suggesting that the stress of the CS procedure is
indeed low. The study from Lucio et al. (2021) even showed that the type of dystocia
influences the neonatal cortisol concentrations, with the highest concentrations in fetal
dystocia puppies [19].

The correlation of cortisol concentrations in amniotic fluid and fetal urine is very
strong, which is consistent with the results of a previous study, where concentrations in
amniotic fluid and allantois were also strongly positively correlated. However, higher
amniotic fluid but not allantoic cortisol concentrations were found in puppies not surviving
24 h after parturition [10] and lower concentrations were found in neonates with higher
Apgar scores [49], which could not be confirmed in our study, because first, only one puppy
died in the first 24 h and, second, puppies delivered by EL-CS had the lowest cortisol
concentrations and the percentage of lower Apgar scores was the highest in this group.
Puppies that died on the first, third, and fourth day (2 puppies) postpartum had amniotic
cortisol concentrations of 13.3, 12.1, 2.0, and 9.2 mmol/L, respectively.

In our study, the amniotic fluid mean specific gravity in all parturition types was
comparable to previous studies [50,51] which included CS births only. The utility of the
amniotic fluid specific gravity as an indicator for neonatal survival was investigated by
Fusi et al. who reported no significant differences in specific gravity of amniotic fluid in
surviving and non-surviving puppies [51], which we can confirm.

There were no statistically significant differences among the three types of parturition
regarding relative growth rate.

Because of various reasons, we had some missing values in the dataset, which is
the main limitation of the study. Because of that, we were unable to establish or confirm
already published cut-off values of cortisol, lactate, and glucose, which could be predictive
of puppies’ survival. Further, because of the non-invasive nature of the study, we were
possibly evaluating the maternal blood in contrast to the studies where the jugular blood
of the neonates was examined. We are also aware that other factors such as breed, size,
age of the dam, her vaccination, and health status, as well as low birthweight and litter
size [5,6,13,14,32] may influence the survival of the neonates and these factors need to be
included in the statistical analysis in the future studies.

5. Conclusions

Research on canine pregnancy and its effects on puppies’ vitality at birth, as well
as a system for monitoring birth, are necessary to control the vitality of newborn dogs.
The development of an easy-to-use monitoring system for at-risk puppies (e.g., orphaned,
starved, low birthweight) would be desirable along with a simple Apgar evaluation for
dog breeders to reduce the high neonatal mortality rate in kennels. It was shown here that
measurement of urinary cortisol and amniotic fluid lactate are rapid tests that could serve
as predictors of puppy vitality on the first day of life and help us identify puppies at risk.
Our results showed that fetal and neonatal cortisol, lactate, and glucose concentration in
puppies differed by the type of parturition. In summary, puppies born by EL-CS had the
lowest lactate, glucose, and cortisol concentrations and the lowest Apgar score. However,
the highest cortisol concentration was found in the EM-CS group, in which the Apgar score
was lower than in the VP group, suggesting that optimal concentration rates for these three
parameters should be determined to allow accurate assessment of neonatal vitality in dogs.
Further studies are needed to determine whether these parameters can also be used as
predictors of neonatal survival during the first weeks of life, when mortality is the highest.
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Simple Summary: The complications that are observed during parturition are events that affect the
vitality of the newborn and can also compromise their health by predisposing them to fetal hypoxia,
increasing newborn mortality. Blood gas analysis to measure the main biomarkers associated with
hypoxia evaluates the physiological and metabolic alterations derived from this state, and these could
help identify if said markers respond to maternal or neonatal causes. This study aimed to assess the
effect of the dam’s size, the birth order, and the presentation of blood gas alterations. Recognizing if
these elements are intertwined may enhance newborns’ life expectancy by enabling the planning of a
perinatal protocol to avoid serious metabolic consequences that are derived from prolonged hypoxia.

Abstract: In canines, size at birth is determined by the dam’s weight, which would probably affect
the newborn’s viability due to litter size and birth order. Fetal hypoxia causes distress and acidemia.
Identifying physiological blood alterations in the puppy during the first minute of life through the
blood gas exchange of the umbilical cord could determine the puppy’s risk of suffering asphyxiation
during labor. This study aimed to evaluate the effect of the birth order and dam’s size during
spontaneous labor and the alterations during the first minute of life. The results indicate that the
dam’s size and the birth order have considerable physiological and metabolic effects in the puppies,
mainly in birth order 1 (BO1) in small-size dogs, while in the medium size, the last puppy presented
more alterations, probably because of a prolonged whelping which could have fostered hypoxic
processes and death. Likewise, with large-size dogs, intrapartum asphyxiation processes were
registered during the first minute of life in any birth order.

Keywords: puppy welfare; hypoxia; size; physiological blood profile; asphyxia; whelping

1. Introduction

Birth represents a great challenge for neonatal survival in a new environment with
different conditions. The transition from fetal to neonatal life involves an efficient multi-
systemic adaptation where the most critical change is related to the start of breathing [1,2].
Parturition induces significant physiological and adaptative events for mammal species due
to the cardiovascular, respiratory, and thermoregulation changes the newborn will confront
in the postnatal period [3]. During parturition, transient hypoxia periods are present in the

Animals 2022, 12, 1508. https://doi.org/10.3390/ani12121508 https://www.mdpi.com/journal/animals
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fetus due to the uterine contractions and the mechanical pressure inherent to birth, causing
a decrease in blood flow and placental perfusion, compromising gas interchange in the
fetus [4]. The state of transitory fetal hypoxia that the pups endure during the perinatal
period is part of the natural process of birth [5]. Recognizing a hypoxic process in the
newborn is critical for its survival; however, the absence of evident signs in pups, such as
hyperventilation, limits its identification [6].

To obtain the physiological stability profile of the newborn, parameter assessment
related to the morphological characteristics of the umbilical cord, such as edematous, hem-
orrhagic, congested or ruptured cord [7] and blood metabolites is suggested. Lactate plays a
central role in diagnosing neonatal and fetal distress when the oxygen supply is interrupted,
tissular oxygen deprivation develops, and acids start to accumulate, developing a state of
acidemia [8].

In the beginning, James and collaborators [9] found that evaluating blood gases in the
umbilical cord added fetal hypoxic stress data and provided relevant information during
the perinatal period. Moreover, they give a panorama of the acid-base state of the neonate
at the moment of birth, when the female blood circulation is interrupted by the occlusion or
tear of the umbilical cord [10,11]. Recently, gasometric assessment in the field of neonatal
veterinary is an important tool to assess newborn health. The umbilical cord blood analysis
allows the evaluation of the concentrations of glucose, lactate, partial pressure of oxygen
(pO2), partial pressure of carbon dioxide (pCO2), pH, hematocrit, sodium, potassium, and
ionized calcium [12]. The blood evaluation of the umbilical cord through gasometry allows
the obtention of a physiometabolic profile to guarantee neonatal health [5].

A mature fetus can have abundant reserves of glycogen, making him more tolerant
to intermittent periods of hypoxia. However, it is considered that the morphological
variability in dogs could affect fetal development [2,13–15]. For newborn puppies, the pres-
ence of other factors, such as maternal care [16,17], uterine inertia [18,19], and prolonged
labor predisposes them to hypoxia and Type II stillborn (SB) [20–23]. Type II stillborn
(SB) is considered to be an effect that is associated with the oxytocinergic system of the
dam and its regulation. Hypoxia and SB could have a negative effect on the postnatal
adaptation or survival of the neonate [23,24] and it can be reflected in an altered blood
physiological profile.

The challenges of the parturition process, along with its risk factors might determine
the proportion of the liveborn pups (LBP) in comparison to the stillbirths (SB), as well as
the viability of the former [25–27]. Therefore, the morphological variability in canines could
be associated with the dam’s size and weight [28], and these factors might affect the pups’
weight and physiological state at birth.

In pigs, it has been reported that the integration of physiological, neurological, and
behavioral factors at birth to recognize hypoxia and its repercussions has been of great
importance because of the high incidence of stillborn piglets [29]. According to a study
on dogs, this is also related to litter size and birth order, mainly affecting those belonging
to the last quarter of the litter [26]. The major risk that has been identified is placental
insufficiency and a greater risk of suffering intrauterine hypoxia [27,30,31]. Because of
the aforesaid, birth order has been highlighted in other species, such as pigs, as being
an indicator of survival [32–34]; however, in canines, research is still limited and has not
included other risk factors, such as the dam’s size, which is related in this species with the
size of the litter. This study aims to evaluate the effect of the dam’s size and birth order on
the physiological responses of the canine neonate during the first minute of life.

2. Materials and Methods

2.1. Infrastructure, Animals, and Management
2.1.1. Infrastructure

A network of 5 veterinarian clinics located in Mexico City was gathered to recruit
pregnant dogs from January to June 2019. A prenatal control was held from the 25th day of
pregnancy to the first 24 h post-birth.
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2.1.2. Study Population

A total of 58 young multiparous female dogs (2 to 4 births) were recruited. The
inclusion criteria were, clinically healthy female dogs, updated vaccination/deworming
schedule, fed with commercial formulas, no history of reproductive problems, and radio-
graphic and ultrasound evaluation that ensured eutocic delivery. The exclusion criteria
included, primiparous females, a background of dystocia or uterine infections, the presence
of type I stillbirths, fetal malformations, the use of delivery inducers or accelerators, females
with 8 and 9 body condition scores (obese) according to the WSAVA scale [35], and animals
with extremely aggressive behavior. Brachycephalic and gigantic breeds were excluded
from the study due to their high incidence of dystocia [22]. The 58 pregnant females were
classified in 3 size categories according to their weight: small (<10 kg, n = 18); medium
(11–25 kg, n = 20); and large (26–45 kg, n = 20) [15,36,37].

2.1.3. Clinical History

The females’ clinical history included the following data: age, weight, feeding, preven-
tion medicine conditions, and a description of the environment in which they inhabited.
All the information was recorded in the Qvet® Ed. Professional 2016 database for veteri-
nary clinics.

2.1.4. Pregnancy Diagnosis

The gestation diagnosis was confirmed between the 24 and 28 days post-insemination
for each female. The fetal structures and cardiac activity were detected inside the gestational
sacs. Using Logiq 400 MD (General Electric®, Yokohama, Japan) ultrasound, probable
birth dates were established with a 3.5 MHz convex transductor. The monitoring of fetal
maturation and vitality was performed in the 40–50 days of progression when the fetal
structure is completely defined, which allows the early identification of pyometra cases,
type I stillbirths, and malformations. Afterward, a simple abdomen radiographic study
was performed after day 45 of gestation once the bone calcification of the fetus had been
reached to discard early fetal-dam dystocia, as well as to provide evidence of cephalopelvic
disproportion, which would imply the need for cesarean-section [31], another motive to
exclude the dog from the study. On day 60 of pregnancy, the female dogs were assessed by
ultrasound to corroborate heartbeat and biparietal fetal diameter. The delivery monitoring
was performed through a Sino-Hero® vital signs monitor, model S80Vet (Guangdong,
China), to evaluate the dam’s physiological parameters. Clinical signs in the intrapartum
were observed, such as anorexia, distress, and nesting behavior.

2.2. Puppies and Evaluated Variables during the First Minute of Life

The number of puppies, considering those born alive and dead (stillbirths type II
and antepartum deaths—Type I), according to the female dog’s size, birth order, and
physiological blood profile (of the sample taken from the umbilical cord) was registered for
every birth.

However, a total of 310 live-born puppies (LBP) were studied in this stage, distributed
in 3 categories according to the dam’s size: small n = 75, medium n = 102, large n = 133,
considering the following criteria:

(a) Live-born puppies (LBP): neonates who presented breathing and heart frequency
during the first minute of life;

(b) Stillborn Puppies (SBP): fetuses classified as dead intrapartum (type II) presented the
same appearance as their litter partners, except for the absence of breathing;

(c) Antepartum deaths (type I): those with brown-grayish discoloration due to the initial
state of mummification; and the most advanced cases in a clear dehydration state and
with hair loss.

The fetuses (type I) and Stillborn (type II) were excluded from the study.
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2.2.1. Blood Physiological Profile
Blood Sampling

Veterinarian staff took blood samples from LBP immediately after birth in less than
10 s. Hemostasis was performed in the distal portion of the umbilical cord with a clamp.
Subsequently, the index finger and thumb were placed on the base of the abdominal
insertion of the umbilical cord and moved up to three centimeters from its distal portion.
Once the turgidity and dilatation of the vessel were observed, blood sampling was obtained
from the vein. The identification of the umbilical vein was according to its superficial
location and appearance, where the vein can be recognized as a thick cyanotic blood vessel,
while the artery is deeper with a more intense-bright red color and a smaller caliber. A total
of 0.3 mL of venous blood from the umbilical cord was obtained with a tuberculin syringe
with a 26G needle that was impregnated with lithium heparin to prevent coagulation and
alteration of the sample values. A volume of 150 μL was processed through the analyzer
of blood critical variables GEM Premier® 3000 (Instrumentation Laboratory Diagnostics;
Lexington, KY, USA/Milano, Italy) to obtain the values of metabolites; glucose (mg/dL);
lactate (mg/dL); blood gases pCO2 (mmHg); pO2 (mmHg); acid-base balance pH; HCO3

−
(mmol/L) and base excess (BE) (mEq/L); Ca2+ (mmol/L); and hematocrit (Htc %). The
physiological blood profile was evaluated for all the LBP. The pups did not receive any
resuscitation before blood sampling so as not to interfere with gas exchange.

2.2.2. Birth Order

The birth order was registered for every puppy (LBP), obtaining a classification by the
dam’s size. For the small size, the total number of puppies by litter was 5 (BO1–BO5); for
the medium size, 7 puppies (BO1–BO7); and for the large-size, 9 puppies (BO1–BO9).

2.3. Statistical Analysis

Data were organized in means ± SE. The effect of the dam’s size category (small,
medium, and large) and birth order, as well as the interaction between these factors
were obtained using variance analysis (ANOVA) by the GLM procedure (General Linear
Model) [38] under the following model:
Metabolitesijk = μ + Ti + BOi(TiBOi) + eijk

Metabolites = pH, pCO2, pO2, glucose, Ca2+, lactate, hematocrit, HCO3
−, EB

μ = General mean
Ti = Fixed effect size (small, medium, large)
BOi = birth order 1, 2, 3, 4 . . . e = error

The multiple comparison of means was performed with the Tukey test.
A Pearson rank test was used to establish the correlation between physiologic blood

variables (pH, pCO2, pO2, glucose, lactate, HCO3
−, Ca2+, hematocrit) and the dam’s size.

2.4. Ethics Note

The study was held on private property female dogs, and informed consent from every
owner was obtained to gather the data. During the study, all the animals were managed
according to the guidelines and rules of the Mexican Official Norm NOM-062-ZOO-1999,
technical specifications for the production, care and use of laboratory animals, besides
those of the competence of the field of applied ethologic studies [39].

The experimental protocol with number CAMCA.32.18 was approved by the Commis-
sion of the Master’s in Agriculture and Livestock Sciences of the Universidad Autonoma
Metropolitana, Xochimilco, Mexico City.

3. Results

The results of this project included the variable of birth order (BO) in female dogs
of different sizes and its relation to the litter size. The BO was classified according to the
size as follows: for small-size bitches (BO1–BO5), medium-size (BO1–BO7), and large-size
(BO1–BO9).
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3.1. Physiological Parameters According to Birth Order in Canine Neonates (LBP) from Small-Size
Female Dogs

Table 1 shows that, regarding the acid-base and energetic balance, the puppies did
not present significant differences in lactate (p = 0.12); glucose (p = 0.20); pH (p = 0.53);
HCO3

− (p = 0.35); and BE (p = 0.16) levels in the blood, among the groups (BO1, BO2, BO3,
BO4, BO5). However, in Table 2, it is observed that blood gas exchange levels are different
among groups. The pO2 levels differed between BO1 and BO2 (p = 0.04). Moreover, for
the pCO2 levels, the group BO1 presented the highest concentration, while the group BO3
presented the minimum (p = 0.02). In the results of Table 3 for calcium, the puppies born
BO1 presented the highest levels and a statistically significant difference (p = 0.005) in
comparison to BO2, BO3 and BO5, this last group being the one which registered the lowest
percentage in its levels (49.25 ± 1.77%) (Table 3).

3.2. Physiological Parameters According to Birth Order in Live-Born Canine Puppies from
Medium-Size Female Dogs

In Table 1, in medium-size female dogs with the largest litter size (BO1–BO7), it is
observed that there is no significant difference in birth order in the levels of lactate and
glucose (p = 0.49). For the case of acid-base balance, in Table 1, it was observed that pH
did not show any significant difference among the groups (p = 0.65) or pCO2 (p = 0.52)
(Table 2). It was only observed that pO2 values were statistically different between BO1
(10.25 ± 0.75 mmHg) and BO6 (12.98 ± 1.09 mmHg) (p = 0.02) with an increase in the
concentrations of pCO2 in BO1 (74.96 ± 2.6 mmHg). On the other hand, only BE showed
differences between BO4 (−9.37 ± 0.78 mEq/L) and BO7 (−13.70 ± 1.90 mEq/L) (p = 0.03)
(Table 3).

3.3. Physiological Parameters According to Birth Order in Live-Born Canine Puppies from
Large-Size Female Dogs

In Table 1, no statistical changes were found regarding lactate levels among the
canine neonates from large-size female dogs considering birth order (BO1–BO9) (p = 0.41).
However, the canine neonates presented hypoglycemia immediately after the birth, except
for group BO8 (82.16 ± 6.86 mg/dL), considering normal reference ranks, which reflects
a drastic decrease in fetal circulation as a consequence of delivery, reducing the hepatic
glycogen rapidly, thus reflecting inefficient glucose homeostasis in the newborn [40].

It is important to point out that, for blood pH, no significant difference was found
among the groups (p = 0.33). In Table 2, the neonates that presented more alterations in
pO2 were the puppies of BO4 (9.30 ± 0.71 mmHg) compared to BO7 (11.75 ± 0.90 mmHg)
with a statistically significant difference (p = 0.03); likewise, BO4 presented a higher con-
centration of pCO2 (78.93 ± 2.48 mmHg), and the lowest was obtained by group BO8
(68.83 ± 4.08 mmHg) (p = 0.03).

3.4. Physiological Parameters According to Birth Order in Live-Born Canine Puppies from Female
Dogs of Different Sizes

The comparison of puppies with the same birth order was evaluated with the varying
size of the dam (small, medium, and large). However, it must be highlighted that it was
not possible to compare all the groups due to the number of puppies within the litters.

Table 1 shows that, for lactate metabolite, there were significant differences in BO2, BO3,
BO4, and BO5 (p < 0.05), while for glucose, only BO3 had statistical differences of p < 0.05
among the groups because glucose presented a minimum value of 62.17 ± 4.21 mg/dL in the
large size.
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On the other hand, in Table 1, the blood pH levels differed neither among the dam’s
size groups, nor the birth order groups. However, in Table 2, it was observed that for
the pO2 levels, the birth orders BO2, BO4, BO5, and BO6 showed a significant difference
with the dam’s size (p < 0.05), as in pCO2, the difference was shown in groups BO2, BO3,
and BO4 (p < 0.05). Regarding HCO3

− concentrations, there was a statistically significant
difference in groups BO2 and BO4. Lastly, for EB, the difference (p < 0.05) was found in
BO3 and BO4 (Table 1).

Moreover, in Table 3, the concentrations of calcium in the blood showed a difference
(p < 0.05) in BO2, BO3, and BO4, while for hematocrit, again BO2, BO3, BO4, and BO5 were
different (p < 0.05).

In Table 4, the Pearson rank test shows that, except for glucose (p = 0.05), the values
of the physiological profile variables (pH, pCO2, pO2, Ca2+, Lactate, Htc, HCO3

− and BE)
show a slight strength of association to birth order (BO) (p < 0.05) without considering the
size of the mother. However, when the variable size of the mother (small, medium, and
large) is introduced, as shown in Table 5, it is observed that the values of the physiological
profile variables (pH, pCO2, pO2, Glucose, Ca2+, Lactate, HCO3

− and BE), except for
Htc (p = 0.15), are associated with birth order only in offspring from large-sized bitches
(p < 0.05).

Table 4. Correlations between birth order (BO) and blood physiological profile in live-born ca-
nine puppies.

(y) (x) r Value p Value

BO pH −0.19 p = 0.00
pCO2 (mmHg) 0.17 p = 0.00
pO2 (mmHg) −0.15 p = 0.00

Glucose (mg/dL) −0.10 p = 0.05
Ca2+ (mmol/L) 0.20 p = 0.00

Lactate (mg/dL) 0.24 p < 0.00
Htc (%) 0.18 p = 0.00

HCO3
− (mmol/L) −0.21 p = 0.00

BE (mEq/L) 0.24 p < 0.00
Dependent variable (y), birth order (BO); independent variable (x), dam size, blood physiological profile. The
data are presented as a correlation coefficient (r value); n = 310; n = number of newborn puppies.

Table 5. Correlations between birth order (BO) and blood physiological profile according to
dam’s size.

(y) (x)
Dam’s Size

Small
n = 75

Medium
n = 102

Large
n = 133

BO

pH −0.015
p = 0.89

−0.04
p = 0.65

−0.25
p = 0.00

pCO2 (mmHg) −0.06
p = 0.59

−0.02
p = 0.83

0.20
p = 0.02

pO2 (mmHg) 0.03
p = 0.79

0.13
p = 0.17

−0.20
p = 0.01

Glucose (mg/dL) 0.09
p = 0.43

−0.12
p = 0.20

−0.17
p = 0.04

Ca2+ (mmol/L) −0.07
p = 0.53

0.01
p = 0.88

0.18
p = 0.03

Lactate (mg/dL) −0.056
p = 0.63

0.02
p = 0.82

0.28
p = 0.00

Htc (%) −0.14
p = 0.21

0.12
p = 0.22

0.12
p = 0.15

HCO3
− (mmol/L) −0.07

p = 0.54
−0.08

p = 0.42
−0.21

p = 0.01
BE (mEq/L) 0.13

p = 0.25
−0.03

p = 0.70
−0.27

p = 0.00
Dependent variable (y), birth order (BO); independent variable (x), dam size, blood physiological profile. The
data are presented as a correlation coefficient (r value). Dam’s size: according to the category: Small (<10 kg),
Medium (11–25.00 kg), Large (26–45 kg). n = number of newborn puppies according to the dam’s size.
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Finally, in Table 6, considering the sex of the liveborn puppies’ group (LBP), the
percentage of males is higher compared to females (53.23% and 46.77%). Within males, the
higher percentage was observed in litters from large sized bitches (42.90%) from the total
of 310 registered. Nonetheless, the X2 test did not show statistically significant differences
(p > 0.05).

Table 6. Frequency and percentage of canine liveborn puppies (LBP) by sex according to the size of
the bitch.

Dam’s size
Female
n = 145

(46.77%)

Male
n = 165

(53.23%)

Total
n = 310

LBP LBP
Small 38 (46.67%) a,1 37 (41.33%) a,1 75 (24.20%)

Medium 49 (45.10%) a,1 53 (41.18%) a,1 102 (32.90%)
Large 58 (39.10%) a,1 75 (38.35%) a,1 133 (42.90%)

a, b indicate significant difference (p < 0.05) among columns in the same sex, to the x2 test; 1, 2 indicate sig-
nificant difference (p < 0.05) among rows in the same dam’s size, to the x2 test; LBP: liveborn puppies;
dam’s size = according to the category: Small (<10 kg), Medium (11–25.0 kg), Large (26–45 kg).

4. Discussion

Birth in all mammalian species is accompanied by a period of obligatory or transitory
asphyxia in the newborn. The uterine contractions during normal parturition increase
the intrauterine pressure, compromising placental perfusion and oxygenation and gas
interchange. Umbilical cord blood gas analysis provides valuable information about the
neonate’s condition immediately after birth in all fetuses. The results that were obtained in
this study permitted the identification or the degree of alteration of the neonatal physiolog-
ical blood profile according to the birth order of the pups and the dam’s size.

4.1. Physiological Parameters According to Birth Order in Canine Puppies from Small-Size
Female Dogs

Although the uterine contractions during term labor result in a rise in intrauterine
pressure, compromising placental perfusion and oxygenation, affecting gas interchange in
all fetuses, the results, in general, suggest that the degree of alteration of the neonatal physi-
ological profile is modified according to birth order. In the group of small-size dams, it was
observed that the newborn puppies of BO1 presented more blood physiological alterations
than those born in BO2, BO3, BO4, and BO5. This repeated impairment of gaseous exchange
leads to a slight but consistent reduction in pH (7.05 ± 0.03), pO2 (11.44 ± 0.87 mmHg),
and an increase in pCO2 (69.19 ± 3.02), besides presenting higher concentrations of calcium
(1.72 ± 0.02 mmol/L). These variations could indicate the development of a process of
intrapartum hypoxia, as referred to by Ferreiro [41] and Mota-Rojas et al. [42,43].

As stated by Uchańska et al. [44], hypoxia can cause almost 60% of neonatal deaths;
the interruption of umbilical circulation during prolonged parturition or dystocia is one
of the main reasons. This is similar to what was reported in other studies that mention
maternal factors such as duration in the expulsion stage or the high stress of the peripartum
period [32,45,46], which could result in oxygen reduction, as it has been observed in
piglets [42]. However, it is important to point out that the decrease in the interchange of
gasses during the delivery of these pups led to an O2 deficit (hypoxemia) which gave way
to a rise in CO2 in the extracellular liquid (hypercapnia). This could conditionate to a rise in
the concentration of bicarbonate (HCO3) which would eventually culminate in the presence
of a respiratory acidosis [45]. However, the pups born in BO1 did not show a rise in HCO3
concentration; therefore, they did not show changes in blood pH, so the blood lactate and
glucose values were not observed as altered.

These hemodynamic alterations in the fetus are established to enable breathing, de-
creasing the flow in the pulmonary vascular resistance [47]. This translates to an increase
in the pulmonary vascular flow with a rise in oxygen concentration in blood and then
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oxygen saturation, producing the elimination of placental circulation [48]. This is why it
is possible to consider that, in this study, this period of brief hypoxia results to be normal
during the delivery process [49]. Only in the case of persistent hypoxia would it cause a
delay in breathing and a possible metabolic acidosis, as it relates to neonatal morbidity
and mortality [50]. Nevertheless, the percentage of mortality in pups of the group of
small-size dams was not significant. Experimental studies with the asphyxia model confirm
that the healthy fetus to be born has an impressive tolerance to hypoxemia. However, it
has been reported that puppies from small-size dams present a lesser vulnerability and
mortality risk than puppies from large-size dams; nevertheless, if SBP is detected, the
LBP requires extra monitoring during the perinatal period [22]. Likewise, some authors
have reported an influence of the birth position on the presentation of hypoxia during
parturition [51]. This factor was not assessed in the present study but could be a relevant
factor for further studies.

4.2. Physiological Parameters According to Birth Order in Canine Puppies from Medium-Size
Female Dogs

For this category, group BO7 presented more acid-base, energetic and calcium balance
alterations than the puppies from large-size dams. Our study states that this could be
explained by the development of an intrapartum hypoxic process in the litters, especially in
those born at the end of the delivery. The alteration in gas exchange can generate different
degrees of hypoxia, hypercapnia, and acidosis according to the duration and severity of the
interruption in the oxygen flux [52]. The delay at the beginning of the pulmonary ventilation
at birth provoked a reduction in the blood’s oxygen saturation of the pups belonging to the
group of medium-size dams; the persistent and higher degree of hypoxia caused a metabolic
change to glycolysis with the consequent increased production of lactate, a result that can be
observed when compared to the pups of small-size dams. The latter could be due to fatigue
in the female dog in the expulsion of more numerous litters, in which a decrease in the
number and intensity of uterine contractions could be observed, findings similar to what is
reported by Mota-Rojas et al. [42] in litters of piglets. In dogs, the concentration of oxytocin
and the expression of oxytocin receptors are key elements for the onset of parturition. Since
this hormone maintains the synchronized uterine contractions and dilatation of the cervix to
facilitate a eutocic parturition [17], abnormalities in the oxytocinergic system could extend
the time of parturition and, therefore, the consequences of delayed birth. For example,
Cornelius et al. [53] determined that canine pups with dystocia were 2.35 times more likely
to be stillborn due to one of the leading causes of delayed parturition: uterine inertia.
Further, the decrease in pH (6.97 ± 0.07) and the significant increase in the concentrations
of lactate (10.00 ± 1.01 mg/dL) in this study suggest a state of metabolic acidosis [53],
which could be considered to be severe, which is similar to the findings mentioned by
Mota-Rojas et al. [54,55] and van Dijk et al. [56]. Moreover, prolonged hypoxia could have
contributed to the low glucose levels (54.00 ± 11.88 mg/dL), predisposing toy and small
breed puppies to hypoglycemia, as stated by Münnich and Küchenmeister [57]. This differs
from our results, and it could be attributed to the fast consumption of the newborn’s
energy reserves. Similarly, the finding of a high concentration of calcium in the blood
(1.78 ± 0.06 mmol/L) suggests that the muscular activity of the puppy was increased at
the moment of labor, which fostered the mobilization of the metabolite from the newborn’s
bones, as pointed out in the studies made by Rydhmer et al. [58] and Mota-Rojas et al. [42].

The analysis indicates that the alterations in the metabolic profile of the late-born
puppies (BO7) of medium-size female dogs in our study are a sign of the consumption
of muscular glycogen, which could be due to the restriction of oxygen in the uterus, as
explained by Mota-Rojas et al. [54], with the possibility that fetal suffering could also be
present. This suggests that the long-term births would increase the risk of hypoxia in
late-born puppies, with a more frequent Type II SBP and weak puppies that die rapidly
after birth, as reported by Indrebϕ et al. [59] and Münnich and Küchenmeister [57], and
observed in our results with a percentage of 26.42% of intrapartum deaths Type II.
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4.3. Physiological Parameters According to Birth Order in Neonate Canine Puppies from
Large-Size Female Dogs

In this group, the reduction in base excess and the increase in pCO2 and lactate during
the glucogenesis, and the evidence of hypoxia due to respiratory failure compared to
puppies from medium-sized dams (BO6 or later) can be attributed to acidosis during birth,
of metabolic and respiratory types. Acidosis can be a consequence of stress even in a normal
delivery where tissue hypoxia and placentary insufficiency occur. This was mentioned by
Plavec et al. [60], who reported hyperlactatemia of 12.24 ± 0.56 mmol/L and acidosis in
pups from vaginal parturition due to the decreased placental circulation caused by uterine
contractions. This results in a mixture of metabolic and respiratory acidosis [61] when the
passage of oxygen is restricted and the carbohydrate metabolism is affected [62], shifting to
anaerobic activity and the consequent accumulation of lactic acid which decreases blood
pH [63]. Additionally, a hypothesis to this effect could be that an increase in the size of the
products and the number of puppies in the litter could cause a higher number of uterine
contractions of higher intensity, triggering a lower blood flow which reduces the oxygen
supply to the fetus. This factor negatively impacts the gas interchange: the metabolites
and gases of the physiological profile are, in fact, altered, as was observed in the puppies
of our study. This evidence could also be promoted by amniotic liquid at the pulmonary
level during the first minute of life, as reported by Vannucchi et al. [64]. Additionally, this
acidosis could have increased blood calcium due to muscular mobilization [65], mainly in
the puppies in the birth order BO1, BO3, BO4, and BO8 (p = 0.04). The alteration of the
acid-base balance involves the complex interaction of several organ systems, including the
brain, lungs, and liver [63]. Therefore, evaluating this parameter could help to reduce the
systemic alterations that the newborn can develop.

4.4. Physiological Parameters According to Birth Order in Canine Puppies from Female Dogs of
Different Sizes

Based on the results, it was possible to establish that the birth orders BO2, BO4, and
BO7 in puppies of small and medium-size dams, and the last third of BO, presented
the most maladjustments with an inadequate gas interchange. Generating hypoxia and
hypercapnia due to the accumulation of carbon dioxide resulted in biochemical changes
inside the neonates’ bodies, which would probably generate the death of neuronal cells
and brain damage, as pointed out by Pitsawong and Panichkul [66].

According to the distribution of LP and SB type II, it is considered that, despite not
observing significant differences in the dam’s size, this could be due to the litter’s size
and the breed, which could be predisposing factors to stillbirths. In our research, the large
size registered 56.60% of the highest percentage, with more than a half of the individuals
(n = 53). Regarding the sex of the puppies, the percentages of small-sized male puppies
obtained in the present study were close to that reported in a study analyzing the different
types of parturitions (5.35% vs. 3.3%) [60]. Although the present results show a higher
percentage of SB type II males than females in medium and large sizes, regardless of the sex,
to date, studies report no significant association between sex and stillbirth risk in canine
pups [53].

When considering the Pearson rank test and the correlations between large sized dams
and the physiological profile variables (pH, pCO2, pO2, glucose, Ca2+, lactate, HCO3

− and
BE), Mila et al. [67] also reported a significant effect of breed size on the lactate concentration
of large breed puppies (1.4 mmol/L). Nonetheless, the authors concluded that the effect
of the physiological moderate metabolic acidosis makes it unclear if this factor could help
during the assessment of newborn puppies.

Finally, it is important to underline that alteration in the neonate’s respiratory profile
could be due to the regulation of breathing, which involves a selective reduction in the
consumption of oxygen during the hypoxic process, restricting the function of chemorecep-
tors and being capable of redistributing the blood flow to the heart, brain, diaphragm, and
adrenal glands, but not to the spleen, gastrointestinal tract, skin, and kidneys. Therefore,
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in severe hypoxia, there would be a decrease in heart rate and an increase in intestinal
motility, leading to the expulsion and aspiration of meconium and Meconium Aspiration
Syndrome (MAS) and damage to the intestinal mucosa [68,69], as well as failure in other
tissues that require great supplies of oxygen [70]. Other factors that compromise the viabil-
ity of the canine neonate must be considered and not analyzed in this study, such as the
fetus’s position at birth, the umbilical cord morphology, degree of meconium staining, and
premature deliveries, which have already been reported in human medicine [71], would
also have an impact in the presence of intrapartum asphyxiation in canine puppies.

5. Conclusions

During the eutocic delivery process, fetuses are exposed to intermittent periods of
hypoxia. However, they can activate adaptive mechanisms to protect the organism from
hypoxemia. The results obtained in the present study show that the size of the mother
and the order of birth are risk factors for newborn puppies since they may present greater
physiological blood alterations that affect adaptation to extrauterine life. It was identified
that BO1 puppies of small-sized bitches, as well as BO7 puppies (last litter) of medium-
sized bitches, presented more significant blood alterations. In small-sized females, this
effect can be attributed to uterine morphology and activity, such as intensity, duration, or
the number of contractions. Contrarily, in the last pups of medium-sized bitches, it may
be due to the hypoxic process of exhaustion in the newborn due to prolonged labor time,
causing weak puppies at the first minute of life. Notably, no effects were observed by
birth order in puppies from large-sized female dogs, since all presented considerable blood
physiological alterations, leading to intrapartum asphyxiation processes and prolonged
hypoxia, affecting neonatal survival.

Author Contributions: Investigation, A.G., B.R.-S., P.M.-M., A.O. and C.M.; writing—original draft
preparation, B.R.-S., A.O., M.E.R., A.D.-O., A.O.-H., C.M. and A.G.; writing—review and editing,
A.O., A.G., P.M.-M., A.D.-O., I.H.-Á., A.V.-M. and B.R.-S.; project administration, P.M.-M., A.O.-H.,
I.H.-Á.; and A.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and the experimental protocol was approved by the Committee of
the Master’s Program in Agricultural Sciences (protocol code CAMCA.32.18) of the Universidad
Autónoma Metropolitana-Xochimilco campus, Mexico City.

Informed Consent Statement: Written informed consent was obtained from all animal owners.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors want to express their gratitude to Daniel Mota-Rojas Professor of
studies in behavior and animal welfare, for the conception and direction of the project that created
this manuscript. We are thankful for his continuous support and advice.

Conflicts of Interest: The authors declare that they have no conflict of interest.

Abbreviations

pCO2 partial carbon dioxide saturation
pO2 partial oxygen saturation
O2 oxygen
BE base excess
HCO3

− bicarbonate
Ca++ calcium
Htc hematocrit

152



Animals 2022, 12, 1508

References

1. Grundy, S.A. Clinically relevant physiology of the neonate. Vet. Clin. N. Am. Small Anim. Pract. 2006, 36, 443–459. [CrossRef]
[PubMed]

2. Veronesi, M.C. Assessment of canine neonatal viability—the Apgar score. Reprod. Domest. Anim. 2016, 51, 46–50. [CrossRef]
[PubMed]

3. Morton, S.U.; Brodsky, D. Fetal Physiology and the Transition to Extrauterine Life. Clin. Perinatol. 2016, 43, 395–407. [CrossRef]
4. Yli, B.M.; Kjellmer, I. Pathophysiology of foetal oxygenation and cell damage during labour. Best Pract. Res. Clin. Obstet. Gynaecol.

2016, 30, 9–21. [CrossRef] [PubMed]
5. Vassalo, F.G.; Simões, C.R.B.; Sudano, M.J.; Prestes, N.C.; Lopes, M.D.; Chiacchio, S.B.; Lourenço, M.L.G. Topics in the Routine

Assessment of Newborn Puppy Viability. Top. Companion Anim. Med. 2015, 30, 16–21. [CrossRef] [PubMed]
6. Swan, H.G.; Christian, J.J.; Hamilton, C. The process of anoxic death in newborn pups. Surg. Gynecol. Obs. 1984, 99, 5–8.
7. Mota-Rojas, D.; Martinez-Burnes, J.; Trujillo-Ortega, M.E.; Alonso-Spilsbury, M.L.; Ramirez-Necoechea, R.; Lopez, A. Effect of

oxytocin treatment in sows on umbilical cord morphology, meconium staining, and neonatal mortality of piglets. Am. J. Vet. Res.
2002, 63, 1571–1574. [CrossRef]

8. Blickstein, I.; Green, T. Umbilical cord blood gases. Clin. Perinatol. 2007, 34, 451–459. [CrossRef]
9. James, L.S.; Weisbrot, I.; Prince, C.; Holaday, D.; Apgar, V. The acid-base status of human infants in relation to birth asphyxia and

the onset of respiration. J. Pediatr. 1958, 52, 379–394. [CrossRef]
10. Armstrong, L.; Stenson, B.J. In the Assessment of the Newborn. Arch. Dis. Child. Fetal Neonatal Ed. 2007, 92, 430–434. [CrossRef]
11. Rodríguez Fernández, V.; López Ramón y Cajal, C.N.; Marín Ortiz, E.; Couceiro Naveira, E. Intrapartum and perinatal results

associated with different degrees of staining of meconium stained amniotic fluid. Eur. J. Obstet. Gynecol. Reprod. Biol. 2018, 228,
65–70. [CrossRef] [PubMed]

12. Rootwelt, V.; Reksen, O.; Farstad, W.; Framstad, T. Associations between intrapartum death and piglet, placental, and umbilical
characteristics. J. Anim. Sci. 2012, 90, 4289–4296. [CrossRef] [PubMed]

13. Kelley, R. Canine Reproductive Management: Factors Affecting Litter Size. In Proceedings of the Annual Conference of the Society
for Theriogenology and American College of Theriogenology, Colorado Springs, CO, USA, 7–11 August 2002; pp. 291–301.

14. Sonntag, Q.; Overall, K.L. Key determinants of dog and cat welfare: Behaviour, breeding and household lifestyle. Rev. Sci. Tech.
2014, 33, 213–220. [CrossRef] [PubMed]

15. Mugnier, A.; Mila, H.; Guiraud, F.; Brévaux, J.; Lecarpentier, M.; Martinez, C.; Mariani, C.; Adib-Lesaux, A.; Chastant-Maillard, S.;
Saegerman, C.; et al. Birth weight as a risk factor for neonatal mortality: Breed-specific approach to identify at-risk puppies. Prev.
Vet. Med. 2019, 171, 104746. [CrossRef] [PubMed]

16. Guardini, G.; Bowen, J.; Mariti, C.; Fatjó, J.; Sighieri, C.; Gazzano, A. Influence of maternal care on behavioural development of
domestic dogs (Canis familiaris) living in a home environment. Animals 2017, 7, 93. [CrossRef]

17. Lezama-García, K.; Mariti, C.; Mota-Rojas, D.; Martínez-Burnes, J.; Barrios-García, H.; Gazzano, A. Maternal behaviour in
domestic dogs. Int. J. Vet. Sci. Med. 2019, 7, 20–30. [CrossRef] [PubMed]

18. Bergström, A.; Fransson, B.; Lagerstedt, A.-S.; Kindahl, H.; Olsson, U.; Olsson, K. Hormonal concentrations in bitches with
primary uterine inertia. Theriogenology 2010, 73, 1068–1075. [CrossRef]

19. Darvelid, A.W.; Linde-Forsberg, C. Dystocia in the bitch: A retrospective study of 182 cases. J. Small Anim. Pract. 1994, 35, 402–407.
[CrossRef]

20. Ettinger, S.; Feldman, E.C. Textbook of Veterinary Internal Medicine; Elsevier Saunders: Philadelphia, PA, USA, 2005; pp. 1655–1667.
21. Münnich, A.; Küchenmeister, U. Dystocia in Numbers-Evidence-Based Parameters for Intervention in the Dog: Causes for

Dystocia and Treatment Recommendations. Reprod. Domest. Anim. 2009, 44, 141–147. [CrossRef]
22. Tønnessen, R.; Borge, K.S.; Nødtvedt, A.; Indrebø, A. Canine perinatal mortality: A cohort study of 224 breeds. Theriogenology

2012, 77, 1788–1801. [CrossRef]
23. Reyes-Sotelo, B.; Mota-Rojas, D.; Mora-Medina, P.; Ogi, A.; Mariti, C.; Olmos-Hernández, A.; Martínez-Burnes, J.; Hernández-

Ávalos, I.; Sánchez-Millán, J.; Gazzano, A. Blood Biomarker Profile Alterations in Newborn Canines: Effect of the Mother′s
Weight. Animals 2021, 11, 2307. [CrossRef] [PubMed]

24. Ogi, A.; Naef, V.; Santorelli, F.M.; Mariti, C.; Gazzano, A. Oxytocin receptor gene polymorphism in lactating dogs. Animals 2021,
11, 3099. [CrossRef] [PubMed]

25. Le Cozler, Y.; Guyomarc’h, C.; Pichodo, X.; Quinio, P.Y.; Pellois, H. Factors associated with stillborn and mummified piglets in
high-prolific sows. Anim. Res. 2002, 51, 261–268. [CrossRef]

26. Lucia, T.; Corrêa, M.N.; Deschamps, J.C.; Bianchi, I.; Donin, M.A.; Machado, A.C.; Meincke, W.; Matheus, J.E.M. Risk factors for
stillbirths in two swine farms in the south of Brazil. Prev. Vet. Med. 2002, 53, 285–292. [CrossRef]

27. Vanderhaeghe, C.; Dewulf, J.; de Kruif, A.; Maes, D. Non-infectious factors associated with stillbirth in pigs: A review. Anim.
Reprod. Sci. 2013, 139, 76–88. [CrossRef]

28. Wiberg, N.; Källén, K.; Olofsson, P. Physiological development of a mixed metabolic and respiratory umbilical cord blood
acidemia with advancing gestational age. Early Hum. Dev. 2006, 82, 583–589. [CrossRef]

29. Islas-Fabila, P.; Mota-Rojas, D.; Martínez-Burnes, J.; Mora-Medina, P.; González-Lozano, M.; Santiago, R.; González, M.; Vega, X.;
Gregorio, H. Physiological and metabolic responses in newborn piglets associated with the birth order. Anim. Reprod. Sci. 2018,
197, 247–256. [CrossRef]

153



Animals 2022, 12, 1508

30. Alonso-Spilsbury, M.; Mota-Rojas, D.; Villanueva-García, D.; Martínez-Burnes, J.; Orozco, H.; Ramírez-Necoechea, R.; Mayagoitia,
A.L.; Trujillo, M.E. Perinatal asphyxia pathophysiology in pig and human: A review. Anim. Reprod. Sci. 2005, 90, 1–30. [CrossRef]

31. Johnson, C.A. Pregnancy management in the bitch. Theriogenology 2008, 70, 1412–1417. [CrossRef]
32. Baxter, E.M.; Jarvis, S.; D’Eath, R.B.; Ross, D.W.; Robson, S.K.; Farish, M.; Nevison, I.M.; Lawrence, A.B.; Edwards, S.A.

Investigating the behavioural and physiological indicators of neonatal survival in pigs. Theriogenology 2008, 69, 773–783.
[CrossRef]

33. Holland, A. Piglet Vitality and Mortality within 48h of Life from Farrowing Sows Treated with Carbetocin, Oxytocin or without
Intervention. Available online: https://dspace.library.uu.nl/handle/1874/289549dspace.library.uu.nl.file:///C:/ (accessed on
12 March 2020).

34. Björkman, S.; Oliviero, C.; Rajala-Schultz, P.J.; Soede, N.M.; Peltoniemi, O.A.T. The effect of litter size, parity, farrowing duration
on placenta expulsion and retention in sows. Theriogenology 2017, 92, 36–44. [CrossRef] [PubMed]

35. World Small Animal Veterinary Association. Global Nutritional Assesment Guidelines. Available online: http://wsava.org/wp-
content/uploads/2020/01/Global-Nutritional-Assesment-Guidelines-Spanish.pdf (accessed on 12 March 2020).

36. Gandini, G.; Cizinauskas, S.; Lang, J.; Fatzer, R.; Jaggy, A. Fibrocartilaginous embolism in 75 dogs: Clinical findings and factors
influencing the recovery rate. J. Small Anim. Pract. 2003, 44, 76–80. [CrossRef] [PubMed]

37. Royal Canin Breeds. Available online: https://www.royalcanin.com/mx/dogs/breeds/breed-library (accessed on 18 June 2020).
38. Chartier, S.; Faulkner, A. General Linear Models: An Integrated Approach to Statistics. Tutor. Quant. Methods Psychol. 2008, 4,

65–78. [CrossRef]
39. Sherwin, C.M.; Christiansen, S.B.; Duncan, I.J.; Erhard, H.W.; Lay, D.C.; Mench, J.A.; O’Connor, C.E.; Petherick, J.C. Guidelines for

the ethical use of animals in applied ethology studies. Appl. Anim. Behav. Sci. 2003, 81, 291–305. [CrossRef]
40. Nowak, R.; Poindron, P. From birth to colostrum: Early steps leading to lamb survival. Reprod. Nutr. Dev. 2006, 46, 431–446.

[CrossRef]
41. Ferreiro, D. Neonatal Brain Injury. N. Engl. J. Med. 2004, 351, 1985–1995. [CrossRef]
42. Mota-Rojas, D.; Fierro, R.; Santiago, P.; Gregorio, H.; González-Lozano, M.; Bonilla, H.; Martínez-Rodríguez, R.; García-Herrera,

R.; Mora-Medina, P.; Flores-Peinado, S.; et al. Outcomes of gestation length in relation to farrowing performance in sows and
daily weight gain and metabolic profiles in piglets. Anim. Prod. Sci. 2015, 55, 93–100. [CrossRef]

43. Mota-Rojas, D.; López, A.; Martínez-Burnes, J.; Muns, R.; Villanueva-García, D.; Mora-Medina, P.; González-Lozano, M.;
Olmos-Hernández, A.; Ramírez-Necoechea, R. Is vitality assessment important in neonatal animals? CAB Rev. 2018, 13, 1–13.
[CrossRef]
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Simple Summary: The article summarizes the current knowledge on factors related to pregnancy,
parturition, and newborns that affect the health status of a puppy and determine its chances for
survival and development. The detailed information is provided in terms of breed predispositions,
objectives of pregnancy monitoring, potential sources of complications, and veterinary advances in
care and treatment of perinatal conditions. Successful pregnancy outcomes still pose challenges in
veterinary neonatology; thus, publications presenting the current state of knowledge in this field are
in demand.

Abstract: The perinatal period has a critical impact on viability of the newborns. The variety of
factors that can potentially affect the health of a litter during pregnancy, birth, and the first weeks of
life requires proper attention from both the breeder and the veterinarian. The health status of puppies
can be influenced by various maternal factors, including breed characteristics, anatomy, quality of
nutrition, delivery assistance, neonatal care, and environmental or infectious agents encountered
during pregnancy. Regular examinations and pregnancy monitoring are key tools for early detection
of signals that can indicate disorders even before clinical signs occur. Early detection significantly
increases the chances of puppies’ survival and proper development. The purpose of the review was
to summarize and discuss the complex interactions between all elements that, throughout pregnancy
and the first days of life, have a tangible impact on the subsequent fate of the offspring. Many of these
components continue to pose challenges in veterinary neonatology; thus, publications presenting the
current state of knowledge in this field are in demand.

Keywords: dog; pregnancy; parturition; puppy; neonatology

1. Introduction

The main goal for dog breeders and their veterinary associates is the successful rearing
of puppies. High mortality rates can affect even litters that receive the best care.

Depending on the cause, it can range from 8 to 20% [1–5]. This paper summarizes the
main findings regarding the maternal, pregnancy, and newborn-related components that
eventually would determine puppy survival. Analyzing maternal and pregnancy-related
factors emphasizes the need for tailored care for each pregnant female. This is particularly
true for pedigree bitches, which can be prone to obstetric complications due to the anatomy
of their birth canal [6–8], as is observed with brachycephalic bitches [9,10]. The combination
of female age and body size also affects the potential number of puppies per litter [11,12].
This is an important risk factor, especially for females older than 6 years, for miniature and
giant breed females with singleton pregnancies, and giant breed bitches carrying more than
11 fetuses [13,14]. These cases are exposed to primary and secondary uterine inertia, which,
as the data in the literature indicate, would pose a direct threat to puppies’ lives [3]. The
health status of the dam and the level of care are also of considerable importance.
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Pregnancy is a demanding state that can be significantly affected by the development
of any metabolic and hormonal disorders that, if diagnosed too late, can cause serious
health complications or even death of both the mother and the litter. Although not all
complications encountered by a pregnant or delivering bitch will be fatal, many of them
may significantly affect the health of the offspring in those first crucial days and weeks of
life. This paper aims to provide and discuss up-to-date knowledge concerning the most
important pre- and postnatal factors that may affect the health and survival of puppies
during the first weeks of life.

2. Maternal and Pregnancy-Related Factors

2.1. Anatomy and Breed Predispositions

There is no doubt that of all the factors that affect puppies’ health at birth, maternal
factors are the first to play the most important role right from the very beginning of
pregnancy. The health status and age of the bitch at the time of conception are most
important for the subsequent embryonic and fetal development. Moreover, a full clinical
examination should be performed, including a complete blood count and vaccination
status, and the general health status should be considered before deciding on breeding
a particular animal. During pregnancy, some hematological changes usually occur and
should be closely monitored, especially red cell and platelet counts. Gestational anemia
and thrombocytopenia are normal findings; however, if excessively low, these may affect
the course of pregnancy and lead to clotting problems during the caesarean section.

Undoubtedly, special attention should also be paid to the breed of the dam and the
sire breed. Breed identity determines typical anatomical structure and is closely related to
the predisposition to perinatal complications [6]. The percentage of these complications
increases with the prevalence of certain anatomical characteristics. Among these, the pelvic
structure and shape and the skull size are very important for the passage of the fetus
through the birth canal during delivery [10]. Serious problems in this regard, due to the
disproportionately large size of the fetal head in relation to the size of the birth canal, are
encountered in brachycephalic breeds. Bitches of these breeds have a predisposition to
perinatal complications almost 11 times higher than in other breeds [10]. This results in
an elective cesarean section becoming the norm as natural delivery poses a too high risk
for the litter. CT pelvimetry studies have shown that English bulldogs have a significantly
smaller pelvis and pelvic canal compared to non-brachycephalic dogs of the same weight.
Furthermore, the pelvic conformation is characterized by a significantly shorter pelvis
and pelvic canal and a significantly narrower caudal opening of the pelvis [9]. Problems
related to pelvic anatomy have also been reported in some medium-sized breeds, such
as Scottish terriers and Boston terriers [6,7]. X-ray measurements in bitches diagnosed
with birth complications due to fetal-pelvic disproportion showed a smaller pelvis and
a dorsal-ventral flattening of the pelvic canal. Whereas, in Boston terrier bitches, the
problem was also caused by a combination of the pelvic shape described above and the
relatively large head size of mature fetuses. Such characteristics significantly increase
predisposition to obstructive dystocia and secondary uterine inertia [6,7,15]. According to a
study conducted on a population of ~200,000 bitches registered with Swedish Kennel Club
(Stockholm, Sweden) between 1995 and 2002, Scottish terriers were the most susceptible
to dystocia resulting in emergency cesarean section [16]. The welfare of breeding dogs
has gained increased interest in recent years. Improved understanding that dystocia may
pose a greater risk in particular breeds of dogs should contribute to reducing the general
popularity of such breeds and help veterinarians and kennel clubs to better focus their
resources on strategies to limit breeds with high risk of dystocia [1,17].

In addition to the pelvic bone shape, the structure of the soft tissues in the birth
canal can also create a problem. It has been proven that abnormal vaginal anatomy can
affect fertility, as it prevents natural mating. The presence of adhesions, septations, or
double cervical orifices should be diagnosed before the bitch is intended for breeding [18].
Moreover, if detected, such females should be excluded from breeding, as these defects
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might be transmitted to the next generation [19]. A study comparing the fertility of bitches
undergoing surgical vaginal correction and those without surgery showed that although
there was a relatively non-significant effect on reproductive performance, pregnancy rates
were substantially lower in the group of bitches with severe abnormalities. Furthermore,
the same group of bitches showed a markedly greater predisposition to dystocia and thus
cesarean section than the group of bitches with mild abnormalities [8].

2.2. Inbreeding

When analyzing the causes that could affect the litter size, inbreeding should also be
considered. According to research, a high inbreeding rate can result in impaired fertility
and therefore a reduction in the number of pups in the litters that are born [20]. In pedigree
dogs, breeding decisions on mating closely related individuals are motivated by the need to
obtain the desired phenotype or behavioral traits, leading to genetic bottlenecks. Targeted
selection in pedigree dogs for traits of morphology and performance has greatly decreased
fertility rates, increased reproductive problems, and significantly contributed to dystocia
due to anatomical disproportions in some breeds [10]. The most notable among these
are brachycephalic breeds, in which reproduction without assisted mating and a planned
caesarean section is today almost not feasible [21]. Focusing on breeding for desired
appearance alone raises a lot of public concern today, which hopefully will lead to better
awareness and more responsible dog breeding in future.

The availability of genetic tests dedicated to particular breeds is also worth mentioning.
Today, the problem of selecting pairs of animals for breeding rests mainly on the responsible
approach of the owner, and any poorly considered actions can lead to the perpetuation of
traits detrimental to the health of dogs and the narrowing of their genetic pool [22]. The
number of breed-specific conditions increased at more than 100% between year 2013 and
2020 [23]. The range of dedicated tests for their identification is also growing steadily [23].
Among the 10 breeds for which test availability is the greatest, are Labrador Retriever,
Beagle, Australian Shepherd, German Shepherd, Standard and Miniature Poodle, Golden
Retriever, Collie, Pembroke Welsh Corgi, and Dachshund [23]. Detailed information on the
range of genetic tests for detecting inherited diseases can be accessed online at: The WSAVA-
PennGen DNA Testing Database, which is part of “A project of the WSAVA Hereditary
Disease Committee” [24].

2.3. The Impact of Litter Size

When considering the influence of maternal factors, one cannot forget to mention their
effect on the litter size. The litter size directly affects the safety of puppies during birth and
depends on the mother’s age, breed, and the breeding method [11,12]. The larger the breed,
the more pups a litter would potentially contain (up to 11–12 pups), whereas in small and
miniature breeds on average, up to 3–5 pups are more common [11,13,14].

Large females have a larger uterine capacity and are able to accommodate more fetuses;
hence, their litters are naturally more numerous than those of smaller females. In larger
breeds, the small size of the litter is especially important because a small number of pups
may not give enough strong signals to induce labor [25]. Furthermore, multiple litters of 12
or more pups can cause primary uterine inertia by overstretching the myometrium, leading
to weak uterine contractions, or secondary uterine inertia, where the uterine myometrium
is exhausted by prolonged labor [6,11,13].

Regardless of the litter size, the last pup is at the highest risk of stillbirth [6]. Some
authors pointed out that high perinatal mortality most often affected the first pregnancy of
a given dam; in addition, the risk of early neonatal mortality nearly doubled in litters with
a concurrent incidence of stillborn pups during birth [13].
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Large litters can also be associated with risks to maternal health. Among other things,
it can be one of the factors contributing to the bitch’s disease during pregnancy and it
can increase the risk of dystocia. Gestational toxemia, for example, occurs most often
secondarily to a negative energy balance associated with inadequate nutrition and largely
with the presence of a large litter of puppies [26,27].

The importance of maternal age played a role in very young (1 year and under) and
older (6 years and older) bitches, that tend to have fewer pups (one or two) than bitches
aged 2 to 5 years [13,14]. It is worth noting here that primiparous bitches older than
6 years are predisposed to single-puppy pregnancies, uterine disorders, and prolonged
labor [3,13]. Hence, such factors would significantly increase the risk of dystocia, and it is
highly inadvisable to breed bitches over 6 years of age [13].

The mating method can also be a limiting factor in terms of the number of offspring.
The most commonly used method is natural mating or artificial insemination (AI). AI
can be intravaginal, intracervical, or surgical, using fresh, chilled, or frozen semen [28,29].
The highest efficiency in obtaining numerous litters was reported through natural mating
rather than with the artificial insemination method [11]. However, natural mating has
become less and less popular among dog breeders, mainly due to the need to travel long
distances for a chosen male. This makes breeders much more eager to choose the artificial
insemination methods and shipped semen [29]. The use of the artificial insemination
method also provides highly satisfactory results in terms of litter size, especially when
using fresh semen rather than chilled or frozen-thawed [12,30].

2.4. Maternal Health Condition

The course of a pregnancy fundamentally determines the health of a newborn during
its first weeks of life. The number of factors that may affect the mother’s condition during
this period is innumerable. They can be divided into those related to the bitch, such as
current health state or ability to maintain hormonal balance, and those that are external:
mainly the diet and the quality of pregnancy monitoring. During the pregnancy, several
disease entities can also develop such as gestational toxemia, diabetes, and eclampsia. The
pregnancy can also be affected by corpus luteum insufficiency, which is a serious disorder
at the ovarian level [26,31]. Awareness of the potential risks to the mother and the level
of care provided if complications arise are vital and can significantly impact the future of
any litter.

2.4.1. Pregnancy Toxemia and Diabetes Mellitus

Canine pregnancy toxemia can pose a serious life threat to both the bitch and her
fetuses. The disorder, which is mainly seen in late pregnancy, is characterized by hypo-
glycemia, ketosis, ketonuria, and liver lipidosis, presenting with weakness, which can later
progress to seizures, collapse, and even death [32]. Bitches with multiple litters are more
at risk of developing toxemia, especially if they show signs of anorexia during the last
two weeks of pregnancy [18]. The diagnosis is based on clinical signs and the presence of
hypoglycemia combined with high concentrations of ketone bodies in blood and urine, and
treatment involves glucose supplementation [15,32,33].

Symptoms similar to gestational toxemia may also be observed during gestational
diabetes, which is often developed without the typical clinical signs evident. A syndrome
resembling gestational diabetes in humans may occur in older female dogs during preg-
nancy. Insulin resistance is a normal feature of pregnancy [33]. Two factors promoting
insulin resistance, progesterone and growth hormone, are present in similar concentrations
in pregnant and non-pregnant bitches in diestrus [34]. Progesterone stimulates the secretion
of growth hormones from the canine mammary gland, and both hormones cause insulin
resistance and carbohydrate intolerance in the dog [35]. However, pregnant bitches are
more insulin-resistant than non-pregnant diestrus bitches [36]. The diagnosis of gestational
diabetes mellitus (GDM) is based on history and clinical findings and is confirmed by
documenting the persistent hyperglycemia with glucosuria. In humans, GDM is associated
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with excessive fetal growth (macrosomia), which contributes to dystocia and birth trauma,
and, as a result, increased maternal, fetal, and neonatal morbidity and mortality [37,38]. In
humans, the prevalence of congenital malformations is higher than in the general popula-
tion if GDM occurs early in pregnancy, but not in mid-pregnancy or later [39]. In bitches
diagnosed with gestational diabetes mellitus, fetal viability should be assessed regularly
with ultrasound; knowing whether the pups are large enough to be at risk of dystocia or
are no longer alive would guide treatment decisions, such as the schedule of the cesarean
section. Such puppies would be at increased risk of premature delivery if CS was decided
too early, while if delayed too long, it would lead to fatal distress and metabolic disorders.
Published reports of managing canine GDM are rare [35,36,40]. Similar to humans, in case
of GDM neonatal hypoglycemia, hyperbilirubinemia, hypocalcemia, and poor suckling can
occur more frequently in puppies, and proper management involves intensive fluid and
insulin therapy to correct water, electrolyte, acid-base, and glucose derangements [33,40].

2.4.2. Hypoluteoidism

Hypoluteoidism is described as insufficient production and secretion of progesterone
by the corpus luteum [41]. Necessary to maintain pregnancy, proper corpus luteum
function and progesterone production, if defective, can determine the fate of any pregnancy
at its very early stage. A serum progesterone level of at least 2 ng/mL is considered
by many authors to be the key to maintaining a canine pregnancy [34,42]. A decrease
in progesterone concentration below 2 ng/mL in a pregnant bitch has been shown to
lead to abortion [34,42]. Interestingly, some authors reported that miscarriage can occur
even when the progesterone level drops below 10 ng/mL [43]. Since serum progesterone
measurements can be performed using a variety of methods and devices on the market,
with RIA being considered the reference assay, the exact progesterone values may vary
between published studies and reports [44]. In all cases, the interpretation of the results
should be approached with caution and the device and method used should always be
considered when analyzing the progesterone concentration.

Distinguishing between corpus luteum insufficiency as the primary cause of fetal
death, rather than its consequence, is certainly worth attention, especially in bitches who
lose litters in the second half of pregnancy despite the exclusion of other causes. The
reasons and pathogenesis of corpus luteum insufficiency, despite many studies, are still
incompletely investigated and diagnosis often poses a problem because many factors, such
as maternal health status, fetal death, infectious agents, trauma, or poor nutrition, may
contribute to the primary decrease in progesterone level [34,45,46]. Some studies confirmed
the association of corpus luteum insufficiency with the presence of IgE antibodies against
endogenous progesterone in bitches [47]. These authors suggested a genetic link to the
occurrence of hypoluteoidism in specific breeds, such as German Shepherds.

The diagnosis of primary corpus luteum insufficiency as a cause of pregnancy loss
is complex. It requires confirmation of a gradual decrease in progesterone levels while
assessing fetal viability. The possibility that the decrease in serum progesterone levels
occurred due to fetal distress or abortion must be excluded. The function of the corpus
luteum can be influenced by many endo- and exogenous factors that control its lifespan, and
among the most important substances with luteolytic effects are PGF2a and antigestagens
such as aglepristone [46,48].

If the diagnosis is confirmed, exogenous progestin supplementation therapy is rec-
ommended, of which medroxyprogesterone acetate (MPA), alternogest, or progesterone
in oil are the most commonly used in dogs [34,49]. The administration of progestins in
pregnant bitches may be associated with side effects such as the development of pyometra,
septicemia, or placentitis, and the risk of prolonged pregnancy-causing dystocia [34,42,50].
Furthermore, progestogens, which have androgenic effects, may lead to masculinization of
female fetuses [42].
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Recently, the first documented case of mammary gland fibroadenoma in dogs, so far
reported only in cats, has also been described. An Istrian Shorthaired Hound bitch was
diagnosed with primary corpus luteum insufficiency in three consecutive pregnancies [51].
Based on the diagnosis established during the first pregnancy, in the second one with re-
peated suspicion of corpus luteum insufficiency, the bitch was treated with 1.65 mg/kg of
progesterone in oil intramuscularly (PROGEST-E®, Fort Dodge Animal Health S.p.A., Bologna,
Italy) daily, from day 19 to day 22, and every 48 h from day 23 to day 58. During the third
pregnancy, based on previous experience, the bitch also received 0.075 mg/kg alternogest
(Regumate®, Intervet Italia S.r.l., Peschiera Borromeo, MI, Italy) from day 8 and then every
24 h until day 52 of pregnancy. The dose was reduced to 0.058 mg/kg PO from day 53 to
day 57 [51]. Both times, an increase in the size of the mammary glands was observed. One
of the pregnancies required a cesarean section due to fetal macrosomia. Whereas, females
born in the other pregnancy, according to the owner’s report, showed no signs of estrus cycle
during the first 3 years of life; moreover, in one female, clitoral hypertrophy and a blindly
ending vagina were diagnosed. Such abnormalities may be related to progestin treatment
in the embryogenesis stage, as they affect the development of the genital tract. If progestins
are used as a supplemental treatment for hypoluteoidism, administration should not begin
before days 30–35 to avoid genital abnormalities [49,52]. Since hypoluteoidism is an ovarian
dysfunction and its treatment with progestins might lead to severe unwarranted effects, it is
recommended to exclude affected bitches from breeding.

2.4.3. Hypothyroidism

An equally interesting topic is the relation between pregnancy and hypothyroidism.
In general, hypothyroidism is a common endocrine disease in dogs. Many previous studies
have demonstrated a heritable tendency in dogs of certain breeds, such as Toy Fox Terriers,
Giant Schnauzers, Boxers, or Scottish Deerhounds [53]. Bitches with untreated hypothy-
roidism often exhibit a significant reduction in fertility that prevents natural pregnancy, as
well as variable interestrus intervals, abortions, and stillbirths [54]. Studies have shown
that they are also at risk of developing dystocia as a result of a prolonged duration of labor
contractions and a decrease in their intensity. Puppies have been reported to have a higher
incidence of low birth weight, low viability, and overall increased litter mortality [54]. The
situation changed when levothyroxine supplementation was started, which was shown
to reverse the negative effect of hormone deprivation on neonates’ birth weight and high
mortality [55]. The question of changes that occur in thyroid hormone concentrations
during the course of pregnancy in bitches certainly requires further study. Some data
indicated insignificant fluctuations that do not require adaptive hormonal supplementa-
tion during pregnancy [56,57]. In contrast, others suggested that significant changes may
occur, especially during the second half of pregnancy, when the rate of fetal development
increases, and therefore the rate of maternal metabolism should follow to meet the energy
demands [42,58]. The same is true in human pregnancy, where adequate supplementation
during pregnancy is necessary for its maintenance and must be gradually increased, as well
as the fetal development and metabolic rates [59]. In bitches experiencing miscarriage, a
significant decrease in thyroid hormones and a correlating decrease in progesterone levels
were observed even one week before the first clinical symptoms [42]. The problem of
levothyroxine supplementation recommendations and the need to increase the dose with
the progression of pregnancy certainly require further research and attention; this is still
a matter of debate according to different study results [56–58], because decisions made
during treatment can have a significant impact on the outcome of the bitch’s pregnancy
and therefore the health status of the whole litter.
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2.4.4. Maternal Microbiota and Its Effect on Puppy Survival

The development of the newborn microbiota is a gradual process, influenced by many
factors. The environment, the health status of the mother and, above all, the intake of
colostrum, are essential in the first hours of life [60].

The colostrum in mammals is the first food of crucial importance for the health of
the offspring in the early neonatal period. In canine species, only 5–10% of antibodies can
cross the placenta, so newborns are almost completely immune-deficient [61]. The timing
and amount of colostrum intake immediately after birth are important for their survival
and future health. The intestinal barrier is only permeable to IgG from the gastrointestinal
tract during the first 12–16 h of life, so it is important to feed newborns with colostrum as
soon as possible shortly after birth [61]. Although the exact mechanisms that determine the
formation of the colostrum microbiota are not fully understood, studies seem to support
the enteromammary hypothesis that the colostrum microbiota is shaped by gut bacteria
present in the dam [61].

The relationship between colostrum microflora and intestinal microflora of neonates
is confirmed by studies in which the composition of meconium collected from neonates
was found to be similar to that of colostrum collected from dams [61]. Adequate microflora
composition determines colonization of neonatal intestines, and this directly translates
into their chances of survival, adaptation to the ectopic environment, and development of
health status [60].

Studies on supplementation of pregnant bitches with prebiotics containing, among
others, E. faecium and L. acidophilus proved their influence on producing better quality
colostrum, which improved the immunity of puppies. Furthermore, the maternal micro-
biota, positively altered by supplementation, was transferred to newborns, making the
offspring more resistant to gastroenteritis [62].

The type of parturition can also be a factor that affects the composition of the microflora
of the colostrum [61]. Whether it is vaginal delivery, emergency cesarean section, or elective
cesarean section, the colostrum samples contained different microorganisms. The colostrum
of the bitches with vaginal delivery and elective cesarean section was characterized by a
similar composition, unlike the colostrum collected from the bitches undergoing emergency
cesarean section [61]. It should be noted that the differences may result from the fact that
bitches in the latter group usually experience higher levels of stress as well as some degree
of exhaustion.

Recent findings concerning the placental microbiome in healthy pregnant dams also
indicate the possibility of early intrauterine bacterial colonization of the fetuses [63]. The
bacterial composition of the neonatal meconium resembled that of the maternal vagina in
the pups born by vaginal delivery. The ones born via CS had microflora similar to the oral
and vaginal microbiota of the mother [63].

It should also be noted that the presence of the gut microbiota can contribute to better
weight gain in puppies, which is essential for their future development and health status in
adulthood [61,63]. Puppies in which bacteria could not be cultured from meconium had a
slower growth rate compared to puppies with some bacteria present in their meconium [63].

It is also extremely important for the health of the offspring to maintain the balanced
composition of their intestinal microbiota. The underdeveloped immune system can
be easily affected by the gut microflora imbalance, which may lead to the growth and
multiplication of undesirable pathogens such as Proteobacteria and Pasteurellaceae, and
may progress towards serious disorders, mainly Fading Puppy Syndrome (FPS), which
can often cause fatal results [64]. The evaluation and culture of the intestinal microflora
composition and the fecal samples of puppies can therefore become a helpful tool in the
diagnosis of neonatal problems.
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2.4.5. Challenges in Pregnancy Nutrition

Proper nutrition has an important impact on the health of the mother and her offspring
during pregnancy and the subsequent lactation. The connection between reproduction and
nutrition is undeniable and awareness of key aspects of bitch nutrition during pregnancy,
perinatal period, and lactation is a prerequisite for success in healthy breeding. Facing
differences in reproductive animals’ nutritional needs, Association of American Feed
Control Officials (AAFCO) has published separate nutrient profiles with different feeding
trial protocols for maintenance, growth, and gestation-lactation periods [65]. Energy
requirements gradually increase in the bitches from day 40 of gestation, on average by
nearly 10% for each additional week, to about 1.25–1.5 times those of normal maintenance
requirements. The amount of food provided should be properly recalculated to prevent
excessive weight gain [66]. Many owners believe that large amounts of energy are required
from the very beginning of the pregnancy. They start to overfeed pregnant bitches, which
can result in increased fat deposition [66]. Unfortunately, obesity is one of the factors that
strongly predispose to dystocia, which most likely decreases uterine contractions during
labor due to excessive fat deposition in muscle tissue [6,67]. It is also worth noting the
practice of dividing the daily dose into several smaller meals. It prevents the stomach from
overloading with too much food, especially in late pregnancy, when a large part of the
abdominal cavity is filled with the gravid uterus [66].

Just as important as quantity is the quality and type of food provided. A study con-
ducted among a group of breeders in Canada about their feeding practices has shown that
a substantial percentage of breeders were unable to determine whether the commercial
food they were feeding met the AAFCO recommended standards. In addition, nearly
16.9% of breeders participating in that survey, who fed commercial diets, reported offering
diets to pregnant and lactating bitches that are not intended for the gestation-lactation
period. Moreover, almost 9% of breeders weaned puppies onto a diet not designed for
the growing puppies [68]. An alternative to commercial diets available on the market is
the bones and raw food diet (BARF), prepared by owners or breeders at home, sometimes
with specific additives [69]. Its nutritional value for pregnant and lactating bitches and
growing pups is difficult to assess and very likely BARF diet would not meet the demands
of breeding animals [68,69]. This type of diet may also increase the risk of infection with sev-
eral pathogens and parasites responsible for reproductive disorders, including Salmonella
spp., Campylobacter spp., Neorickettsia spp., Shiga toxin and hemorrhagic Escherichia coli,
Toxoplasma sp., and Neospora sp. [68].

When selecting foods for pregnant and lactating bitches, attention should also be paid
to the content of the particular ingredients and the use of various additives (e.g., mineral
supplements, dairy products); breed-related demands should also be considered here,
especially regarding calcium content [66,70]. Some breeders believe that calcium addition
can ensure adequate lactation and healthy development of puppies [66]. However, a lack
of consideration in calcium supplementation may cause more harm than benefit. Calcium
homeostasis is tightly regulated by parathyroid hormone (PTH) and calcitonin [71]. During
pregnancy, a physiologic decrease in calcium serum levels leads to a series of reactions
designed to elevate it again. Under the action of parathyroid hormone (PTH), an increased
release of calcium from bones and enhanced absorption from the gastrointestinal tract
takes place [70,71]. When a bitch receives extra calcium with food, the serum calcium
concentration remains sufficiently high, and there is no need to activate the mechanisms of
calcium release from bones and increase the intestinal absorption, which downregulates
the PTH activity. Then, with the onset of lactation, a bitch cannot precisely respond to the
high calcium demand and the risk of developing eclampsia increases [66]. Eclampsia most
often occurs in small and miniature breeds, usually after birth, but sometimes might also
be observed during pregnancy [15]. Clinical signs are initially nonspecific, but can progress
to muscle tremors, ataxia, elevated rectal temperature above 39.7 ◦C, tetany, and in severe
cases, even death [70]. Treatment is based primarily on intravenous calcium administration.
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If possible, the litter should be weaned permanently and hand-reared to prevent the risk of
hypocalcemia relapse.

Another nutrient that has also attracted interest is folic acid, recommended for preg-
nant women. Experiments conducted on mice as experimental animal models also demon-
strated that folic acid is necessary for normal embryonic-fetal development [72,73]. Some
studies have shown its important role in the prevention of cleft lip and/or palate in
brachycephalic puppies [74–76]. However, no similar relationship was proven in a study
conducted on bitches of breeds considered as non-predisposed (Labrador, Golden Retriever,
and Labrador/Golden crosses) to the cleft palate problem [77]. If considering supplemen-
tation in dogs, studies suggest one should start folic acid when a bitch is intended for
breeding/enters the estrus phase, since the medullary tube closes during the first part of
gestation to reduce the risk of developing cleft lip or palate [66].

The crucial importance of a proper diet for the health of the pregnant bitch and her
offspring remains undisputed. In addition to portioning daily food intake and administer-
ing it in appropriate amounts to avoid excessive weight gain, the trend of administering
certain supplements deserves attention, especially calcium and folic acid supplementation.
A rational approach to the use of nutritional supplements and the application of sound
feeding practices are key aspects in providing adequate care to the pregnant bitch.

2.4.6. Pregnancy Monitoring

In routine care of pregnant females, periodic examinations are recommended to evalu-
ate the pregnancy development. US pregnancy scanning, if performed by an experienced
person, would allow for early detection of abnormalities. Defective trophoblast invasion
is believed to be the basis for abnormal blood flow in the uterine artery, which in turn
leads to uteroplacental insufficiency [78]. Alarming changes include reduced diameter and
abnormalities in the contour of the gestational vesicle, lack of viability, increased placental
thickness, increased fluid echogenicity, and increases in RI (resistivity index) and PI (pul-
satility index) of uteroplacental arteries of conceptuses [78]. The appearance of changes
correlates with the onset of embryo resorption around weeks 2 and 4 of gestation [78]. The
umbilical artery and the fetal renal artery were also useful in evaluating the quality of
fetal-maternal flow; its abnormal parameters suggest gestational pathology [79]. Differ-
ences were also reported in the blood flow of the uterine and umbilical arteries in small,
medium, and large breeds of dogs during the second half of pregnancy. Conversely, during
this same period, FHR did not vary between small, medium, and large breeds [80]. This
indicates that physiological variations should also be considered when a gestational ultra-
sound is interpreted in different breeds of dogs. Doppler ultrasound also has a prognostic
value in assessing the effect of the morphology of the ductus venosus (DV) waveform on
canine neonatal mortality. One study showed that litters in which three-phase waves of DV
(tDVw) were recorded had a higher (almost 21 times more) chance of neonatal mortality
(one or more dead pups per litter) than those with only two-phase waves (dDVw) [81]. DV
postnatal patency could also lead to a congenital portosystemic shunt (CPSS). Non-invasive
color flow mapping (CFM), which is used routinely to diagnose CPSS in adult dogs, has
been shown to be equally useful to confirm or exclude DV closure within the first ten
days after delivery in canine neonates. This might become useful for early screening tests
evaluating the DV patency, especially in puppies of breeds predisposed to congenital por-
tosystemic shunts [82]. Changes observed during ultrasound examination may indicate the
development of pregnancy pathology long before the first visible symptoms appear [83].

In addition to ultrasonography, electrocardiography can sometimes be useful to detect
pathologies in specific electrocardiographic parameters, including QRS waveforms, mater-
nal heart rate (MHR), or fetal heart rate (FHR) [84]. The correct MHR should be around
70–120 bpm, while the fetal heart rate is between 180 and 220 bpm [85]. Any factor causing
fetal distress is most often manifested by fetal bradycardia and, therefore, changes in FHR.
A more complete picture of the disorder can be obtained by analyzing the FHR/MHR ratio,
which more accurately reflects fetal health in relation to maternal health than single FHR
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values [85]. This is especially the case when combined with Doppler examination, which
enables one to visualize and compare the blood flow of the uteroplacental and umbilical
arteries in normal and abnormal conceptus [78]. Accurate understanding of the changes
that occur can contribute to early diagnosis for identification and, if possible, exclusion of
the problem to ensure the safety of the developing offspring.

3. Type of Delivery, Perinatal Complications, and Proper Management of the Bitch and
Her Offspring

3.1. Normal Parturition

The pregnancy in the bitch is expected to last between 57 and 72 days from the day of
mating [40,86]. Estimating the exact date of parturition in dogs is sometimes difficult. The
timing of ovulation is usually delayed in relation to both the LH surge and the liberation of
the immature ovum, which needs to mature further to be competent for fertilization in the
oviduct [87]. It is also necessary to consider the 24–48 h period in which the ovum can be
fertilized and the survival of the sperm in the reproductive tract, depending on the date of
mating or the type of insemination.

Serum P4 concentration is considered an essential parameter for the detection of the
LH peak, ovulation, and parturition date. Serum P4 concentration begins to increase before
the onset of the luteal phase, and the first day when P4 is >1.5 ng/mL is considered to
indicate the peak of LH [88]. On the day of ovulation, which occurs almost 48–60 h after the
peak of LH, the length of pregnancy is reported to be 63 ± 1 days (62–64 days) [40,88]. The
accuracy of parturition timing using prebreeding P4 concentration is described to be 67,
90, and 100% within 65 ± 1, ±2, and ±3 days, respectively [88]. Instead, vaginal cytology
for continuous monitoring of the reproductive cycle could be helpful in determining the
appropriate time to start serum P4 monitoring [86]. Vaginal cytology can also be used to
determine the first day of diestrus (D1), after which the pregnancy should last 57 ± 3 days
(54–60 days) [86]. The determination of D1 does not present difficulties because the image
in this phase of the cycle clearly differs from that in estrus by the decrease in the percentage
of cornified cells from 80–100% to at least 20%, and the appearance of parabasal cells and
neutrophils. These changes occur in less than 24–48 h [86].

A normal parturition in a dam is divided into three phases. In phase one, the pro-
gesterone block is lifted with the onset of uterine contractions and cervical dilation. The
duration varies between 6 and 24 h, possibly up to 36 in a primiparous or very nervous
bitch [40]. During the second phase of labor, uterine contractions are combined with abdom-
inal wall contractions, and the fetuses are expelled sequentially from the uterus. Although
there may be a longer interval between the first and subsequent pups, births usually occur
every 15 to 120 min, depending on the size and breed of the mother and the number of
puppies. The third phase involves placental expulsion and occurs immediately or within
15 min after the birth of each pup [40]. However, several placentas may be delivered at
once [89].

3.2. First Aid Delivery

Labor, for a variety of reasons, does not always proceed as expected and veterinary
assistance may be required when complications occur. A fast and accurate diagnosis of
dystocia is essential to increase the chances of survival of a newborn. The most impor-
tant predisposing factors to dystocia are those previously discussed, including maternal
age, size, breed, and the number of puppies [6]. Difficult labor can be approached with
conservative methods or surgical intervention. Conservative methods involve the use of
pharmacological substances and/or manual attempts to correct the fetal position in the
birth canal [5]. When trying to pharmacologically resolve difficult labor, oxytocin is admin-
istered most frequently [2]. Calcium gluconate and glucose are also recommended [89]. If
there is no response to drug therapy or obstetric maneuvers aimed at correcting dystocia,
and fetuses are confirmed to be alive, the dam should immediately be submitted for an
emergency cesarean section [5]. When considering the potential impact of the cesarean
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section on the health of puppies, two key things should be remembered. One is related to
whether the cesarean section is performed as an emergency or a scheduled procedure, and
the other is the type of anesthetic protocol used during the intervention.

3.3. Emergency Cesarean Section

The emergency cesarean section is a procedure associated with a high risk to the
life of both the bitch and the puppies. Mortality rates can be as high as 20% of puppies
and 1% of bitches, especially in small and predisposed breeds, including predominantly
brachycephalic breeds like French Bulldog, Boston Terrier, Chihuahua, or Pugs [1–3].

The most common maternal causes include difficult fetal passage (narrow birth canal,
presence of undetected earlier congenital vaginal defects), disturbed labor (inertia, spasms),
prolonged pregnancy, uterine disturbances (torsion, malformations), and poor psychogenic
status (restlessness, abnormal or aggressive behavior) [1,3]. Fetal factors include puppy size,
especially oversized ones, fetal malpresentation, and the total number of the puppies [3].
Single pup pregnancies or abnormally high numbers of pups should always be treated
with special care because they are serious predisposing factors to delivery complications.

The longer it takes to deliver a puppy and the later the surgery is started, the less
chance of survival a puppy has. Severe fetal distress translates into heart rate per minute;
a drop below 180 bpm is an immediate indication for the surgical intervention, whereas
below 120 is a very poor prognosis for the puppy’s survival [21,90]. The published data
directly indicate that puppies born via emergency CS are more than 7.3 times less likely to
survive than those born via elective CS [21,91]. The most common cause of the pup death
is hypoxia due to prolonged labor and placental separation, often associated with large
numbers of fetuses, malpresentation, and wedging in the birth tract [3,92].

3.4. Planned Cesarean Section

One of the ways to prevent puppy loss due to dystocia is to schedule a cesarean
section. Specific indications for an elective CS are breed predisposition, maternal age, and
litter size. Females with previous birth complications and those of high breeding value
should also be considered. It has been proven that in some situations, scheduling a cesarean
section is the safest method of pregnancy termination both for the dam and her litter [91].
However, performing a cesarean section without clear indications at the owner’s own
request is the subject of much controversy and is considered unethical by some members
of the veterinary community. In the case of scheduled operation and for the safe surgical
outcome, the appropriate anesthetic protocol should be used, which considers both the
dam and the fetuses in the uterus.

In each of the types of delivery, the puppy viability assessment should be performed
and adequate treatment instituted if abnormalities are detected [5,93]. Timing is very
important for puppy survival, further development, and overall health status.

3.5. Neonatal Assessment

Neonatal viability can be evaluated using a modified APGAR score proposed by
Veronesi [94]. Five parameters are assessed, including mucus color, heart rate, reflex
irritability, motility, and vocalization. Points (0–2) are given for every parameter depending
on the condition of the newborn [94]. A heart rate above 220 bpm (beats per minute)
gets 2 points, between 220 and 180 gets 1 point, and below 180 gets 0 points. Respiratory
effort is assessed when the newborn is crying (>15 respiratory rate (rr)), moderately crying
(between 6 and 15 rr). Reflex irritability can be vigorous, a grimace alone can be visible,
or there may be no response. When assessing motility, it is possible to observe active
motion, some reflections, or flaccid movements. The last parameter, mucus color, can be
assessed as dark pink, pale, or cyanotic. The total amount determines the final APGAR
score, which identifies the degree of a newborn’s distress: 7 to 10 points mean no distress; 4
to 6, moderate distress; and 0 to 3, severe distress.
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For brachycephalic breeds born by cesarean section, an exclusive scale has been
designed for the evaluation of brachycephalic newborns [95]. The scale was specially
modified after the Veronesi et al. scoring system and adapted to their characteristics due to
the lower degree of vitality after birth often observed in newborns of these breeds. A heart
rate above 180 bpm gets 2 points, between 120 and 180 gets 1 point, and below 120 gets 0
points [95]. Other parameters including respiratory effort, reflex irritability, motility and
mucus color are scored the same as in the APGAR scale proposed by Veronesi et al. [94].

Neonatal viability reflexes (NVR) can also be assessed. The purpose of this scale is
to evaluate a newborn’s postnatal depression based on active searching for the mammary
gland and the strength of the sucking, measured as weak, moderate, or normal [5].

These reflexes are essential in the early postnatal period to ensure newborn feeding
and survival. The suckling reflex can be assessed by inserting the gloved tip of the smallest
digit into the mouth of the neonate and checking the suckling force; it can be described
as strong (5 suckles/min), weak (>3 suckles/min) or absent. The rooting reflex can be
assessed by approaching the nose of the neonate with the forefinger and thumb shaped
into a circle and checking whether the neonate inserts its nose into this circle; immediate,
slow or absent muzzle fitting inside the circle can be observed. The righting reflex of the
neonate can be evaluated by placing it on its back on a soft surface and verifying whether
it is able to return to the sternal recumbence. Those reflexes are also scored from 0 to 2
points, and the interpretation is as follows: 0–2 points: weak viability; 3–4 points: moderate
viability; 5–6 means normal viability. Weak reflexes are often the primary sign of hypoxia
in puppies [5].

The better the viability of the newborn, the higher score it receives on each scale
mentioned above, and therefore the prognosis of its short-term survival would be better.
The transient decline in vital functions immediately after birth is often observed even
in eutocic pups [5]. Healthy newborns quickly regain their vitality; however, due to the
special vulnerability in the first few hours of life, each should receive special attention and
care. The critical and weak puppies (0–6 on the APGAR score) need even more attention
and care, as they are much more likely to have a fatal outcome within the first 2 h of life [5].

To increase the chances for survival of weak newborns, prompt and efficient resuscita-
tion is crucial. The protocol proposed by Traas et al. adopted the following sequence of
actions according to their importance: warmth, airway, breathing, circulation, and drug
administration [96]. In each case, the treatment should consist of clearing airways, drying of
a puppy, respiratory stimulation (cardiopulmonary resuscitation), oxygenation, ventilation
by a mask or endotracheal tube and, when necessary, fluid administration [5,96]. Intra-
venous administration of drugs such as doxapram, aminophylline, or epinephrine could
also be considered [96]. Naloxone can be given to reverse the anesthetic effect of opioids ad-
ministered to the dam prior to the cesarean section. In distressed newborns at risk of sepsis
due to hypoxia-induced bacterial translocation, the administration of safe antibiotics (these
include cephalosporins, penicillins, clavulanic acid, macrolides, trimethoprim-sulfonamide,
and amikacin) should be considered [18,96].

Blood glucose measurements are also helpful in assessing the risk in frail puppies.
Hypoglycemia (<40 mg/dL) within the first 8 h of life was associated with high mortality
in newborns during the first 24 h of life. At 24 h of life, the level of 92 mg/dL or below was
associated with a higher risk of mortality during the entire neonatal period (1–21 days) [4].

A second useful parameter for predicting neonatal mortality within the first 48 h of
life is the lactate level. Its concentration in the umbilical cord blood reflects the presence of
acidosis in a neonate, with high levels noted in distressed pups and low levels in healthy,
vigorous ones [97]. Both parameters combined with the neonatal APGAR score can be a
useful tool for the early identification of weak newborns that require special care, thus
reducing neonatal mortality.
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Awareness must also be given to the fact that each evaluation should always be
objectively performed by experienced practitioners. Low scores do not always determine
a negative outcome for a puppy; however, high neonatal mortality is more frequently
correlated with it [90]. When performing a viability evaluation, each newborn should also
be checked for the presence of birth defects such as cleft lip/palate, presence of a hernia, or
atresia ani.

3.6. Postoperative Pain Management

An important aspect that should not be overlooked is proper pain management for
the dam after a cesarean section [98]. In dogs, as with all mammalian species, the mother-
newborn bond is crucial for the suitable development of maternal behavior that guarantees
offspring survival. In dogs, both natural birth and assisted delivery might be a stressful
and painful experience, which could affect the way a bitch cares for her litter [99]. A
female in pain may present a weaker maternal instinct and refuse to care for or feed her
puppies. This, in turn, puts them at risk of developing hypoglycemia and hypothermia,
both very dangerous in newborns [100,101]. However, when administering analgesics
to the bitch, one must be aware of their ability to pass through the mammary gland into
milk. The most commonly used analgesics belong to nonsteroidal anti-inflammatory drugs
(NSAID) or opioids [101]. Due to the risk of damaging the immature kidneys and liver
of the newborns in the case of using NSAID, or being more sensitive to the sedative and
respiratory depressant effects of opioids, especially in pups under three weeks of age, not
many drugs are approved for use in pregnant and lactating bitches, significantly affecting
their post-surgical recovery and welfare [101]. Studies have shown that cimicoxib and
carprofen exhibit low penetration through the mammary gland barrier [101,102]. Treatment
of lactating bitches for a short period of time seems to be safe for the offspring; however,
carprofen should be used with caution in bitches with diagnosed mastitis, in which case
the drug can penetrate the milk in higher amounts [101].

All of the previously mentioned issues are only a fraction of the knowledge necessary
to ensure a safe pregnancy outcome and the health of the litter. In the case of emerg-
ing complications, the correct diagnosis and prompt treatment are essential. Providing
proper care for both the mother and the offspring would significantly reduce the risk of
neonatal mortality.

4. Newborn’s Related Factors

Birth is the moment of fetal-to-neonatal transition which requires very complex adap-
tive changes which need to occur in a short period of time. Adaptation failures will result
in newborn compromise and homeostasis disturbances, and will determine the success of
its rearing. During the transition period, the neonatal condition is self-occurring or caused
by factors beyond the newborn’s control, but also the health status and behavior of the
mother, as well as improper care and environmental conditions, may play a role in the
newborn’s welfare and development [92,103].

4.1. Fetal Congenital Malformations

An important issue that can affect intrauterine life or the health status of the newborns
is the presence of congenital malformations. The canine congenital malformations are
structural or functional abnormalities present at birth that may interfere with the viability
of newborns, thus contributing to neonatal mortality [89,104]. They can be caused by genetic
factors, inherited and/or breed-related, or exposure during pregnancy to teratogenic agents
(toxins, chemicals, irradiation, or excessive supply of vitamins A and D) [104]. Studies that
examine the frequency of malformations have shown that the most common ones include:
cleft palate (2.8%), hydrocephalus (1.5%), anasarca (0.7%), cleft lip (0.6%), polydactyly
(0.5%), segmental intestinal aplasia (0.4%) or atresia ani (0.4%), and others [104]. The pups
with diagnosed malformations in the above study were 6.7% of 803 animals examined. The
mortality rate caused by these abnormalities among the pups during the first two days of life
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was recorded at 61.4%, while from day 3 to day 30 it was 38.6%. In the vast majority of cases,
single malformations were present [104]; much less frequently, simultaneous occurrence
of two or more in one fetus was observed [105]. The risk of malformations is much more
common in pedigree dogs, and the brachycephalic dogs are among the most predisposed
breeds [2,21]. The accumulation of genetic defects over the years due to inbreeding or
selective breeding leads to reduced genetic diversity and increased predisposition of these
animals to present anatomical anomalies [10]. However, not all anomalies are associated
with an increased risk of mortality. For example, puppies born with additional fingers
(polydactyly) are unlikely to suffer from other health problems. The vast majority of
congenital malformations do, however, have a marked effect on longevity; in the case of
anasarca, hydrocephalus, cleft palate, atrophied intestine fragments, or atresia ani, the life
span will be substantially affected. Puppies with a cleft palate often develop aspiration
pneumonia due to milk entering the airways during sucking [106]. Those with intestinal
fragment atrophy are unable to pass meconium and feces, which initially leads to painful
constipation and over time death [107]. For some anatomical malformations, surgical
correction may be considered. For example cleft palate surgery [106,108] and surgical
operation of the posterior gastrointestinal obstruction [107,109] have been reported with
variable success. However, in most cases and with significant severity of defects, euthanasia
of affected puppies is often chosen to avoid unnecessary suffering.

The diagnosis of malformations is often difficult and many of them remain undetected
mainly due to a lack of clinical examination or inaccurate clinical examination or the initial
absence of clinical signs. Investigation of malformations in newborns immediately after
birth is fundamental because an early diagnosis of these conditions could lead to timely
clinical interventions and help to minimize mortality.

4.2. Birth Weight

Birth weight that reflects intrauterine growth is one of the most important determinants
of neonate survival [103,110]. Puppies weighing 25% less than the average weight of a
newborn in the given breed are suspected to have a significantly higher mortality rate [111].
The risk of death for puppies characterized by low birth weight is 12 times higher compared
to other newborns of normal birth weight from the same litter [112]. Low birth weight
is usually followed by fetal immaturity that limits the adaptation of the newborn to the
postnatal environment. Such puppies in comparison to average neonates of the same
litter have a lower ability to maintain proper body temperature due to a higher body
surface/weight ratio and are prone to hypothermia [113]. Moreover, puppies with low
birth weight have reduced energy supplies, are less vigorous, and as a result, cannot
compete with the rest of the puppies in suckling and thus do not take a sufficient amount
of colostrum, which makes them prone to hypoglycemia and dehydration [103,111]. As
a result, such newborns would be susceptible to developing growth and neurocognitive
deficiencies, cerebral palsy, intracranial hemorrhage, sepsis, hyaline membrane disease,
apnea, and retrolental fibroplasia [114].

Factors that influence birth weight could be classified as maternal, fetal, and placen-
tal [115]. Dam size, weight, body condition, age and breed, environmental conditions, as
well as litter size were described as important variables that affect fetal weight [103,116].
Due to the fact that birth weight reflects intrauterine nutrition of the fetus, the condition
of the placenta is one of the basic factors affecting the newborn [113]. Numerous studies
have been carried out on human and other animal species that provide information on the
relation between the birth weight and placenta [117–121]. Several studies were conducted
on dogs [113,122]. In small and toy breeds, authors revealed a positive correlation between
the birth weight of a puppy and the placental weight and its total area [113]. The total area
of the placenta, transfer zone area, and total vascular area were also proven to correlate
strongly with the placental weight [113]. The research focused on the histological exam-
ination of the placenta revealed that necrosis was a frequent finding in dogs. However,
it was shown that only multifocal-confluent necrosis was associated with a higher risk
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of newborn death [122]. The placental examination should always be considered as it
may provide prognostic information about the puppy’s future development. However,
further investigation on a larger scale on breeds from the remaining groups should still be
carried out.

4.3. Noninfectious Conditions in Newborns

All newborns deserve great attention at this critical moment shortly after birth. The birth
weight and daily gains should be carefully recorded during the first weeks of life because
adequate growth reflects the puppy’s vitality, health, and proper development [103,111].
Stasis in weight gain is often the first alarming signal in the case of most neonatal diseases. It
indicates that the newborn is, for some reason, weakened and does not take enough food [92].

The body of a newborn dog works very differently from an adult dog’s body. It is
worth noting that in almost every case, the particular disorders of homeostasis in newborns
occur together and their symptoms overlap.

4.3.1. Hypoxia

Hypoxia is the first emerging state responsible for 60% of all neonatal deaths. The
oxygen deficits in neonates usually start from the dysfunction of umbilical circulation that
can be caused by prolonged and/or complicated parturition, i.e., umbilical cord vessel
compression or rupture, as well as too early placental detachment while a puppy is still in
the birth canal [92]. In addition, it was reported that puppies born in posterior presentation
were more susceptible to respiratory and metabolic acidosis than those born in anterior
presentation [123]. Furthermore, administration of oxytocin, anesthetic agents, surgical
preparation, and the cesarean section may also contribute to newborn hypoxia [92]. Mildly
hypoxic neonates are able to shift circulating blood from intestines, kidneys, spleen, or
skin and towards heart, brain, diaphragm, and adrenal glands. Severe oxygen deprivation
decreases fetal heartbeat, leading to tissue hypoxia and ischemia and finally multiorgan
failure. Affected puppies are more prone to amniotic fluid aspiration, and their mucous
membranes become less resistant to the pathogens’ penetration [92].

4.3.2. Hypothermia

The next noninfectious condition that may threaten the life of the newborn is hypother-
mia. Immediately after birth, any neonate is introduced into the adversely cool environment
in comparison to the intrauterine conditions [111,124]. The cooling sensation is escalated
by the amniotic fluid residuals. Hypothermia could lead to a significant drop in the heart
rate (200–250 bpm at 35.6 ◦C vs. 40–50 bpm at 21.1 ◦C), respiratory rate decrease, and
loss of suckling reflex, which in turn can cause dehydration and gastrointestinal disorders.
Such puppies would be much more susceptible to infections (e.g. herpes virus, bacteria,
and opportunistic pathogens) [92]. As thermoregulation is not fully developed in newborn
puppies and they are not able to shiver until day 7 of life, to compensate for the temperature
loss, they can only use the high energy-consuming thermal conduction [111]. Therefore,
the body temperature of a puppy strictly depends on the efficiency of the mother’s care. If
the dam’s maternal instincts are inadequate, the proper room temperature and additional
heat sources are essential for puppies’ survival [111].

4.3.3. Hypoglycemia

Hypoglycemia might be the consequence of the low core temperature or occur sepa-
rately with the suckling failure due to a variety of reasons. A neonate is born with immature
liver and the energy stored as hepatic glycogen is usually enough only for the first day of
life [92,125]. Moreover, some factors such as mother’s malnutrition or insufficient nutrition
during pregnancy could reduce the newborn’s glycogen supplies. Within 8–12 h after being
born, a puppy is forced to rely on colostrum/milk intake to maintain the proper glucose
blood level. Reduced or no food intake would result in rapid glycogen reserves depletion
and the development of hypoglycemia with typical symptoms of nervousness, vocalization,
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irritability, and intense hunger that, if not corrected, would be followed by lethargy, mental
dullness, depression or stupor, seizures, tremors, and finally the death of the puppy [92]. It
is worth noticing that the severity of hypoglycemia symptoms does not always correspond
to relatively low blood glucose levels. Moreover, the clinical condition reflects the puppy’s
energy reserve. That explains why empirically based treatment with intravenous or oral or
glucose in many cases does not lead to a clinical improvement in the neonate [123].

4.3.4. Dehydration

Dehydration represents another homeostatic disorder which is usually a result of a
non-properly functioning excretory system, but can also occur with inadequate milk intake.
Newborn’s kidneys are not fully developed at birth and need a minimum 2–3 weeks to
undergo nephrogenesis to become fully functional [111,125]. The early kidney filtration is
characterized by a slow clearance of fluids, increased sodium loss, and, most importantly,
the inability to conserve water. That is why neonates are extremely susceptible to dehy-
dration [111]. It is important to remember that water turnover rate in pups is double than
in adult dogs and they demand an intake of approximately 132–220 mL/kg/day [111].
Usually, a sick puppy, independently of cause, brought to a veterinary clinic presents a set
of common symptoms such as low body temperature, malnutrition, and dehydration [111].

4.4. Neonatal Diarrhea

Neonatal diarrhea most commonly results from improper postnatal care and nutrition;
however, it can also be caused by infectious agents, especially in the case of high pathogen
exposure or adverse environmental conditions. The most common cause of non-infectious
diarrhea is overfeeding the puppy or offering unsuitable food [92,126]. Most often it
is noted in orphaned puppies and underfed neonates, which require complementary
nutrition [92,126]. Thus, it is essential to choose a well-composed milk replacer and carefully
calculate the intake for the puppy weight, according to the following rule: 20% of actual
body weight per 24 h divided into 6–8 portions [92]. Poorly balanced diet, wrong feeding
schedule, or inaccurate amounts would contribute to illnesses and other health problems.

4.5. Passive Immune Transfer and Colostrum Intake

It has to be remembered that the primary reason for the majority of postnatal disor-
ders is the insufficient consumption of colostrum, and thus ineffective passive immunity
transfer [14,127,128]. Only 10–20% of the mother’s IgG goes through the endotheliochorial
placenta in dogs. However, other authors report that puppy serum IgG concentration before
colostrum intake contains only 5% of immunoglobulins G compared to adult dogs [129].
The colostrum intake immediately after birth is essential for neonatal survival, development,
and further health [130]. Colostrum, apart from IgG, IgA, and IgM, essential for passive
immunity of a newborn, also contains nutrients, lysozymes, lactoferrins, white blood cells,
cytokines, hormones (cortisol, insulin, thyroxin, somatotropin, growth hormone), specific
microbiota, and several growth factors (insulin-like growth factors, epidermal growth factor,
nerve growth factor), all needed for proper development [61,129,130]. The most important
factor in colostrum intake is the time of ingestion which should not be later than 12–16 h
of life [61,130]. This limitation is an effect of neonate digestive wall differentiation. From
the moment of birth up to 4 h of life, around 40% of colostrum immunoglobulin (Ig) could
be absorbed. This ability decreases gradually up to 12–16 h after parturition, when the
junctions between enterocytes become tight and the intestinal wall becomes impermeable
for Ig and thus its absorption is not possible any longer [130]. Since the sufficient intake of
colostrum controls the risk of newborn puppies’ mortality, colostrum deprivation greatly
increases the risk of necrotizing enteric disease and septicemia [130].

In the case of the lack of colostrum or its insufficient supply, puppies need to be
hand-reared using commercial or homemade milk replacer. However, balancing the for-
mula to cover the needs for nutrients, energy, and volume might be quite challenging,
especially for the homemade one. Breeders can also look for a foster dam with a litter of
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similar age to ensure sufficient immune protection [130]. It was also reported that the oral
administration of canine serum immediately after birth resulted in sufficient protective
IgG level (2.3 g/L) in puppies’ serum [131]. It is recommended that plasma donors live in
the same environment. Moreover, promising results were obtained with the use of serum
containing specific antibodies against common canine pathogens [131]. Many products
are available on the market; unfortunately, no milk substitute can completely replace the
colostrum or natural milk. Immunoglobulins present in some of the formulae can, to some
extent, replace the effect of colostrum by coating the intestinal epithelium and creating
a barrier against pathogens’ adhesion and translocation to the bloodstream [131]. Some
authors also suggested the establishment of dog colostrum banks, similar to farm animals’
husbandry [131].

Toxic Milk Syndrome

Another non-infectious risk factor which could appear in newborns is toxic milk
syndrome (TMS), caused by the milk being contaminated with bacterial toxins [132]. The
most common cause of TMS is acute mastitis or metritis present in dams [132]. Toxic
milk syndrome usually affects puppies from birth to two weeks of age. The pups become
weak and cry intensively. In most cases, diarrhea and intestinal gas accumulation occur.
Frequently, due to intensive diarrhea, the puppy’s anus becomes red and swollen. In the
authors’ own observations, often the strongest and the most eager to suckle puppies are
affected first. If TMS is suspected, suckling should be immediately discontinued, puppies
should be fed with milk replacer, and suitable treatment in a dam should be started.

4.6. Maternal Care

Dam’s behavior after parturition is strictly related to the offspring’s survival, and
the lack of effective maternal care exposes pups to environmental factors dangerous to
their health [133,134]. The most common signs of maternal neglect are behavioral: the
refusal to permit nursing or abandoning the litter; and physiological: the complete lack
of lactation or insufficient lactation. For that reason, the most common effect of maternal
neglect is initially hypothermia followed by hypoglycemia and dehydration [92]. On the
other hand, some bitches may present excessive maternal behavior characterized by very
intense licking and cleaning, which could also lead to hypothermia of a newborn [133].
Breeders can be assured that in abandoned puppies, accurate environmental conditions,
scrupulous nurture, and suitable diet should be sufficient to raise a healthy litter. It should
also be remembered that maternal care is essential not only for puppies’ health, but also for
their socialization and behavioral development [133].

The most important conclusion regarding postnatal factors interfering with puppy
survival is that most of those factors could be avoided with proper and conscious postnatal
care. That is why understanding the mechanism of neonatal problems is essential for
successful breeding [103].

5. Infectious Factors

A physiologically immature puppy without proper neonatal care will be more prone
to suffer from inadequate colostrum intake, and thus will have deficient immunity and
increased risk of infection. A bitch may come into contact with different microorganisms at
different stages of life. The outcome of pregnancy and the viability of the offspring are most
influenced by dams’ immunization (vaccinations), mating hygiene, care during pregnancy
and perinatal period, as well as the conditions in which the mother and her puppies are
housed for the first few weeks of their lives. Infectious agents are considered the second
main cause of a high mortality rate after dystocia [92]. Microorganisms can be transmitted
from bitch to pups during pregnancy through the placenta, during delivery, and later from
vaginal and oronasal discharges, feces, urine, or milk [135].

173



Animals 2022, 12, 1402

5.1. Bacterial Agents

Bacterial agents most commonly found in pregnancy loss and increased neonatal death
include Escherichia coli, Staphylococcus spp. and Streptococcus spp., and Klebsiella pneumoniae [92,
135–137]. Those detected less frequently include bacteria such as Brucella canis, Proteus mirabilis,
Pseudomonas aeruginosa, Mycoplasma spp., and Campylobacter jejuni [138–142]. Their presence
can be associated with abortion, stillbirths, reduced neonatal viability, and even temporary
or permanent infertility in adult animals [135]. In the course of most bacterial infections,
septicemia is considered the leading cause of death in puppies under 21 days of age [135]. The
course of the disease is usually hyperacute and the death occurs shortly thereafter. However,
subacute cases have also been observed [4]. The care of a newborn suffering from septicemia is
very difficult due to the very vague clinical signs and the rapid progress of the disease, which
significantly hinders diagnostic and therapeutic efforts; hence, the prognosis in such cases is
very cautious [92]. Among many indicators reviewed for their usefulness in the assessment
of mortality risk, the viability assessment carried out using the modified APGAR scale and
the colostrum intake measured by blood glucose concentration during the first 24 h of life
has proven to be useful for canine neonates [4,94]. It should also be mentioned that ticks
can be a source of infection with dangerous bacteria. Cases of fetuses being infected by their
mother suffering from tick-borne diseases caused by the Anaplasma platys bacterium have
been documented [143,144]. The detection of bacterial DNA in newborn pups of seropositive
dams in the absence of clinical signs is suggestive of the ability of the bacterium to cross the
placental barrier. Moreover, its capability to infect fetuses as early as the first half of pregnancy
has also been demonstrated [143]. More research is needed to determine the effects of infection
during the fetal period on the life and health of the offspring, as well as to raise awareness
among vets and owners to administer appropriate bacterial prophylaxis to their pets.

5.2. Viral Agents

Viruses are a common cause of reproductive failure in companion animals. Their small
size facilitates crossing the placental barrier, leading to pregnancy losses either by transpla-
cental transmission itself and direct infection of embryos or fetuses or, less frequently,
by severe debilitation of pregnant animals in the absence of congenital infection [145].
Canine parvovirus (CPV-1) and canine herpesvirus (CaHV-1), among others, are mainly
responsible for such problems. In the case of herpesvirus infection, litter size disproportion
often develops, neonates are born dead or weak, and mortality in the first 8 weeks of life is
usually high [146]. In the case of canine parvovirus infection, depending on the stage of
pregnancy in which the infection occurred, embryonic death and resorption are possible in
the early stages, while stillborn or weak pups are observed in the later stages. Acute infec-
tion in puppies in the first days of life is present with vague general signs (no food intake,
hypoglycemia, fever) and usually soon leads to the puppy’s death [147]. The morbidity of
the virus is usually 100%, and mortality among puppies younger than 6 months without
medical treatment reaches 91%, which can be reduced with suitable treatment [148]. The
effective management of viral infections in breeding dogs is primarily based on extensive
preventive measures. Various immunization protocols are available, including vaccination
against canine parvovirus [149] and canine herpesvirus [146]. Vaccination is the most effec-
tive way to control the spread of both infections in dogs and to prevent the development
of clinical forms of diseases. Vaccination eliminates the risk of infection during and after
pregnancy, increasing the pup’s chances of survival.

5.3. Parasitic Agents

When talking about infectious factors, one cannot forget the problem associated with
infections with intracellular parasites such as Toxoplasma gondii and Neospora caninum.
Toxoplasmosis in dogs is much less common than in cats. Most often it leads to immuno-
suppression and the onset of neurological symptoms: seizures, nerve deficits, ataxia, or
paralysis can be evident [150]. Infection-prone pregnant bitches are a serious concern. Para-
sitemia can cause placentitis, followed by the spread of tachyzoites to the fetus, and can
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cause miscarriage. Fetal resorptions and sudden infant death have also been reported [151].
T. gondii has also been isolated from pups of seropositive dams without clinical signs [150].
Toxoplasmosis is frequently associated with secondary infections in dogs. When combined
with viral infections, such as the distemper virus (CDV), it can cause the death of the
entire litter due to a complete immune failure in very young animals (up to 30 days of
age) [152]. The second intracellular parasite is the protozoan Neospora caninum [153]. Dogs
can be intermediate or definitive hosts, while infection occurs mainly through contact with
contaminated water or food containing cysts. The horizontal transmission of the parasite
from mother to fetus through the placenta is also possible [153]. Robbe et al. reported that
pregnancy might be a predisposing factor for the Neospora caninum infection, which usually
results in abortion or the birth of weak puppies that die shortly after [154]. In Australia, a
case of a bulldog litter born from a seropositive mother was reported, in which one of the
seven pups died from a multisystemic infection caused by Neospora caninum [155]. The pup
was the smallest of the litter and was reported to have signs of weakness, lack of sucking
reflex, and difficulty breathing. When necropsy was performed, diffuse pulmonary edema,
inflammatory changes in internal organs, and acute myocarditis were detected. Studies
conducted in Italy [154], Iran [156], Brazil [157], and Australia [158] indicated that parasitic
diseases in breeding dogs are underestimated and often overlooked despite the significant
prevalence of toxoplasmosis and neosporosis in the companion dog population. It should
be noted that they are related to the trend of feeding raw animal meat in the BARF diet,
which, at least for this reason, should not be recommended for feeding pregnant females,
as it can be a potential source of infection with these protozoa [159,160].

6. Conclusions

The neonatal period is a challenging time of adaptation for any puppy to life outside
their mother’s body. In our review, we have discussed a variety of factors that affect puppy
viability in the early stages of life. The order of discussion was guided by the natural course
of pregnancy, birth, and the neonatal period. The viability of puppies depends first on the
health of the mother and the environment that affects her in different ways, and then on
the maturity of the adaptive mechanisms developed by those puppies during embryonic
and fetal development.

For the early detection of the first signs of any emerging abnormality, the fundamental
factor is conducting examinations and observing the pregnant bitch. Regular ultrasound
and electrocardiographic monitoring enable rapid diagnosis of abnormalities, which, in
turn, increases the chance of effective implementation of therapeutic measures [5,78–82,84].
This is especially true in the case of potential perinatal complications, because the impact
of delivery on pup viability should always be kept in mind. The emergency cesarean
section carries far greater risks than natural birth or planned surgery, and delaying the
decision can often be fatal to the viability of the pups [5]. Therefore, the safest solution
would be a planned cesarean section in the case of bitches known to be prone to perinatal
complications, either due to breed predisposition or previous history. After the surgery, it is
necessary to perform a quick evaluation of newborns, usually using the modified APGAR
score [94] and the NVR [5], which are highly effective in identifying weak pups that require
special care.

The cesarean section is also a challenging procedure due to the adequate intra- and
postoperative care. For the safety of milk-sucking puppies, medications given to the mother
are often highly restricted. However, after all, they are essential for dams’ welfare and
could significantly reflect the quality of care a female provides for her puppies [100,133,134].
In the authors’ opinion, the problem of providing adequate analgesia protection to the bitch
after a cesarean section is urgent and certainly requires further research to improve current
surgical protocols. However, it should be remembered that once a puppy does not take
milk, especially not colostrum, the risk of developing immunity problems would increase.
Any factors that weaken a newborn’s immunity drastically increase its susceptibility to
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infections. Thus, it is crucial to provide diligent care and hygiene for the bitch and her
offspring. The risk of certain infections can be reduced through regular vaccinations.

In conclusion, all collected information focuses on factors influencing the viability of
puppies during their most critical infancy period. The authors hope that this review would
be helpful both for scientists and practitioners to grasp the picture of the vastness of the
interrelationships during the perinatal period that determine neonatal health and welfare. It
should also be mentioned that canine reproduction currently focuses on pedigree dogs only.
Hence, inbreeding and focusing solely on exterior characteristics significantly increased
susceptibility to perinatal complications [10]. This leads to a situation observed more
and more often nowadays, where reproduction in some breeds, mainly brachycephalic, is
impossible due to their anatomy and physiology, without medical assistance performed
by veterinarians [21]. The ethics of such a practice is difficult to assess due to divergent
opinions among scientists, physicians, and breeders involved in small animal reproduc-
tion [17,161]. Cooperation between science and veterinary medicine can contribute to a
more effective accumulation of knowledge in the field of canine neonatology and thus a
further improvement in the quality of services provided.
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Simple Summary: Although the pain associated with parturition performs the primary physiological
function of maintaining frequent, strong myometrial contractions, its biological consequences can affect
the health of both mother and fetus. Whilst analgesic therapy may be recommended to avoid pain,
the evidence indicates that the mechanisms of some analgesic drugs can interfere with the biological
process of labor. Opioids and non-steroidal anti-inflammatory drugs have been shown to indirectly
inhibit myometrial contractions by decreasing oxytocin secretion, while local analgesics decrease the
number of contractions, although its intensity increases, improving maternal performance. This article
analyzes the physiological role of pain during labor and the use and efficacy of opioids, non-steroidal
anti-inflammatory drugs, and local analgesics in treatments to manage parturition in domestic mammals.

Abstract: This article analyzes the physiological role of pain during parturition in domestic ani-
mals, discusses the controversies surrounding the use of opioids, non-steroidal anti-inflammatory
drugs (NSAIDs), and local analgesics as treatments during labor, and presents the advantages and
disadvantages for mother and offspring. Labor is a potentially stressful and painful event, due
to the contractions that promote expulsion of the fetus. During labor, neurotransmitters such as
the prostaglandins contribute to the sensitization of oxytocin receptors in the myometrium and
the activation of nociceptive fibers, thus supporting the physiological role of pain. Endogenously,
the body secretes opioid peptides that modulate harmful stimuli and, at the same time, can inhibit
oxytocin’s action in the myometrium. Treating pain during the different stages of parturition is
an option that can help prevent such consequences as tachycardia, changes in breathing patterns,
and respiratory acidosis, all of which can harm the wellbeing of offspring. However, studies have
found that some analgesics can promote myometrial contractility, increase expulsion time, affect fetal
circulation, and alter mother–offspring recognition due to hypnotic effects. Other data, however,
indicate that reducing the number of uterine contractions with analgesics increases their potency,
thus improving maternal performance. Managing pain during labor requires understanding the
tocolytic properties of analgesics and their advantages in preventing the consequences of pain.

Keywords: pain; labor pain; calving; farrowing; analgesics
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1. Introduction

It is well established that the avoidance of pain is beneficial for animal welfare. In
order to achieve this, adequate, timely management techniques are required to ensure
animal wellbeing and mitigate the sensory and physiological consequences of pain [1,2].
In domestic animals, parturition is an event that normally involves pain, but controversy
surrounds the use of analgesics during labor because of conflicting reports as to their
benefits in controlling pain, their ability to maintain productive functions and adequate
maternal performance [3], their tocolytic effects, and the inhibition of uterine contractions
that may prolong labor and affect fetal circulation and/or the dam’s recognition of her
newborn(s) [4–6]. A further challenge is in the practical implementation of analgesic
protocols, since animals may show few signs that parturition is imminent and may give
birth away from stockpeople who can intervene.

Eutocic parturition is considered a stressful and painful event, mainly because of the
frequent, strong uterine contractions that occur during this process [7]. The physiological
consequences of pain during the various phases of parturition derive from chemical medi-
ators such as prostaglandins (PG) and cortisol, which sensitize oxytocin receptors in the
myometrium to promote contractions [8] but can also trigger autonomic responses such as
tachycardia, hypertension, changes in breathing patterns, and a state of acidosis [9].

Pain is also involved in the maintenance of myometrial contractions via positive feed-
back [10] in association with the release of endogenous opioid peptides (EOP) that decrease
oxytocin sensitization and the frequency of uterine contractions, with the consequence that
an eutocic delivery could be converted into a dystocic one [11,12]. In contrast, some studies
have shown that a decrease in the number of contractions as a result of analgesic admin-
istration is not necessarily associated with complications during labor, but may actually
increase the strength of contractions and lessen pain-related consequences [13–15]. Given
this controversy, in which some authors sustain that the role of pain during parturition is
limited [16], while others argue that pain is an essential element of the normal course of la-
bor [10], we set out to analyze the physiological role of pain during parturition and discuss
the usefulness of local anesthetics, non-steroidal anti-inflammatory drugs (NSAIDs), and
opioids as treatments during labor in domestic animals, as well as the potential advantages
and disadvantages of their use for both mother and offspring.

2. Controversy on the Participation of Pain during Parturition

Mainau and Manteca [16] established that parturition is a physiological stage in
which the perception of acute pain results from uterine contractions, the expulsion of the
fetus, and inflammation of the uterine tract. Uterine contractions are necessary, especially
during the expulsion phase, when they increase in strength and duration, increasing pain
intensity (Figure 1) [17,18].

Martínez-Burnes et al. [7] described the physiological role of pain that, together with
the degree of fetal maturity, transform the uterus from a quiescent organ to an active one
with an abundant presence of oxytocin receptors and proteins such as connexin 43 (Cx43),
the elements that cause sustained, synchronic contractions of the myometrium [19,20].
Reports on mammals suggest that the increase in binding sites in the uterus occurs 24 h
before the onset of parturition, and that their number increases over 300-fold once the
phase of parturition begins [21].

Secretion of oxytocin is required for contractions to occur. Experimental models of
rodents have shown that pain has a positive effect on oxytocin secretion [22]. In rodents,
oxytocin neurons produce a series of synchronic bursts of this hormone that later act
on myometrial oxytocin receptors, while oxytocin neurons generate signals at the level
of the spinal cord and vagal nerve directed to α2 noradrenergic cells. This creates a
self-sustaining positive feedback cycle that culminates with the release of oxytocin and
maintains contractions. The cycle is known as the Ferguson reflex [10,23–26]. In addition,
increased noradrenaline concentrations in the supraoptic nucleus (SON) and magnocel-
lular region of the paraventricular nucleus (where the α1-adrenoreceptors are located)
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activate oxytocin neurons during the phases of parturition, promoting oxytocin synthesis
and secretion [27].

Figure 1. Neurobiology of pain during parturition. With the onset of labor and its clinical signs,
such as cervical dilation, myometrial contractions, uterine distention, and increased concentrations
of PG, estrogen, collagenase, and other mediators, a nociceptive response is detected by Aδ and
C fibers. These neurons transmit sensations of visceral and somatic pain to the dorsal horn of the
spinal cord, where interneurons modulate and project to supraspinal centers to trigger the conscious
perception of pain. Brain areas such as the HYPO and PVN are responsible for generating physiologi-
cal responses that trigger secretion of catecholamines, glucocorticoids (cortisol), and OT. OT is the
main hormone associated with the onset and maintenance of labor. Its secretion, together with PGF2α
and cytokines, activates OTR to increase the strength, frequency, amplitude, and duration of my-
ometrial contractions. ACTH: adrenocorticotropic hormone; CRH: corticotropin-releasing hormone;
DRG: dorsal root ganglion; HYPO: hypothalamus; LPS: lipopolysaccharides; NFkB: nuclear factor-kB;
OT: oxytocin; OTR: oxytocin receptors; P4: progesterone; PG: prostaglandins; PVN: paraventricular
nucleus; SAM: sympathetic-adrenomedullary axis; SP-A: surfactant protein A; TAL: thalamus.

Oxytocin is associated with an analgesic effect, achieved by changing the permeability
of the chloride ion in GABAergic neurons [28]. The peripheral, spinal, and supraspinal anal-
gesic action of oxytocin is also linked to hyperpolarization, mediated by a
Ca2+-dependent mechanism [29] and by the interaction with transient potential vanilloid 1
receptors (TRPV1). Subcutaneous administration of oxytocin reduces capsaicin-induced
nociception in rats (Rattus norvegicus) and mice (Mus musculus), due to a desensitization
effect on the ion channels [30,31]. The function of pain, oxytocin secretion and its potential
analgesic role are, however, thought to be limited when an acute process generates an
attenuation response by the hypothalamus–pituitary–adrenal axis (HPA). Activation of the
HPA releases endogenous opioid peptides (EOP) such as dynorphin and β-endorphins
that inhibit oxytocin secretion by occupying κ receptors in the neuronal terminals of the
anterior pituitary. As a direct consequence, this reduces secretion of the adrenocorti-
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cotropic hormone (ACTH), causing a decrease in the number and intensity of uterine
contractions [11,32–35].

Another consequence of labor pain is the activation of the autonomic nervous system
(ANS). This leads to an increase in catecholamine secretion. The increase in plasma con-
centrations has been considered to have a tocolytic effect on uterine motility that reduces
myometrial contractibility by occupying β-adrenergic receptors in the sympathetic ner-
vous system (SNS), and promoting muscular relaxation [36]. Studies in human medicine
have demonstrated that β-adrenergic stimulation also reduces the synthesis of PGF2α and
PGE2 [36], two mediators that participate in the expulsion of the fetus and placenta [37].
The relaxation of the myometrium and uterine contractions prevention result in prolonged
farrowing and increased number of nociceptive signals. Contrarily, the antagonism of
β-receptors with (carbazolyl), in the Sabuncu et al. [38] analysis of 150 German Landrace
sows at 111 days of gestation, showed a reduction in farrowing time from 4.7 ± 0.3 h to
4.0 ± 0.3 h. However, Bostedt and Rudloff [39] found that the action of catecholamines on
the myometrium depends on α and β receptors, since their relative abundance can vary
in relation to the reproductive cycle stages. It is well known that α receptors predominate
during estrus, while β receptors increase in number as gestation advances, so it can be
inferred that catecholamines action and the presence of predominant adrenergic receptors
can alter myometrial activity.

The physiological consequences described in relation to the decrease in myometrial
motility have repercussions not only for the condition of the gestating female, but also
for the health and vitality of her offspring. In this regard, Olmos-Hernández et al. [40] evalu-
ated the effect of parity number on the presentation of dystocic farrowing in
120 hybrid Yorkshire × Landrance sows. In that study, gilts presented more contrac-
tions than sixth-parity sows, greater contraction intensity (12.30 mmHg), and more intra-
partum stillbirths. Those results were attributed to the deleterious effect of prolonged, sus-
tained myometrial activity on fetal circulation, which significantly decreased gas exchange
within the placenta and produced neonatal hypoxia in the fetus. Later studies confirmed
that maternal stress produces hyperactivity of the HPA and the sympathetic–adrenal–
medullary system, related to catecholamine release, elevated fetal blood pressure, and poor
placenta-uterine perfusion [41,42].

The relationship between catecholamines and pain and stress responses during lamb-
ing was investigated in a study where 2 h of psychosocial stress was imposed through
isolation of the gestating ewes. The response was measured in uterine blood flow that
utilized an adrenergic block with labetalol to determine the influence and impact of cate-
cholamines on the fetus. The results showed fetal cortisol levels 8.1 ± 2.1% higher than
in the dams, elevated noradrenaline concentrations, and a 22% reduction in uterine blood
flow that produced prolonged anaerobic metabolism and fetal hypertension. It is important
to note that the adrenergic block impeded the reduction in fetal blood flow, indicating the
role that hormones and neurotransmitters play in the health outcomes of fetuses [43].

As Mainau et al. [44] discuss, the occurrence of uncontrolled pain during parturition
alters the physiological effect of this condition and triggers a cascade of events ending with
the secretion of glucocorticoids (cortisol) that, in conjunction with EOP, inhibit oxytocin
release. When concentrations of oxytocin are altered during the expulsion phase, direct
or indirect consequences for the fetus can include hypoxia, aggression by the dam, and
rejection of the offspring, as well as inhibition of colostrum and milk ejection, increasing
pre-weaning mortality. Analgesic therapy of dams during labor might be justified to avoid
these problems. However, as we discuss in the following sections, the site and mechanism
of action, and adverse effects of the analgesics often employed during birth, must be well
understood and evaluated before deciding to apply any analgesic protocol (Figure 2).
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Figure 2. Action site of analgesics commonly used during parturition. Depending on their action
mechanism, these drugs intervene at different levels of the nociceptive pathway. The NSAIDs block
harmful impulse transduction by inhibiting COX and PG production, while LA can intervene in
the first three stages of the nociceptive pathway by blocking voltage-gated sodium channels in the
spinal cord. Secondly, opioids are centrally acting analgesics that hyperpolarize neurons to prevent
the projection and perception of pain. In general, all three types of drugs can potentially decrease
the frequency and amplitude of contractions of the uterus, but this effect depends on the drug and
dose administered. 1: transduction; 2: transmission; 3: modulation; 4: projection; 5; perception;
COX: enzyme cyclooxygenase. GPCRs: G protein-coupled receptors; PGF2α: prostaglandin 2α.

3. Opioids

These analgesics are generally considered superior for control of moderate-to-severe
acute pain through agonism to μ, κ, and λ receptors [45]. Their action inhibits the action of
G protein-coupled receptors (GPCRs) of cyclic adenosine monophosphate (cAMP), generat-
ing an increase in the conductance to K+ that promotes hyperpolarization of the membrane
in second-order neurons (Figure 3) [46,47]. Morphine, fentanyl, methadone, and meperi-
dine are the most commonly applied opioids for pain management [7]. However, their
effects on parturition are controversial, and may be species dependent.

The analgesic action of morphine at a dosage of 30 μg/10 μL administered with
subcutaneous oxytocin was evaluated in 62 gestating albino Sprague Dawley rats based on
observing nocifensive behaviors. In the animals that received morphine, the researchers
registered a reduction in the number of stretches, a behavior associated with the nociceptive
component of uterine contractions, compared to a control group that received an epidural
saline solution (frequency of 8 ± 2 vs. 57 ± 12 stretches). The authors did not report
significant alterations in mean labor duration, but the rodents treated with the opioid had
lower amounts of spinal c-Fos-positive neurons (80 ± 21 vs. 165 ± 17) [48]. C-Fos expression
is considered a neuronal marker of nociceptive activation by the spinal afferent fibers that
responds to visceral uterine pain during labor in the first 30 min after stimulus onset [49].
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Figure 3. Action mechanisms of opioids, NSAIDs, and local analgesics. During labor, all three
types of analgesics exert their action by interacting with various receptors and metabolic pathways.
Opioids activate MOR in first- and second-order neurons to prevent Ca2+ influx, increase K con-
ductivity, and hyperpolarize the membrane. NSAIDs block the COX enzyme and production of
PGs. Local analgesics block Na+ channels, preventing the transmission of harmful stimuli, but also
exert a tocolytic effect by generating a motor blockade that reduces the smooth muscle contractility
of the myometrium. Similarly, the decreases in PG production and OT secretion affect the con-
tractility of the uterus. COX: cyclooxygenase; LA: local analgesics; MOR: mu-opioid receptors;
NSAIDs: non-steroidal anti-inflammatory drugs; OT: oxytocin; OTR: oxytocin receptors;
PVN: paraventricular nucleus.

Tong et al. [50] determined that intrathecal administration of morphine at infusion
rates above 0.035 microg/h administered one day before the onset of parturition, eliminated
phasic stretching in 25 primiparous gestating Sprague Dawley rats. By blocking the pain
caused by the distension and inflammation of the pelvic viscera, morphine reduced the
perception of the harmful stimulus, but showed no adverse effects on the duration of labor,
on the presentation of normal activities (e.g., eating, drinking, grooming), or on maternal
behaviors such as nest-building, pup-licking, or eating the placenta. The authors thus
suggested intrathecal application of morphine as a pharmacological option for treating
pain during the birth process.

In spite of these in vivo studies finding no difference in labor duration with opi-
oid administration, other in vivo and tissue-based studies have shown that contractil-
ity of smooth muscle is modified by opioids. Nacitarhan et al. [4], evaluated the cu-
mulative effect of alfentanil, meperidine, and remifentanil on strips of the longitudinal
uterine smooth muscle of gestating rats (18–21 days). After inducing contractions with
1 mU/mL of oxytocin, the authors reported that the opioids and local analgesics (LA)
such as bupivacaine and ropivacaine significantly reduced myometrial contractions. Simi-
larly, the tocolytic action of morphine and its impact on labor have also been reported by
Javadi-Paydar et al. [51], who studied NMRI (Naval Medical Research Institute) mice at
15 days of gestation. Those authors evaluated the effect of a single intraperitoneal (IP) dose
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of morphine (10 or 20 mg/kg) vs. a double dose (5 or 10 mg/kg) in lipopolysaccharide
(LPS)-induced births. The opioid administered in the double dose reduced the incidence
of LPS-induced preterm delivery by 50 ± 17.7% compared to the control group, a result
that meant an interruption or delay of parturition due to diminished oxytocin secretion [6].
It has been suggested that the myometrial effect of exogenous administration of opium-
derived analgesics is related to a mechanism similar to that of the EOP during parturition,
since the presence of a large amount of opioid receptors in PVN neurons decreases oxytocin
secretion with the expected consequences [27]. For example, morphine increases the rate of
the metabolic clearance of oxytocin, which has been shown to reduce uterine contractions
by up to 17%, 30–45 min after administration [52].

In contrast to the findings in rodents, the use of opioids in humans has been associated
with respiratory depression, altered neonatal vitality scores, higher mortality, and problems
in mother–offspring interaction due to hypnotic effects [53]. There have also been reports
of a tocolytic effect on myometrial activity, suggesting that this could affect maternal
performance at birth [54–56]. These findings are corroborated by a study in baboons
(Papio anubis) in their third trimester of gestation (140–150 days). The animals were treated
with one 5 mg dose of morphine intravenously (IV) after receiving a bolus injection of
oxytocin (500 mU by intravenous infusion) to induce uterine contractions. Morphine
increased the metabolic clearance rate by 40%, and significantly reduced the amplitude and
frequency of contractions (27 ± 8 mmHg and 3.2 ± 0.5 contractions/15 min, respectively)
but did not affect their mean duration [57].

The delay in fetus expulsion may have physiological consequences for both, the dam
and her neonate, manifested in myometrial dysfunction, fetal asphyxia, stillbirths, maternal
and fetal morbidity, and fetal cardiorespiratory depression [58]. The occurrence of these
adverse effects is attributed, in some cases, to the pharmacokinetics of the drugs. One
example of this was observed in a study of 16 gestating ewes that received a 5 μg/kg-dose
of fentanyl by the IV route. The measured transplacental rate of the drug was 77% [59],
which is greater than that seen with morphine, likely due to the greater liposolubility
of fentanyl. For the neonates, the opioids’ capacity to cross the blood–placental barrier
is considered the main cause of respiratory depression, fetal cardiovascular depression,
mood depression, inhibition of the sucking reflex, and delayed colostrum intake [6,60].
Butorphanol and pethidine may be particularly problematic for the neonate since these
drugs easily cross the blood–placental barrier due to the umbilical vein/maternal vein
ratio [61]. The elimination half-life of butorphanol in milk is 36 h, so its administration
to the mothers could be considered a risk factor for the safety of the neonate [62], as was
reported in newborn colts, where a sedated state [63] with significant respiratory depression
was observed. Furthermore, in the offspring, the half-life and distribution volume of
this drug were greater (half-life = 2.1 h, VDss = 3.86 L/kg, respectively) than in adults
(half-life = 0.74 h, VDss = 1.13 L/kg) [64].

In an effort to prevent negative effects on myometrial contractility and depressor
effects in the neonate, some authors have proposed the use of atypical opioids such
as tramadol, which work through inhibiting serotonin and norepinephrine reuptake
in sensitive fibers [65], as an option that does not alter uterine activity. A study by
Yakovleva et al. [66] evaluated tramadol’s effect on uterine contractile activity in chin-
chillas (Oryctolagus cuniculus) at 28 days of gestation. Animals received 1 U of oxytocin by
IV to initiate labor, and then 1 mL of tramadol in infusion at a concentration of 5 mg/mL,
10 min later. In that study, tramadol administration did not affect the number of contrac-
tions, but increased their amplitude and duration compared to the control group. Their
results thus differed from those reported for common opioids such as morphine, fentanyl,
and butorphanol [4,50].

In conclusion, even though opioids offer efficacious pain management during partu-
rition, their adverse effects–depressed mental states, reduced oxytocin secretion–hinder
mother–offspring interaction in some species and can indirectly affect uterine activity and
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neonate survival during the first days of life. For these reasons, other therapeutic options
are available that do not exert their action at the central level. These include the NSAIDs.

4. Non-Steroidal Anti-Inflammatory Drugs

The NSAIDs are a group of drugs widely used in veterinary medicine to manage
acute pain [65,67,68]. They work through inhibiting the enzyme cyclooxygenase (COX),
which has three isoforms (COX-1, COX-2, COX-3) that modulate the inflammatory response
which follows the production of chemical mediators such as PG, thromboxane A, and the
prostacyclin [69,70]. However, the use of NSAIDs during parturition is controversial, and
some adverse effects on uterine contractions have been attributed to them (Figure 3) [71].

Yousif and Thulesius [72] evaluated meloxicam, a preferential COX-2 inhibitor, and
indomethacin on the in vitro uterine motility of uterine strips from rats. They found that
both drugs reduced the frequency (pre-treatment = 4.5 contractions/min vs.
post-treatment = 0.3 contractions/min) and amplitude (pre-treatment = 90 mmHg vs.
post-treatment = 10 mm Hg) of contractions in pregnant and non-pregnant animals. These
results were corroborated by Rac et al. [71], who analyzed meloxicam’s capacity to inhibit
preterm parturition in nine Polled Dorset ewes at 121 days of gestation. After application
of a contraction promotor to induce parturition, meloxicam’s action reduced the ampli-
tude and frequency of myometrial contractions (2.25 ± 0.48 contractions per minute and
5.21 ± 0.43 mmHg, respectively), thus inhibiting parturition. The same effect on the am-
plitude and frequency of contractions has been observed in in vitro studies of the uteri of
dairy cattle [73]. The biochemical explanation of this phenomenon lies in the mechanism of
action that inhibits the COX-1 and COX-2 enzymes.

Expression of the COX-1 and COX-2 enzymes during gestation increases in uterine
tissue, as has been demonstrated in sheep models [5]. Both of these isoforms are fun-
damental for producing PGs, such as PGF2α and PGE2, which are catalyzed by COX-2
to transform arachidonic acid into PGG2 and final products such as PGF2α, PGE2, and
PGH2 by means of peroxides [8,74]. In mice, direct inhibition of COX-2 expression neg-
atively regulates PGF2α synthesis during gestation, triggering the indirect suppression
of the expression of c-Fos, which is considered a transcriptional activator of COX-2 [75]
that is essential for inducing oxytocin receptors in the myometrium [76]. In a similar
study, interference in PG secretion in adult female rats medicated orally with meloxicam
at doses of 7.5 and 10 mg/kg from day 20–22 of gestation, prolonged delivery times fol-
lowing a dose-dependent pattern (37–51 h of delay), and produced more stillborn pups
(5.3 ± 0.67 fetuses in the 7.5 mg treatment vs. 5.6 ± 0.42 in the dams medicated with
10 mg/kg) [77]. A similar prolongation effect has been seen in dogs when NSAIDs were
administered during the final stage of pregnancy [78].

The selectivity of the NSAIDs has been associated with both benefits and complications
for dams. In dairy cows, for example, administering NSAIDs of the inhibitor of COX-1
type produced adverse effects such as retained placenta, metritis, and culling, because
COX-1 is constitutive and participates in diverse physiological functions. In contrast,
preferential inhibitors of COX-2 have been related to benefits for the health and productivity
of females [79,80].

In a study of 237 dairy cows, administration of meloxicam (1 mg/kg) before and after
calving had no effect on the health of dams, but increased milk production in 6.8 kg/day
more than in the control [81]. Similarly, in Holstein cows, those that were treated with
meloxicam had increased milk compared to a control group. There were other benefits
with the probability of the medicated cows suffering subclinical mastitis being reduced by
0.05 times, whilst the probability of euthanasia or death was 0.46 times lower [3]. Similar
results have been suggested for the use of firocoxib, another selective COX-2 inhibitor [82].

The consequences of firocoxib administration for the fetus, compared to meloxi-
cam or flunixin meglumine, was analyzed in the embryos of 30 mares. In that study,
Okada et al. [83] evaluated embryonic movement using transrectal ultrasonography ev-
ery 5 min for 1 h before treatment. Firocoxib did not interfere with embryo mobility at
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12 days after pregnancy confirmation, with the embryos maintaining constant
movements (measured in movements/hour) before, immediately after, and 24 h
after treatment. Contrarily, embryo mobility decreased with the use of flunixin
meglumine (pre-treatment = 5.9 ± 0.3; post-treatment = 1.9 ± 0.3) and meloxicam
(pre-treatment = 5.8 ± 0.5; post-treatment = 2.3 ± 0.5 movements/h). In contrast, in a
study of ewes, meloxicam increased fetal blood flow, albeit with no effect on osmolarity,
uterine blood pressure, or maternal–fetal gas exchange [71]. Nevertheless, firocoxib is likely
the drug of choice for administration to gestating animals and has been considered the best
non-steroidal option for treating pathologies such as endometritis (inflammation of the
endometrium) in the early stages of gestation [83].

One drug that has been shown to have a harmful effect on fetal viability is flunixin
meglumine. Newby et al. [84] studied 34 Holstein cows treated with flunixin and 38 with
a placebo, before and after calving. The results showed that the offspring of the animals
treated with the flunixin 24 h before parturition had higher mortality rates and an increased
probability of placental retention and fever, coupled with lower milk production and a
higher risk of metritis development. These effects were attributed to the drug’s property
of inhibiting endogenous production of PG by as much as 80% (at a dose of 2.2 mg kg−1

for 10 days). Therefore, if the level of PG required to promote contractions of the smooth
uterine muscle is reduced, myometrial motility also decreases, and the response of oxytocin
is greater, as are the adverse effects [85].

In summary, administration of NSAIDs during parturition highlights the selective
influence of isoforms on COX with COX-2 selective agents being preferential. The decrease
in PG concentration and the tocolytic effect of these analgesics, which are associated with
risks for the offspring of some species, have shown no risk to others. Although they are
contraindicated for use in gestating females or during dystocia births in rodents, in some
instances [86], these drugs have also been proposed for some species as options that do not
affect dams or their neonates either biologically or in terms of productivity.

5. Local Analgesics

Local analgesics (LA) are considered the gold standard for controlling acute
pain [87,88], especially during parturition in both, animals and humans [7]. Lidocaine, bupi-
vacaine, mepivacaine, and ropivacaine are the most commonly used [89]. Their mechanism
of action is through the reversible blockade of voltage-gated Na2+ channels that impedes
the transduction of harmful signals and their ensuing transmission [90]. As occurs with
sensitive signals, when LA are administered motor signals are also inhibited, generating
a decrease in the contraction of both skeletal and smooth muscle, as numerous studies
have shown [13,91,92]. To date, however, it is unclear whether these drugs could affect
the performance of mothers during labor. In a study of humans, Qian et al. [14] evaluated
213 pregnant women under different pain control treatments (levobupivacaine, ropivacaine,
and controls). They found that levobupivacaine did not impede the normal progress of
labor, while both levobupivacaine and ropivacaine efficaciously controlled pain and helped
maintain all physiological functions intact.

Studies in non-human animals have demonstrated that, like opioids, LA present
tocolytic activity in experimental models. A study by Karsli et al. [93] compared the
effect of opioids (meperidine, alfentanil, remifentanil) to those of LA (mepivacaine, ropi-
vacaine, bupivacaine) in cell cultures of gestating rats. In those tests, the amplitude and
frequency of the contraction of uterine cells decreased significantly with the use of both
groups of drugs [4]. The reduction in the number of contractions of the smooth uter-
ine after administration of LA is dose dependent, and the degree of muscular relaxation
that the analgesics cause increases as the dosage is increased. This was pointed out by
Arici et al. [94] in their evaluation of the effect of 10 accumulated doses of (−8) to 10 (−4)
mol/L of mepivacaine, ropivacaine, and bupivacaine on strips of uterine muscle isolated
from female Wistar rats at 18–21 days of gestation. Upon stimulating the uterine tissue
with oxytocin, both bupivacaine and ropivacaine reduced uterine contractions in a dose-
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dependent pattern, but mepivacaine exerted the opposite effect by significantly increasing
the number of contractions. These results were similar to those published by Li et al. [92],
who used full-thick myometrial strips of gestating and non-gestating rats, exposed to
cumulative amounts of levobupivacaine and bupivacaine (10-8 mol/L to 10-4 mol/L).
Those authors found that at higher amounts both LA caused inhibition of contractibility,
with levobupivacaine increasing the amplitude of contractions and bupivacaine increasing
their frequency.

The uterine response to progressively greater doses of procaine, lidocaine, or
ropivacaine—from 0.1 mg/mL to 0.5 mg/mL and then to 1 mg/mL—was studied us-
ing an experimental pig model. In general, the LA increased intrauterine pressure in
the isthmus and corpus that was dose dependent, although the authors also observed a
reduction in the frequency and amplitude of contractions [95]. These results support the
proposal that the reduction in contractibility does not necessarily have a negative effect on
performance during parturition but may help regulating the strength of contractions and
make them more effective, with the additional advantage of no nociceptive response.

On the other hand, the muscular relaxation effect of local analgesics leads to a vasodi-
lation effect at the systemic level that reduces blood flow to various systems [96]. This
event was observed in a series of studies in pregnant ewes, where epidural administration
of LA reduced uterine blood flow by as much as 65 ± 9 mmHg. The consequent reduced
fetal blood flow and fetal gas exchange [97] was similar to that observed with opioids, but
with the advantage that no mental state or hypnotic effect was induced in the offspring. By
the same token, administering epidural analgesia with LA blocks the Ferguson reflex and
reduces blood oxytocin level, altering the main beneficial effects of this hormone. These
include the promotion of social interaction, formation of the mother–offspring bond, and
reduced anxiety, pain, and stress. Based on the fact that LA interrupt the full functioning of
the neural pathways, the adverse effects of their use during parturition are attributed to
those characteristics [98].

Similarly to opioids and NSAIDs, LA can reduce uterine contractions due to their
tocolytic action. That reduction has an inverse relation to the strength of the contractions,
making them more effective and opening the possibility of improving the performance of
dams during parturition. However, the hypotension they cause is an element that must
be considered when deciding whether to use these drugs to avoid risks for the fetus and
the mother [99]. A summary of the discussed drugs and their effect or benefits during
parturition can be seen in Table 1.

Table 1. Summary of the different analgesic drugs used during parturition in domestic animals.

Drug Action Mechanism Effect Benefit Species References

Opioids
Morphine
Fentanyl
Tramadol

Agonism to μ, κ, and δ opioid
receptors in the cerebral cortex

and spinal cord.

Therapeutic:
Systemic analgesia.

In myometrium:
Decreases the amplitude and

frequency of uterine
contractions.

Modulates and reduces
pain perception.

Bovine, ovine, caprine,
equid, and leporids. [4,50,51,66]

Non-steroidal
anti-inflammatory
drugs (NSAIDs)

Meloxicam
Carprofen
Firocoxib
Flunixin

meglumine

COX inhibitor and
nociceptive modulator.

Therapeutic:
Systemic analgesia.

In myometrium:
Tocolytic effect. Diminishes

the amplitude and frequency
of uterine contractions due to
a reduction in PG secretion.

Inhibits the production of
COX and proinflamma-

tory mediators.
Bovine, equid, and ovine. [71,72,83]

Local Analgesics
Lidocaine

Bupivacaine
Ropivacaine

Levobupivacaine

Sodium channel blockers.
Interferes with the

transduction and transmission
of the nociceptive stimuli.

Therapeutic:
Local analgesia.
In myometrium:

Reduces the amplitude and
number of uterine

contractions.

Inhibits the transduction
and transmission of pain. Bovine, equid, and pig. [13,14,93,94]

COX: cyclooxygenases; PG: prostaglandins.
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6. Perspectives

The control of pain in animals is fundamental for preserving their welfare [1]. The
negative impact of pain perception on states of health, hemodynamic stability, the immune
system, and the capacity to response to infections are justifications for preventing this
process in animals [100–102]. The pain produced during physiological events such as
parturition requires additional studies that deepen and broaden existing perspectives. This
is especially so given the controversy around this topic with some authors supporting
the proposition that the presence of pain sustains uterine contractions, whereas others
emphasize the potentially harmful effects of the processes triggered when perception of
painful sensations is prolonged, the latter increasing the possibility of dystocic births with
severe consequences for both mother and fetus (Figure 4) [16].

Figure 4. Summary of advantages and disadvantages of analgesia in parturition. Opioids, NSAIDs,
and LA can have beneficial or detrimental effects on the mother and the newborn. However, since
these actions differ between species and individuals, an appropriate analgesic protocol must consider
these factors from a pharmacological point of view. Advantages such as the prevention of hypocapnia
and hypoxemia in the dam and the offspring, respectively, are marked in green inside the figure.
Disadvantages such as a decrease in OX and OTR are marked with blue. HPA: hypothalamus–
pituitary–adrenal axis; LA: local analgesics; NSAIDs: non-steroidal anti-inflammatory drugs;
OTR: oxytocin receptors; OX: oxytocin; SAM: sympathetic–adreno–medullary axis.

The analgesics currently utilized during labor have shown an ability to inhibit the
activity of the myometrium [4]. This is an obstacle for establishing a balanced analgesic
strategy that would prevent pain but also avoid interfering with the normal course of
parturition. On the one hand, additional studies are needed to substantiate the idea
and importance of pain management and its potential benefits in relation to production.
On the other, it is necessary to determine whether the inhibition of uterine contractions
has a negative effect on fetal blood flow and causes fetal asphyxia or could improve the
effectiveness of contractions and thus enhance performance during parturition [82,103,104].
One option for achieving these objectives (i.e., preventing pain without affecting fetal
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blood flow or maternal performance) could entail using alternative drugs such as firocoxib,
ketamine, cannabinoids, or gabapentinoids, which help inhibit the perception of pain
through distinct mechanisms without affecting uterine activity in such a potentially stressful
event as parturition [82,103–106].

7. Conclusions

Pain has a dual role during parturition, as the positive feedback to myometrial con-
tractions is essential for expulsion of the fetus, but at the same time, this harmful stimulus
may trigger serious physiological consequences. Most of the analgesics mentioned herein
have a tocolytic effect, but if clinicians understand the adverse effects that may occur when
establishing an analgesic protocol, this effect should not impede managing pain in specific
events. Opioids indirectly inhibit uterine contractions. Research has shown that their
hypnotic and depressant effects can affect birth performance and offspring vitality. In
contrast, the indirect tocolytic effect of NSAIDs may not exceed therapeutic efficacy in
maintaining the productive performance of animals after parturition. Finally, the local
analgesics considered the gold standard for controlling pain during labor have been shown
to decrease the number of contractions but increase their strength, thus facilitating labor.
Therefore, the aim of developing a pain management protocol should be to reduce the phys-
iological consequences of these effects. Their administration, however, requires constant
monitoring of the course of labor to identify the moment at which the physiological benefit
of pain is lost, or when the benefits that analgesia provides during parturition could begin
to have detrimental effects on the animals involved.
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Simple Summary: Oxytocin is one of the most important hormones in birth and lactation. Its
importance lies in the fact that it is also involved in various bodily functions around parturition
and establishing maternal behavior. We aimed to analyze all the facts involving oxytocin regulation
and participation in different peripartum situations in domestic mammals. In addition, the authors
examined the impact of altering normal plasma oxytocin values on maternal behavior and care,
productive parameters, and imprinting.

Abstract: Oxytocin (OXT) is one of the essential hormones in the birth process; however, estradiol,
prolactin, cortisol, relaxin, connexin, and prostaglandin are also present. In addition to parturition,
the functions in which OXT is also involved in mammals include the induction of maternal behavior,
including imprinting and maternal care, social cognition, and affiliative behavior, which can affect
allo-parental care. The present article aimed to analyze the role of OXT and the neurophysiologic
regulation of this hormone during parturition, how it can promote or impair maternal behavior and
bonding, and its importance in lactation in domestic animals.

Keywords: maternal care; maternal aggression; mother–young bonding; milk ejection

1. Introduction

Oxytocin (OXT) is a uterotonic hormone in the endocrine response during parturi-
tion [1]. It is synthesized in the hypothalamus, in the paraventricular (mainly from its
magnocellular cells) and the supraoptic nucleus [2], and transported through the neuro-
hypophysial bundle to the posterior lobe of the pituitary gland, where it is stored in
secretory vesicles before being released into the peripheral circulation [3]. Then, it induces
myometrium contractions due to its action on myoepithelial cells [4,5]. It regulates, together
with other hormones (e.g., estrogen and progesterone (P4)), the reproductive function of
domestic animals [6]. In addition, there is a central action of OXT through dendritic and/or
axonal releases within the brain. Smaller parvocellular neurons in the paraventricular
nucleus also produce OXT and project directly to other regions in the brain, such as the
limbic system (notably the amygdala and hippocampus) and the nucleus accumbens [3].
The dual action of this nonapeptide as a peripheral hormone and a central neuromod-
ulator/neurotransmitter [7], as well as the wide distribution of OXT receptors (OXTR)
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in various brain areas and peripheral organs, indicate that OXT is involved in diverse
biological functions and, notably, OXT influences the parturition process, the immediate
establishment of maternal recognition, and milk ejection [8–10].

In mammals, several species have been evaluated to study the association between
OXT concentration and maternal care [11], social cognition, and affiliative behavior [12,13],
including nursing non-filial offspring or allo-parental care [14,15]. According to some
authors, the positive relationship with close social partners is associated with alterations in
peripheral OXT in dogs (Canis familiaris) [16] and chimpanzees (Pan troglodytes) [17,18].

The degree of interaction between parturition and maternal attachment to OXT con-
centrations is suggested to be related to a high density of oxytocinergic neurons in the brain,
which would have a beneficial effect on the behavior of the mother in facilitating maternal
recognition, protection of the offspring, and even habituation to the environment [19–21].
However, it is unclear whether this behavior is only induced by the action of OXT or is
coordinated by the effect of hormonal peaks present before parturition that could sensitize
OXTR. In the same way, OXT actively participates in lactation because it facilitates milk
ejection and can even help induce the care of offspring from other mothers [22,23].

The present article aimed to analyze the role of OXT and the neurophysiologic regulation
of this hormone during parturition, how it can promote or impair maternal behavior and
bonding, and its importance in lactation on domestic animals, including pets and livestock.

2. Neurophysiological Regulation of OXT

OXT is a cyclic neuropeptide of nine amino acids whose chemical structure contains
a cyclic disulfide essential for its biological effect [24]. It has a structural similarity to
vasopressin (AVP), with a minimum difference of two amino acids, which explains why
they share physiological effects [25]. One of the main functions of OXT as a neurotransmitter
and neuromodulator is during parturition, lactation, and maternal behavior, due to its
uterotonic effect [22,26–28] (Figure 1).

From the paraventricular nucleus (PVN), where OXT is synthesized, OXT is trans-
ported to the neurohypophysis as a precursor molecule in oxytocin-neurophysin. It is
later catalyzed to its active form with the activity of the enzyme monooxygenase peptidyl
glycine α-amidating [29].

OXT synthesis does not only occur at the hypothalamic level, since its synthesis has
also been recorded, to a lesser extent, in the corpus luteum, ovary [30], and testicles [31].
Other elements, such as estrogens, are also involved in regulating OXT. For example, estro-
gens downregulated OXT gene expression in the PVN and supraoptic nucleus (SON) [32,33].
This is due to the presence of estrogen receptors (ER) in oxytocinergic neurons of the PVN.
In mice, ERbeta is necessary to regulate the expression of OXT and arginine vasopressin
(AVP) [34]. This is relevant considering that both hormones participate in social interactions,
fear reactions, and stress-related behaviors and depend on their upregulation to activate
OXT and AVP systems [35,36]. Neuropeptide synthesis also takes place in cardiovascular
tissues, as reported by Jankowski et al. [37] when studying OXT concentrations in the
pulmonary artery and vena cava in male rats and the aorta of dogs and sheep. The results
indicated concentrations of 2745 ± 180 pg/mg in all tissues studied, confirming their
presence by PCR.

Additionally, high levels of OXT mRNA receptors were observed in the vena cava,
vein, and pulmonary artery, indicating specific sites of action. These findings suggest the
role of OXT in regulating vasomotor tone due to its natriuretic properties. In the heart,
Jankowski et al. [38] studied cultures of rat cardiomyocytes with a concentration of OXT 19
times higher than in utero. In an immunostaining test on atrial myocytes and fibroblasts,
the intensity was found to parallel atrial natriuretic peptide stores. Its presence in this
tissue supports its vasomotor effect and possible regulation of cardiovascular activity [38].

OXT secretion also occurs at the brain level in the dendrites of magnocellular neurons.
These neurons express a more significant amount of protein products of the immediate
early c-fos gene. This effect was reported by Douglas et al. [39], who used forced swimming
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in 16- or 17-day-old virgin female rats as a stressor to investigate the influence of the event
on OXT levels. The authors found that this factor increased OXT at 5 min post-test. These
results suggest that this neuropeptide activates the hypothalamic–pituitary–adrenal (HPA)
axis during parturition and potentially stressful events [40].

Figure 1. Mechanism of action of oxytocin during myometrial contractions. During parturition, the
activation of OXTR at the uterus by OXT starts myometrial contractions. The interaction between
OXTR and voltage-regulated Ca2+ channels enables the formation of the actomyosin-P complex to
produce myocytes’ contraction. After contraction starts, a relation between contraction maintenance
and uterine blood flow is responsible for maintaining effective contraction movements and, therefore,
a normal course during parturition. In the first instance, myometrial contractions cause compression
of uterine blood vessels, reducing blood flow. Hypoxia induces an acidemia state, by lactate increase,
which decreases Ca2+ influx and, consequently, myometrial contractions stop, restoring blood flow
and normoxia, in order to start another effective contraction. The ongoing maternal and fetal
stimulation that promotes OXT release maintains rhythmic contractions due to initial hypoxia and
acidemia of the myocytes, an effect that decreases contractions, and the cycle begins again when
reaching normoxia and a regular uterine blood flow. MLC: myosin-light chain kinase; OXTR: oxytocin
receptor; PG: prostaglandins; PKC: protein kinase C; SR: sarcoplasmic reticulum.

Concerning this, Ochedalski et al. [41] determined the effect of OXT in 7-day-old
ovariectomized rats that received an infusion of intracerebroventricular OXT (100 ng/h),
in addition to administration of estradiol (E2) with or without progesterone replacement.
These authors found that E2 increased plasma adrenocorticotropic hormone (ACTH) and
corticosterone concentrations. This was also associated with increased estrogen and in-
creased corticotropin-releasing factor (CRF) mRNA in the PVN and mRNA of opiome-
lanocortin (POMC) in the pituitary gland. In another study, the administration of OXT
reduced levels of plasmatic ACTH, CRF, and POMC in response to the elevation of E2 due
to stress. Therefore, these findings suggest a modulating effect of OXT in response to a
stressor due to actions on the HPA axis [42].

The above mentioned studies show the complex functions and interactions of OXT
in the neurobiology of the organism. Brunton [28] points out that one of the mechanisms
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that restrict OXT secretion is regulated through endogenous opioids. These act centrally on
the axonal terminals of the posterior pituitary, which has been reported in bovines with
opioidergic receptors in neuronal terminals of the neurohypophysis, supraoptic neurons,
and paraventricular in the hypothalamus [43]. The presence of these receptors in con-
tiguous regions in oxytocinergic neurons has been demonstrated in other studies, such
as that developed by Douglas et al. [44] in pregnant rats from 18 to 21 days. In these ani-
mals, a k-receptor agonist and an opioid antagonist, such as naloxone, were administered,
reporting that agonism decreased OXT levels while antagonists increased its concentra-
tion. These same authors mention that, during the last week of gestation, the sensitivity
towards these receptors decreases, probably as a mechanism to allow neurosecretion of
OXT during delivery.

In addition, a study on the interaction between OXT and nitric oxide (NO) has shown
that the increase in NO can lead to a decrease in c-Fos expression and, consequently, inhibit
OXT secretion [45]. Srisawat et al. [46] evaluated the effect of an inhibitor of a NO-synthase
in anesthetized virgin rats, identifying that the administration of this compound facilitated
the secretion of OXT and that its use, together with nitroprusside (NO donor) in the
supraoptic nucleus, inhibited the electrical activity of oxytocinergic neurons.

Therefore, since the chemical structure of OXT is similar to AVP, it is possible to
understand its participation in cardiovascular control processes and stress-related events
such as parturition, known as a eustress process [1,25]. Likewise, OXT modulation during
stress perception indicates the participation of this hormone in the complex physiological
process of parturition [8,10].

3. OXT Participation at Parturition

In all mammals, the perinatal period is characterized by various hormonal changes,
including increases in plasma E2, prolactin (PRL), and cortisol, as well as activation of the
oxytocinergic system at parturition [47,48]. This activation increases OXT during parturition
in mammals [49], especially in dogs, where OXT plasma concentration is tightly implicated
in uterine contractions. This can be useful to detect dystocic parturition opportunely [50].
Unlike in cattle, plasma cortisol levels in dogs are highly variable during the peripartum,
higher than during prepartum luteolysis [51]. Olcese and Beesley [52] found that melatonin
has a synergetic action and enhances oxytocin-induced contractions binding to specific
melatonin receptors (MT2R) in the myometrium. This change involves physiological,
neurological, morphological, hormonal, and behavioral levels [53].

There are important interrelationships between OXT and prostaglandin (PGs). OXT
has been shown to stimulate PG release in many animals, primarily in the uterine epithe-
lium/decidua. The effects of OXT are mediated by the presence of the tissue-specific OXT
receptor, causing myometrium contraction and synthesis of PG in the decidua [49]. How-
ever, uterine contractions involve several hormones, including OXT and prostaglandin E2
(PGE2), connexin, progesterone (P4), and estrogen [54,55]. Connexin 43 (Cx43) is a gap junc-
tion protein distributed in the myocardium and uterus [56]. According to Chan et al. [57],
OXT can stimulate the synthesis and release of PGE2 and PGF2α, increasing the suscepti-
bility of the uterus to OXT and strengthening subsequent uterine contractions. However,
it is widely recognized during labor that OXT is the primary hormone that promotes
the synchronization of uterine contractions throughout labor and the subsequent dilation
of the cervix [8,27,58], although the control of contractions in the myometrium is inner-
vated by the hypogastric nerve, which provides sympathetic innervation that coordinates
uterine contractions during the first phase of labor through agonism of alpha-adrenergic
receptors [2].

The OXTR increase during pregnancy in the endometrium and myometrium has
been reported in various species, e.g., in humans [59], rats [60], sheep [61], bovines [62,63],
bitches [64], and pigs [65]. OXT is responsible for inducing the most violent and constant
contractions, so that the fetus is expelled from the uterus to the outside [66].
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In a study by Fuchs et al. [62], the endometrial OXT and AVP receptor concentrations
were inversely correlated with plasma P4 concentrations (p = 0.005) with no correlation to
plasma E2. In contrast, the myometrial receptor concentrations showed no correlation with
plasma P4 but an inverse correlation with plasma E2 (p = 0.004). Similarly, in a study by
Ou et al. [60], the authors found that mRNA expression of OXTR in the myometrium of
rats during pregnancy and parturition is regulated by coordinated interactions between
mechanical and endocrine signals. In another study by Meier et al. [61] in ewes, the
authors reported that oxytocin-induced 13,14,dihydro-15-keto PGF2 alpha release during
early gestation is minimal, despite the presence of endometrial OXT receptors. In mid-
gestation, oxytocin-stimulated 13,14,dihydro-15-keto PGF2 alpha release is increased, with
a concomitant increase in uterine OXT receptor concentrations [61].

The clearest example of the participation of different hormones during parturition
is the relationship between estrogen and OXT. Masoudi et al. [67] evaluated the effect of
E2 and OXT treatment on cervical dilation in three sheep breeds. In animals that were
administered estrogens, no effect was observed on the dilation of the cervix. In contrast,
animals supplied with estrogens and OXT allowed complete cervix dilation. What was
shown by these authors is likely to be that the increase in estrogens would lead to higher
concentrations of OXT. However, a study by Veiga et al. [64] evaluated the expression of
estrogen mRNA and OXT mRNA genes in bitches during pregnancy or parturition. They
observed that the mRNA expression for estrogens did not differ.

Nevertheless, mRNA expression for OXT increased during the last week of gestation.
These results demonstrated that the estrogen peak during labor would not be related to the
activity of OXT on the myometrium. Fuchs et al. [63] maintain that, at least in sheep and
cattle, the increase in estrogens can increase the production of OXT in the magnocellular
nuclei of the hypothalamus and facilitate the release of OXT from the posterior pituitary
lobe. This might suggest that estrogen secretion may help coordinate the rate and release
of OXT during labor.

Some stimuli are involved in the release of OXT; the first is the Ferguson reflex,
which consists of the pressure of a puppy’s head on the cervix during parturition [68],
cervicovaginal stimulation during labor and PRL secretion, along with the presence of E2
and progesterone, releasing OXT by producing reactions in the maternal brain [69]. The
second stimulus is breastfeeding stimulation of the mammary glands (MG) by the pups [68]
(Figure 2).

It is also important to mention that levels of OXT could influence the interval of
expulsion or the total parturition time, as reported in sows and bitches. In sows, low
levels of OXT depend on environmental factors influencing the farrowing phase, such
as being confined in crates (38.1 ± 24.6 pg/mL) rather than pens (77.6 ± 47.6 ng/mL),
having a direct effect on farrowing duration (p < 0.001) [70]. This was also reported by
Yun et al. [71] when providing nesting material to sows, promoting high non-esterified
fatty acid concentrations correlated with OXT levels (rs = 0.28) and piglet colostrum intake,
potentially improving their immune system and survival. For example, in sows, low levels
of OXT can increase the duration of farrowing. According to Alonso-Spilsbury et al. [72],
OXT is at lower levels during prolonged farrowing, causing increased piglet mortality in
intensive production systems [73]. Similarly, van Dijk et al. [74] observed that the mortality
percentages increased statistically significantly in prolonged intervals of piglet expulsion,
and with stillbirths or posteriorly presented fetuses, the mortality percentages also increased
statistically significantly. This prolonged farrowing can cause higher stillbirth frequency,
thereby increasing economic losses in intensive pig farming [2]. In the case of pregnant
bitches, low levels of neuropeptide could cause uterine inertia, which is approximately 75%,
the most common maternal cause of dystocia in the pregnant bitch. This problem could
be due to the absence of myometrial contractions, some obstruction [75,76], or myometrial
exhaustion caused by an obstruction after several pups have been expelled [77]. From all
the above, it can be understood that, although various hormones are involved in the birth
process, OXT is one of the most important in all the reviewed species.
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Figure 2. The role of oxytocin during parturition. In the final phase of pregnancy, secretion of ACTH
due to the maturation of the hypothalamus leads to the release of fetal cortisol. These hormones also
respond to the increase in E2 and PGF2α, and the decrease in P4. These hormones promote cervix
dilation and the mechanoreceptors’ stimulation in the uterus. The sensory signals are processed
in the PVN of the maternal hypothalamus after its transmission through fibers in the spinal cord.
The interaction between the hypothalamus and the pituitary causes OXT release by the posterior
pituitary into the bloodstream to initiate the physiological process of fetal expulsion. DRG: dorsal
root ganglion; OXT: oxytocin; OXTR: oxytocin receptors; P4: progesterone; PGF2α: prostaglandin
F2α; PVN: paraventricular nucleus; SON: supraoptic nucleus.

4. The Role of OXT in the Establishment of Maternal Behavior Regulation

Maternal care is a series of species-specific behavioral patterns to ensure the offspring’s
survival [78]. They include interactions such as nursing, attention, and protection of the
neonate [20]. The hormonal cascade and the activation of the MPOA can vary among
mammalian species [48]; however, sex steroids synthesized by the ovaries, OXT, AVP,
and PRL are present in the maternal brain. High levels of P4 and low E2, PRL, and
OXT are present during gestation. Contrarily, in cows, P4 diminishes a couple of days
after parturition, and E2, PRL, and OXT increase at the onset of parturition and the first
post-partum days [79] (Figure 3).

OXT is involved in the different phases of parturition and is considered an essential
hormone to facilitate maternal bonds [80]. In several studies, disrupted brain OXT signaling
is linked to poor mothering [81]. OXT evaluation can be performed in domestic animals
through plasma, saliva, and milk [82]. In sows, behaviors such as nest building, pawing,
and gathering straw are used to appraise maternal aptitude [83]. Hall et al. [84] determined
in Landrace x White Large sows that the mean concentration of OXT in milk was higher
than in saliva samples (38.32 vs. 29.60 pg/mL). However, both sampling methods registered
the highest concentrations during the first four to five post-farrowing days, a trait that
can be associated with the specialized maternal care that newborn piglets require during
the first days of life [85]. This finding was similar to a study reporting that salivary OXT
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concentration was significantly higher during the first day after farrowing (1654 pg/mL)
than after nine days (1142 pg/mL) [86]. From an endocrine perspective, the first post-
partum days are usually accompanied by higher OXT signaling due to the positive feedback
loop initiated by suckling [87]. The positive OXT feedback from the newborns’ suckling
also stimulates OXT release in several mammals [88,89]. Milking behavior predominates
during the first seven days post-parturition, as reported in sows and ewes [90,91].

Figure 3. The oxytocinergic positive feedback loop of maternal behavior in sows. The visual, tactile,
olfactory, and auditory stimuli that are constantly perceived by the sow participate in maternal
responsiveness and attachment due to the activation of vital cerebral regions sensitive to OXT. For
example, stimulation and activation of AMY, BNST, PVN, and VTA promote OXT release in the
posterior pituitary. After OXT is released, several peripartum maternal behaviors in mammals are
influenced by this hormone. In the case of sows, increases in circulating OXT levels before the onset of
farrowing motivate nest site seeking and nesting. Particularly, nest building has also been associated
with high concentrations of OXT, P4, PRL, and low levels of SOM in aforementioned cerebral regions.
After farrowing, the development of maternal attachment and nursing of the piglets requires so-called
OXT positive feedback, where piglets stimulate teat mechanoreceptors through suckling, releasing
OXT in the maternal brain and promoting maternal behaviors. On the other hand, MPOA axons
project to the anterior pituitary to release PRL and participate in milk secretion. AMY: amygdala;
AVP: arginine vasopressin; BNST: bed nucleus of the stria terminalis; MPOA: medial preoptic area;
OB: olfactory bulb; OXT: oxytocin; P4: progesterone; PFC: prefrontal cortex; PRL: prolactin; PVN:
paraventricular nucleus; SOM: somatostatin.

Although OXT is considered essential for maternal care, which includes nest-building,
reluctance to leave the nest, genital and overall licking of the newborn, nursing, and direct
contact with the litter [92] in mammalian species, the OXT action can pass from crucial to
nonessential, depending on the neurodevelopmental stage at birth or the amount of help
the dams can receive from other members of the herd [87,93], and can help not only with
the establishment but also with the maintenance of the maternal behavior [94]. Ungulates
build highly selective maternal care for their offspring. They do not usually receive or allow
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allomaternal care (known as the nursing of non-filial offspring [95]), although, recently,
Orihuela et al. [96] reported that communal rearing was observed in zebu cattle. In this
species, maternal bonding and OXT are suggested to have an essential role [97].

For example, licking, nursing, and low-pitched bleats are rapidly observed (during
the first minutes post-parturition) in ewes and goats. These behaviors are part of the
maternal responsiveness to the hormonal cascade started by vaginocervical stimulation,
OXT secretion, and activation of cerebral structures such as the main olfactory system
(MOB), MPOA, and PVN [98]. Likewise, vaginocervical stimulation in ewes increases
OXT in limbic structures that participate in maternal receptivity. However, in non-gestant
animals, intraventricular administration of OXT is indispensable to nursing and accepting
suckling [99]. When considering levels of OXT in the cerebrospinal fluid (CSF) of ewes,
these were 15% significantly higher than plasma levels during lambing, while plasma
concentrations only increased within 15 min post-lambing [100]. Some authors have
hypothesized that differences could be found even within species destined for different
zootechnical purposes (e.g., beef or dairy cattle). Geburt et al. [80] assessed salivary
OXT concentrations in 20 Simmental beef-type and 20 German Black Pied dairy-type
cows to correlate its level to maternal behaviors, such as the intention to defend the
calf. The results showed that dairy cattle had higher OXT concentrations (88.6 ± 9.2 vs.
62.8 ± 9.2 pg/mL) and higher dam–calf interactions (13.8 ± 1.4) but lower defensive
behaviors towards the newborn. Additionally, the differences between both types of
cattle were not statistically significant at three days post-calving, so the authors concluded
that behavior and OXT concentration need further assessment to consider them objective
biomarkers for maternal behavior.

Apart from OXT, PRL and somatostatin have also been studied as markers of maternal
behavior in sows and ewes. In sows, blood OXT increases (p = 0.002), PRL decreases
(p = 0.005), and no change in somatostatin (p = 0.65) were reported during nursing [101].
Furthermore, the relation between OXT and other hormones is not limited to maternal
traits since the levels of OXT were correlated to the piglet’s weight gain, showing that
this hormone influences the lactation process and piglet growth [101]. As for PRL and
cortisol, environmental enrichment in sows before and after farrowing increased OXT
and PRL concentrations (44.3 ± 5.67 ng/mL and 19.6 ± 3.61 ng/mL, respectively) while
decreasing cortisol levels. These results were correlated to nest construction behavior,
in which prepartum pigs in the enrichment group had higher frequency and periods of
nesting (p < 0.01), as well as longer times in lateral recumbency after farrowing (a behavior
that promotes suckling from the piglets) [102]. In ewes, along with OXT, arginine-AVP
levels were evaluated, finding that plasma concentrations increased during lambing and
15 min post-lambing [100].

In contrast to livestock, in non-domestic species such as prairie voles, increased plasma
OXT levels were obtained in reproductively naïve male individuals after 10 min of pup
exposure, activating oxytocinergic neurons in the paraventricular nucleus (PVN) of the
hypothalamus [103]. A high quantity of OXT receptors in the nucleus accumbens of virgin
female prairie voles has also been associated with females showing spontaneous maternal
behaviors such as lick and pup grooming (p < 0.05), indicating that OXT concentration has
a secondary role in developing maternal traits in these species [104]. Its role during repro-
ductive events has been reported in grey seals, where significantly lower concentrations
of OXT (4.3 ±0.5 pg/mL) were found in non-breeding females than in those during early
and late lactation (8.2 ± 0.8 pg/m and 6.9 ± 0.7 pg/mL, respectively) [105]. Therefore,
as mentioned in a heuristic model by Taylor and Grieb [93], the importance of OXT to
mothering is higher in sheep/goats, cows, rats, mice, prairie voles, and marmosets.

Since OXT is essential to establish positive interactions with newborns, alterations
or decreasing levels of this hormone have been associated with maternal aggression and
cases of cannibalism. In a study made in Kangal dogs, cannibalism has been associ-
ated with low concentrations of plasma OXT (3.58 ± 0.43 pg/mL), as well as cholesterol
(125.50 ± 8.6 mg/dL), high-density lipoproteins (52.00 ± 9.34 mg/dL) and low-density
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lipoproteins in serum (30.45 ± 3.56 mg/dL) [106]. Negative traits in ewes, such as butting
and moving them away from the lamb, were recorded in animals without vaginocervical
stimuli that did not receive P4 or estrogen [107]. Contrarily, McLean, et al. [108] reported
that sex steroids do not relate to aggressive bouts in parturient gilts. Conversely, in rodents,
OXT knockout mice have shown reduced aggression, and administration of OXT increased
the number of attacks on pups at the beginning of the lactation. At the same time, high
AVP levels and blockade of AVP receptors reduced maternal aggression [109].

According to the species in question, the results can be variable regarding the function
of the OXT. Although OXT and other biomarkers such as PRL, AVP, or cortisone are
used to study maternal behavior, some limitations exist [78], as Ogi et al. [7] reported
in 25 Labrador Retriever dogs. They found no association between salivary OXT levels
and maternal behaviors, except for sniffing or poking the newborn. At the same time,
other studies relate OXT to interest in the newborn and anxiety reduction [8]. In the
present authors’ opinion, the conclusions of these studies can be applied to all species:
maternal behavior (and aggression) is highly influenced by the simultaneous activation of
the endocrine and sensory systems in triggering care for the newborn and developing the
mother–newborn bonding.

Bonding is a process by which the dam and the offspring establish a social prefer-
ence [110,111]. It has been initially studied in birds and later in sheep, buffalo, deer, and
other non-domestic species such as insects [112]. In mammals, this preference constitutes
mutual recognition to guarantee the young’s development through adequate maternal
care [20,95]. Since the mother is the main caregiver in most species, a significant part of
knowledge about the neurobiological and neuroendocrine control of bonding actions is
based on the maternal response [113–116]. Through this bonding, the neonate perceives
and acquires a multisensory image of its mother, building a selective and preferential
behavior towards her [117,118].

Maternal recognition occurs in precocial and altricial animals; however, the level of
autonomy at birth and their early learning ability determines the type of bond in domestic
animals, wildlife, and companion animals [119–121]. Three processes are required to
establish the female bond: an increased acceptance of the individual, a reduced fear or low
rejection reaction, and a motivation to care for the neonate [79]. To accept the offspring
immediately after parturition, sensorial stimuli, such as visual, olfactory, gustatory, and
auditory cues, activate brain structures such as the locus coeruleus, some areas of the
limbic system, olfactory bulb, auditory cortex, and visual cortex [22,122], and release
neurotransmitters to modify the learning process [120,121,123].

OXT participates during dam–young bonding and simultaneously acts peripherally
and centrally with other hormones from pregnancy to postpartum [124,125]. For this reason,
OXT is recognized as the primary neurochemical substance associated with affiliative and
learning behaviors [119]. Gamma-aminobutyric acid, glutamate, and acetylcholine are
other neurotransmitters which have been studied during this period [111].

The so-called sensitive period, which can last a few hours or days depending on the
species, is the interval in which both the female and the offspring are more receptive to
selective recognition [123,126]. In ewes, this period implies that early dam-calf bonding
depends on maternal and neonatal behaviors, social interaction, and neuroendocrine
modifications, mainly led by OXT [122,127–129].

For mammals, olfactory recognition is one of the leading systems to establish the
maternal bond, due to the interaction between the central olfactory system and OXT release
by the anterior pituitary [130]. OXT and other nonapeptides, such as AVP, promote maternal
care by acting in cerebral structures at the bed nucleus of the stria terminalis and medial
amygdala [79], emphasizing that only the central olfactory system participates during odor
discrimination of offspring [130]. This has been studied in ewes, in which the selective bond
through olfactory cues occurs during the first two to four hours after lambing [131], and
suppression of olfactory neurogenesis impairs maternal acceptance [132]. Keller et al. [133]
reported that visual/auditory recognition is highly affected by the maternal experience.
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In contrast, olfactory stimuli occur indistinctly between 30 min to 4 h post-lambing in
primiparous and multiparous females, and the release of OXT from the PVN triggers
maternal attachment [98].

In this sense, Kojima et al. [134] observed in laboratory rats that OXT brain levels in
the litter can be modified to establish recognition of their mother. At the same time, the
contact translates into mutual recognition [135]. When the lambs do not have an adequate
amount of fetal fluids, the ewes do not need to clean them, and this leads to a decrease
in the release of P4, E2, and OXT, because there is not so much physical communication,
which stimulates lactation [136]. Therefore, maternal attachment is a process in which OXT
has an essential role. However, it also depends on the endocrine control of other elements,
such as OXT (opioids, estrogens, among others) and multisensorial cues [137]. As stated by
Lévy [48], maternal behavior in non-human and human animals is mediated by hormonal
mechanisms, their interaction with crucial cerebral regions such as the MPOA, and the
interaction with the newborn.

5. Role of OXT in Lactation

A neuro-hormonal reflex produces milk ejection: this comprises an ascending neu-
ronal pathway from the nipples to the hypothalamus and a descending vascular link that
transports pituitary hormones, especially OXT, to the mammary gland (MG) [138]. Milk
ejection occurs after stimulating and activating pressure-sensitive receptors in the inguinal
canal at a neurophysiological and neuroendocrine level. These have projections towards
the dorsal roots of the spinal cord, which in response promote, via the release of OXT into
the bloodstream from the posterior pituitary, the contraction of myoepithelial cells at the
alveolar and ductal level, increasing intra-alveolar pressure and minimizing resistance to
milk flow, descending to the MG cistern and, consequently, ejection [23,139,140] (Figure 4).

OXT plays an essential role in milk ejection, and mice without OXT could not breast-
feed their pups [141,142]. Likewise, it has been reported that, during lactation, the activation
of the OXT receptor in the MG is observed [143,144]. Intracellular calcium stores are re-
leased to generate auto excitation during the next release of OXT and the mobilization of
this hormone from dense core vesicles, favoring its more efficient release during the rest of
lactation [143,145].

Although OXT is the main hormone associated with milk ejection, hormones such as PRL,
cortisol, and the growth hormone, among others, also participate in this process [146,147]. In
mammals such as sheep, mice, and cattle, blood OXT concentrations have been associated
with a decrease in stress hormones due to the decrease of the action of the HPA axis,
reducing the concentration of plasma cortisol plasma [140,148,149]. Wagner et al. [150]
evaluated blood cortisol concentration in lactating and non-lactating female Bos taurus with
or without OXT administration. In non-lactating animals, cortisol concentrations were
higher (p = 0.02), but the authors concluded that OXT administration alone could not reduce
cortisol levels. In contrast, Cook [151] indicated that, in lactating and non-lactating sheep,
the variation in blood cortisol could be caused by environmental stress, with or without
handling. This factor is also associated with PRL and OXT in the posterior pituitary and
the PVN, where there was a lower blood cortisol concentration in non-lactating animals
before the same stimuli for both treatments.

For species whose zootechnical purpose is milk production, milk ejection and flow
begin with a pronounced increase in plasmatic OXT before milking, highlighting the large
reservoir available for milk storage in the udder cistern [152]. Studies in mares have re-
ported that milk ejection occurs 30.8 ± 0.97 s after the suckling foal applies stimuli to the
udder, with a peak plasma OXT of 15.8 pmol/L during the 30 to 45 s after feeding initiation
of milk letdown [152]. Moreover, it has been described that OXT participates during lacta-
tion but also influences maternal behavior during this stage. These effects were described
by Valros et al. [101] in 21 Yorkshire lactating sows on the 13th day postpartum during three
nursings. The authors investigated the relationship between maternal characteristics and
OXT, PRL, and somatostatin levels, finding that udder massage, sow–piglet nasal contacts,
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and non-stressful nursing periods increase OXT and favor positive behaviors of the mother
towards her piglets. Therefore, OXT is a hormone associated with the efficiency of dairy
farms, particularly in cattle, the utilization of individual female reserves and increased
offspring growth.

 

Figure 4. Neurophysiology of milk ejection and oxytocin influence. Milk yield and ejection can be
divided into five stages. 1. Environmental stimulus, such as suckling from the calf, activates udder
mechanoreceptors in the teat. 2. Through nervous tracts, the sensory signal reaches the hypothalamus.
3. The SON secretory cells are activated to release OXT. 4. When OXT reaches the bloodstream, it
acts on the myoepithelial cells of the alveolus, causing the contraction and secretion of milk by the
secretory cells (5). This physiological path and the aforementioned stimulus from the offspring are
one of the reasons why manual or mechanical stimulation of the udder is important in dairy systems
and can depend on OXT administration, regardless of its controversial effects. OXT: oxytocin; SON:
supraoptic nucleus.

An essential element during lactation is reducing stressors to achieve adequate milk
ejection [8,68,70]. These characteristics depend on the species. In the case of water buf-
falo, it has been described that avoiding screams, strange sounds, and changes in the
milking process and place prevent the activation of the hypothalamic–pituitary axis and
the sympathetic–adreno–medullary axis [153,154]. Since both endocrine axes cause the
release of catecholamines and glucocorticoids (e.g., adrenaline and cortisol, respectively),
this inhibits the circulation and action of OXT in the myoepithelium of MG, where the
portion of milk in the cistern is 5%. Moreover, the alveolar portion represents 95%, making
OXT even more relevant for evacuating the alveolar portion [23,155,156]. Routines such
as maintaining contact with the calf before and during milking facilitate continuous milk
ejection [157].

In addition to providing a comfortable environment, an adequate lactation diet during
gestation and after parturition can also activate OXT neurons, as reported in Holstein cows
consuming 0.67 kg of dry matter fiber per day [158]. At the same time, parity is associated
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with higher OXT peak values in multiparous females [159–161]. Likewise, allowing the
adequate stimulation of MG by the young or establishing other physical tools in dairy farms,
such as mechanical brushes to improve well-being, increased affiliative social behaviors
and milk yield (1.52 kg) in 72 Holstein (32%) and Swedish Red (68%) cows [158]. The use of
this technology in conjunction with vibratory stimulation on MG reported higher plasmatic
OXT levels (p < 0.05) when comparing Holstein Friesian cows without/with brushing and
without/with stimulation by vibration (with 4.96 ± 0.6 pg/mL vs. 25.56 ± 7.3 pg/mL,
respectively). However, the amount of residual milk was not affected by treatment and
stayed within a normal range (14.9–15.8%) [162]. Exposure to auditory stimuli such as
classical, lullaby, or meditation music has also been shown to have physiological benefits
in dairy cattle, improving heart and respiratory rates [163].

On the other hand, exogenous administration of OXT in animal production is a
common therapeutic practice to treat uterine inertia, placental retention and incomplete
abortion, prevent bleeding after parturition, facilitate milk ejection and reduce milking
times [5,164–166]. However, there is controversy surrounding its use, since it directly
influences the productive parameters and the total kg per lactation curve and is an invasive
methodology that might compromise animal welfare [167]. The type and frequency of
milking and breed also modify these values, as well as the gender of the offspring, as
reported in female lambs that increased milk ejection, compared to newborn males [168].

Some of the reported adverse effects are changes in the physicochemical analysis of
the milk and impacts on the reproductive health of females. For example, the effect of
long-term administration of OXT on pregnancy rates of 23 Nili Ravi buffaloes was studied
by Murtaza et al. [169]. The animals received two doses of OXT twice daily (10 and 30 IU)
for 154 days post-calving. In general, in animals receiving the hormone, pregnancy rates
decreased (p < 0.05), more artificial insemination (AI) per conception was required, and the
presentation of fetal losses increased in comparison to animals not receiving OXT [169]. A
similar finding was reported in 430 cows (Holstein Friesian and Swedish-Red) by Gümen
et al. [170]. After AI and administration of OXT intramuscularly (50 IU), conception rates
were lower (p = 0.02) than those registered in control groups (between 29.3–35.5% vs.
44.2–57.1%, respectively). In the case of ewes, after cervical insemination in 300 animals,
a practice where OXT is used to dilate the cervix, lambing rates decreased from 42–69%
to 10–52%. However, in these animals, litter size was not affected by OXT treatment [171].
Contrarily, the pregnancy rate in lactating dairy cows increased after OXT administration.
Nonetheless, since the sample size was small (17 animals) [172], it is important to mention
that the reported differences in these studies can be attributed to different dosages, routes
of administration, period of treatment, time to pregnancy diagnosis, and even species.

Concerning the productive affectations in Sahiwal cattle, when groups that did
not receive exogenous OXT (MG) and those with 20 IU were compared, a reduction
in the percentages of fat (4.49 ± 0.11 G1 vs. 4.49 ± 0.11 G2), lactose (4.84 ± 0.04 G1 vs.
4.37 ± 0.22 G2), protein (3.75 ± 0.08 G1 vs. 3.49 ± 0.15), total solids (13.84 ± 0.20 G1
vs. 13.84 ± 0.20 G2) and non-fat solids (9.35 ± 0.11 G1 vs. 8.73 ± 0.34 G2) was found
in the OXT group. In addition, it was found that the application of OXT considerably
influenced the mineral profile in milk, causing negative variations in the manufacture
of dairy products and by-products [165]. Morgan et al. [173] reported in 30 primiparous
ewes that administration of OXT at three doses (1, 5, and 10 IU) did not affect milk yield.
However, differences in fat percentages were found, having the lowest values at milk-out
(0 h) (7.01%) in animals receiving 1 IU, rather than higher doses of OXT (7.81%). In contrast,
sows treated with 75 IU of intramuscular OXT improved milk composition with higher
numbers of solids (p < 0.05), protein (p < 0.01), energy (p < 0.05), and even higher IgA
concentrations [174].

According to these results, the effect of OXT on milk composition, milk yield, and
reproductive health of females depends on the lactation phase, parity, species, pregnancy
periods, dosages, and administration routes. Therefore, these elements must be considered
when assessing the advantages and disadvantages of OXT.
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Furthermore, if circulating OXT levels are low because the mother is in threatening
or challenging environments, insufficient milk ejection results, causing inconsistencies
and resulting in incomplete emptying of alveolar and cisternal fractions of MG, harming
the productive levels, the health status of the MG (e.g., with the onset of mastitis), and
the survival of the offspring [147,151]. For this reason, auditory, visual, and tactile tools,
and even the administration of exogenous OXT, have been implemented to avoid said
deficiencies. However, continuous analysis of these practices is necessary to know their
scope and the positive and negative impact they could have on the lactation process and
thus encourage its continued use or eradication.

6. Future Directions

The possible perspectives of the study concerning OXT could be aimed at assessing the
synthesis sites of OXT in tissues other than the myometrium. For example, this hormone
can be synthesized in vascular tissue, where it may have a local effect, allowing regulation
of the vasomotor response. However, it is still unclear if this could affect the myometrium
or if it can alter the behavioral response in animals.

The investigations of OXT in different anatomical regions and compounds are another
research field. Recent studies in rabbits have shown that OXT antagonist administration
does not impair maternal behavior [175]; however, studies by Keverne and Kendrick [99]
have reported that OXT’s effect on maternal neuroendocrine regulation is affected by
the administration of opioid receptor blockers, limiting OXT release, a relevant issue
when using analgesic treatment or other therapeutic protocols during parturition [27].
Moreover, nursing and maternal traits are highly motivated by parity, species, experience,
and intrapartum events such as dystocia [87]. Therefore, further research must address the
hormonal response that elicits maternal behavior as a complex phenomenon, not solely
dependent on OXT or other neuropeptides.

Regarding the exogenous management of OXT, although it is used to reduce expul-
sion times, improve milk yield and ejection, and reduce newborn mortality [47–49], it is a
controversial practice because of the potential adverse effects on dairy animals [5], such as,
e.g., intervals between calving and retracements in ovulation [169], and productive effects
(impact on milk composition) [23]. On the other hand, it is also necessary to investigate
positive stimuli that have been promising, such as the use of brushes, massage [176], mu-
sic [163], synthetic analogues of maternal appeasing pheromones [177], and the acquisition
of a pre-calving milking routine [153,154] to improve dairy cow performance and/or milk
parameters. A better understanding of the properties of oxytocinergic cells and the physiol-
ogy of OXT secretion could also help improve milking machines, for instance, by better
synchronizing them with the natural bursts of OXT secretion from the PVN OXT neurons to
promote an appropriate hormone release and an efficient/complete milk release, especially
in small ruminants [178].

The influence of OXT in species where allomaternal care is present could help to un-
derstand the importance of this hormone in both domestic animal behavior and physiology.

7. Conclusions

Parturition in mammals is an event coordinated mainly by OXT and its positive
feedback loop to maintain constant and synchronous contractions. Although OXT is
essential for the onset of parturition, other hormones such as E2, P4, and PG influence the
onset of parturition and myometrial contractions.

Immediately after parturition, maternal attachment and behaviors aimed at caring,
nursing, and protecting the newborn are highly influenced by increases in serum, milk, and
salivary OXT. In several domestic species, low levels of OXT are associated with impaired
maternal fitness and delayed or deficient dam–young bonding. The neuroendocrinal
management of maternal traits is a relevant topic because it is not only associated with
behaviors towards the newborn but also with altruistic care for non-filial offspring, known
as allo-nursing, and because neonatal survival is strictly dependent on maternal behavior.
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Likewise, the role of OXT in lactation and milk ejection involves the recognition of
sensorial stimulus that promotes OXT release and its action on myoepithelial cells located
in the alveolus. Due to its importance, exogenous OXT is common in dairy production
systems. However, before continuing with its administration, the potential adverse effects
must be considered. Therefore, OXT is one of the main hormones influencing physiological
and behavioral traits in parturient domestic animals.
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163. Ciborowska, P.; Michalczuk, M.; Bień, D. The effect of music on livestock: Cattle, poultry and pigs. Animals 2021, 11, 3572.
[CrossRef]

164. Ballou, L.U.; Bleck, J.L.; Bleck, G.T.; Bremel, R.D. The effects of daily oxytocin injections before and after milking on milk
production, milk plasmin, and milk composition. J. Dairy Sci. 1993, 76, 1544–1549. [CrossRef] [PubMed]

165. Hameed, A.; Anjum, F.M.; ur Rehman, Z.; Akhtar, S.; Faraz, A.; Hussain, M.; Ismail, A. Compositional and mineral profile of
sahiwal cow milk at various lactation stages as influenced by oxytocin administration. Pak. J. Zool. 2021, 54, 1–7. [CrossRef]

166. Assad, N.I.; Pandey, A.K.; Sharma, L.M. Oxytocin, Functions, Uses and Abuses: A Brief Review. Theriogenology Insight-Int. J.
Reprod. All Anim. 2016, 6, 1–17. [CrossRef]

167. Borghese, A.; Rasmussen, M.; Thomas, C.S. Milking management of dairy buffalo. Ital. J. Anim. Sci. 2007, 6, 39–50. [CrossRef]
168. Abecia, J.A.; Palacios, C. Ewes giving birth to female lambs produce more milk than ewes giving birth to male lambs. Ital. J. Anim.

Sci. 2018, 17, 736–739. [CrossRef]
169. Murtaza, S.; Sattar, A.; Ahmad, N.; Ijaz, M.; Omer, T.; Akhtar, M.; Shahzad, M. Long term administration of exogenous oxytocin:

Effects on pregnancy rate, and embryonic and fetal losses in Nili-Ravi Buffaloes. J. Anim. Plant Sci. 2020, 30, 40–49. [CrossRef]
170. Gümen, A.; Keskin, A.; Yilmazbas-Mecitoglu, G.; Karakaya, E.; Cevik, S.; Balci, F. Effects of GnRH, PGF2α and oxytocin treatments

on conception rate at the time of artificial insemination in lactating dairy cows. Czech J. Anim. Sci. 2011, 56, 279–283. [CrossRef]
171. King, M.E.; McKelvey, W.A.C.; Dingwall, W.S.; Matthews, K.P.; Gebbie, F.E.; Mylne, M.J.A.; Stewart, E.; Robinson, J.J. Lamb-

ing rates and litter sizes following intrauterine or cervical insemination of frozen/thawed semen with or without oxytocin
administration. Theriogenology 2004, 62, 1236–1244. [CrossRef] [PubMed]

172. Yildiz, A. Effect of oxytocin on conception rate in cows. Fırat Univ. J. Health Sci. 2005, 19, 75–78.
173. Morgan, J.; Fogarty, N.M.; Nicol, H. Oxytocin administration and its effect on ewe milk composition. Asian-Australas. J. Anim. Sci.

2000, 13, 206–208.
174. Farmer, C.; Lessard, M.; Knight, C.H.; Quesnel, H. Oxytocin injections in the postpartal period affect mammary tight junctions in

sows1. J. Anim. Sci. 2017, 95, 3532–3539. [CrossRef] [PubMed]
175. Jiménez, A.; Jiménez, P.; Inoue, K.; Young, L.J.; González-Mariscal, G. Oxytocin antagonist does not disrupt rabbit maternal

behavior despite binding to brain oxytocin receptors. J. Neuroendocrinol. 2023, early view, e13236. [CrossRef]
176. Monks, D.T.; Palanisamy, A. Oxytocin: At birth and beyond. a systematic review of the long-term effects of peripartum oxytocin.

Anaesthesia 2021, 76, 1526–1537. [CrossRef] [PubMed]
177. Osella, M.C.; Cozzi, A.; Spegis, C.; Turille, G.; Barmaz, A.; Lecuelle, C.L.; Teruel, E.; Bienboire-Frosini, C.; Chabaud, C.; Bougrat,

L.; et al. The effects of a synthetic analogue of the Bovine Appeasing Pheromone on milk yield and composition in Valdostana
dairy cows during the move from winter housing to confined lowland pastures. J. Dairy Res. 2018, 85, 174–177. [CrossRef]

178. Marnet, P.G.; McKusick, B.C. Regulation of milk ejection and milkability in small ruminants. Livest. Prod. Sci. 2001, 70, 125–133.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

218



Citation: Bienboire-Frosini, C.; Muns,

R.; Marcet-Rius, M.; Gazzano, A.;

Villanueva-García, D.;

Martínez-Burnes, J.; Domínguez-Oliva,

A.; Lezama-García, K.;

Casas-Alvarado, A.; Mota-Rojas, D.

Vitality in Newborn Farm Animals:

Adverse Factors, Physiological

Responses, Pharmacological

Therapies, and Physical Methods to

Increase Neonate Vigor. Animals 2023,

13, 1542. https://doi.org/10.3390/

ani13091542

Academic Editor: Maria Cristina

Veronesi

Received: 30 March 2023

Revised: 18 April 2023

Accepted: 29 April 2023

Published: 4 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

animals

Review

Vitality in Newborn Farm Animals: Adverse Factors,
Physiological Responses, Pharmacological Therapies, and
Physical Methods to Increase Neonate Vigor

Cécile Bienboire-Frosini 1, Ramon Muns 2, Míriam Marcet-Rius 3, Angelo Gazzano 4, Dina Villanueva-García 5,

Julio Martínez-Burnes 6, Adriana Domínguez-Oliva 2,7, Karina Lezama-García 7, Alejandro Casas-Alvarado 7 and

Daniel Mota-Rojas 7,*

1 Department of Molecular Biology and Chemical Communication, Research Institute in Semiochemistry and
Applied Ethology (IRSEA), 84400 Apt, France; c.frosini@group-irsea.com

2 Agri-Food and Biosciences Institute, Hillsborough BT 26 6DR, Northern Ireland, UK;
rmunsvila@gmail.com (R.M.)

3 Animal Behaviour and Welfare Department, Research Institute in Semiochemistry and Applied
Ethology (IRSEA), 84400 Apt, France; m.marcet@group-irsea.com

4 Department of Veterinary Sciences, University of Pisa, 56124 Pisa, Italy; angelo.gazzano@unipi.it
5 Division of Neonatology, Hospital Infantil de México Federico Gómez, Mexico City 06720, Mexico;

dinavg21@yahoo.com
6 Facultad de Medicina Veterinaria y Zootecnia, Universidad Autónoma de Tamaulipas,

Victoria City 87000, Mexico; jmburnes@docentes.uat.edu.mx
7 Neurophysiology, Behavior and Animal Welfare Assessment, DPAA, Universidad Autónoma Metropolitana,

Xochimilco Campus, Mexico City 04960, Mexico
* Correspondence: dmota100@yahoo.com.mx

Simple Summary: Vitality is a characteristic that in newborn animals demonstrates their vigor and
their general state of health (heart rate, respiratory rate, skin color, time that they take to stand up)
during the first hours of life. It can be measured by numerical scores based on some scales made
for babies and then adapted for various animals. Vitality can be affected by several factors. The
objective of this review is to analyze pharmacological and physical therapies used to increase vitality
in newborn farm animals, as well as understand the factors affecting their vitality, such as hypoxia,
depletion of glycogen, birth weight, dystocia, neurodevelopment, hypothermia, and finally, the
physiological mechanism to achieve thermostability. It is essential to evaluate vitality in newborns
because it can contribute to implementing interventions to reduce newborn mortality.

Abstract: Vitality is the vigor newborn animals exhibit during the first hours of life. It can be assessed
by a numerical score, in which variables, such as heart rate, respiratory rate, mucous membranes’
coloration, time the offspring took to stand up, and meconium staining, are monitored. Vitality can be
affected by several factors, and therapies are used to increase it. This manuscript aims to review and
analyze pharmacological and physical therapies used to increase vitality in newborn farm animals,
as well as to understand the factors affecting this vitality, such as hypoxia, depletion of glycogen,
birth weight, dystocia, neurodevelopment, hypothermia, and finally, the physiological mechanism
to achieve thermostability. It has been concluded that assessing vitality immediately after birth is
essential to determine the newborn’s health and identify those that need medical intervention to
minimize the deleterious effect of intrapartum asphyxia. Vitality assessment should be conducted
by trained personnel and adequate equipment. Evaluating vitality could reduce long-term neonatal
morbidity and mortality in domestic animals, even if it is sometimes difficult with the current
organization of some farms. This review highlights the importance of increasing the number of
stock people during the expected days of parturitions to reduce long-term neonatal morbidity and
mortality, and thus, improve the farm’s performance.

Keywords: domestic animals; vitality; MAS; shivering; BAT; meconium staining
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1. Introduction

“Vitality” describes the liveliness or vigor that neonate animals exhibit during the
first hours post-parturition [1]. It is a trait that is influenced by several factors, such as
intrauterine growth, the physiological immaturity of the newborn, and hypoxia due to
dystocia. Moreover, vitality in early postnatal life is affected by the behaviors, maternal
factors (e.g., maternal health and nutritional status, maternal care), and environmental con-
ditions during birth [1,2]. Fetuses could be exposed in utero to various deleterious factors
that disrupt the blood and oxygen flow through the umbilical cord, often culminating in
fetal asphyxia, hypoxia, and metabolic acidosis. These situations are the leading causes of
intrapartum and neonatal mortality [3–7]. Prolonged or intermittent asphyxia in utero or
during birth physiologically weakens the fetus or newborn and makes them less adaptable
to extrauterine life, decreasing their viability and vitality [8,9].

In 1952, Virginia Apgar developed the Apgar scoring system, which provides a method
to document the newborn’s condition at specific intervals after birth in humans. This is
a valuable objective indicator to determine the effectiveness of resuscitative efforts in
newborns. Epidemiologists quickly adopted the Apgar score as an outcome in perinatal
research because it is straightforward, easily understood, and almost universally recorded
in birth-related data sources. The score comprises 5 categories (skin color, heart rate, reflex
irritability, activity/flexion, and respiratory effort) that are each scored from 0 to 2, resulting
in an overall range of 0 to 10, with 10 indicating that the highest score was given for each
clinical indicator of neonatal well-being. In modern practice, the Apgar score is calculated
1 and 5 min after birth, and again at 10 min if the 5 min Apgar is low [10]. Adapted from
the Apgar score, neonatal vitality in farm animals is usually assessed through a numerical
score, with heart rate, respiratory rate, mucous membranes coloration, the time it took for
the offspring to stand up, and meconium staining signs as measurements [11], and different
options and measurements have been used to assess neonatal vitality. The total time of
parturition and expulsion of the newborn is considered the most important data [12].

The Apgar score has been adapted by diverse authors for pigs [13,14] and rumi-
nants [15,16]. Unlike the human Apgar score, bovine tests combine a variety of indicators
divided into three groups: (1) Clinical signs observed on physical examination; (2) Behavior
of calves at birth; (3) Blood tests (to evaluate glucose and cortisol levels) [15,17,18].

Proper vitality assessment is essential for newborn survival in humans and domestic
animals. The evaluation of the physiological status of the offspring requires trained person-
nel, adequate equipment, and timely intervention to correct cardiorespiratory depression or
resuscitate the newborn when necessary [13,14]. In many farm animal species, it is essential
to have trained assistants on farms or in veterinary clinics and adequate physical resources
to assess the vitality of the newborn. Early recognition of dystocia and fetal distress is
essential for successfully managing labor and neonatal health [19].

Currently, several methods and therapies are applied to farm animals to assess and
improve the vitality of newborns. Vitality at birth is often directly related to neonatal
viability [2]. Vitality assessment is critical to identifying at-risk newborn animals and
implementing interventions to prevent neonatal mortality. When considering pharmaco-
logical therapies, drugs such as caffeine [20,21] and naloxone have cardiorespiratory effects,
benefiting physiological function. For energy supplementation, glucose administration
is a common practice to supply newborns with the energy necessary to thermoregulate
and move to the udder immediately after birth [22]. Oxygen administration to reduce or
compensate for hypoxia states is another option for treatment. However, oxygen doses
and their effect might differ between species, and one must consider individual cases
according to the species and the newborn health at birth. Moreover, physical methods
to promote vitality and reduce mortality rates, such as natural and artificial colostrum
supplementation, provision of external heat sources, and controlled microclimates, are
being studied to determine their effect on neonatal survival [23,24]. Nonetheless, because
maternal and fetal factors alter neonatal vitality and the ability of the animal to adapt to
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the extrauterine environment [20], it is essential to create a comprehensive intervention
protocol for susceptible animals.

Therefore, newborns are susceptible to hypoglycemia, hypothermia, dehydration,
metabolic acidosis, less vitality, and death. The aim of this manuscript is to (1) understand
the factors affecting vitality in farms animals (i.e., hypothermia, hypoxia, birth weight,
glycogen depletion, neurodevelopment, and dystocia) and (2) review and analyze pharma-
cological and physical methods used to increase vitality in newborn farm animals.

2. Factors Affecting the Vitality of the Newborn

Significant impact on newborn vitality can have various factors, such as environmental
(extrinsic), the environment in which the newborn is born and raised. Factors, such as
adverse weather conditions for outdoor species (sheep, goat) or temperature, humidity,
ventilation, and cleanliness for indoor species, can affect the health and vitality of the
newborn. Management practices used on the farm can also affect the vitality of newborns.
Proper nutrition, sanitation, and veterinary care can help ensure that newborns are healthy
and vigorous. Other factors (intrinsic) are attributable to the fetus/newborn, such as
hypothermia, hypoxia, birth weight, and glycogen depletion, or to neurodevelopment,
related to other phenotypes, such as litter size, birth weight [25–28], and variation in
birthweight. Others are attributable to the mother, i.e., dystocia, maternal ability, the
absence of milk, the parity number, gestational age/length of gestation, the number of teats
to nurse the newborn [25], and clinical factors (infectious, hypertensive, and metabolic
disorders) and the general health status (notably nutritional) [29]. In the case of this review,
we will only focus on the intrinsic factors, which will be discussed below.

2.1. Hypothermia

In all endothermal animals, modulation of thermoregulation is closely related to the
stability of various cardiovascular, respiratory, renal, endocrine, nervous, muscular, and
cellular functions [30], as well as environmental conditions that are not in the scope of this
review. One of the leading causes of neonatal mortality in farm animals (i.e., lambs, calves,
foals, piglets) and other mammals is hypothermia caused by a significant loss of heat or
inhibition of thermoregulation, resulting from starvation when the offspring is unable to
suckle [31]. Another cause of hypothermia is physiological immaturity coupled with the
fact that when being expulsed from the uterus, the newborn’s temperature can drop up
to 3.5 ◦C [32,33]. This physiological change can trigger hypoglycemia, hypoalbuminemia,
growth retardation, or changes in the acid–base ratio, leading to multiorgan failure [34].
For example, pre-weaning mortality in piglets in EU countries remains around 15%, with
some as high as 25% [35], with many due to “crushing” by the sow, an outcome often
associated with postnatal hypoglycemia and hypothermia [36,37]. In all endothermal
animals, modulation of thermoregulation is closely related to the stability of various
cardiovascular, respiratory, renal, endocrine, nervous, muscular, and cellular functions [30].
One of the leading causes of neonatal mortality in farm animals (i.e., lambs, calves, foals,
piglets) and other mammals is hypothermia, produced by a significant loss of heat or the
inhibition of thermoregulation and heat production, resulting from starvation when the
offspring is unable to suckle [31].

However, how does a neonate fall into hypothermia? The sudden drop in body tem-
perature at birth reduces vigor and affects the newborn’s feeding ability. Consequently,
colostrum intake (the only source of immunoglobulins, nutrients, and energy) to fuel for
thermogenesis is diminished [38–42]. In addition, factors associated with the activation
of the hypothalamic–pituitary–adrenal (HPA) axis [43] increase the concentrations of cate-
cholamines and circulating cortisol, both in the fetus and in the neonates [44], generating
changes in blood flow that can compromise the ability to thermoregulate [45].

Newborns use various mechanisms to minimize or compensate for hypothermia:
shivering, vasomotor control, and the presence of brown adipose tissue (BAT) as an energy
source (discussed in Section 3). However, these mechanisms can require much energy and
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thus perpetuate the problem. Mechanisms include the presence of thermogenic cells, such
as BAT; the presence of hair; thickness of the dermis; body-to-mass ratio; behaviors at birth;
locomotor abilities; and organ development [46,47]. In farm animals, the characteristics
mentioned above can differ markedly between altricial and precocial species [22]. In many
aspects, thermoregulation in altricial species is often further complicated due to the absence
or shortage of hair, high body surface-to-mass ratio, and scant adipose tissue [48]. In
contrast, in both species, the fact that newborns are born wet with amniotic fluid makes
them susceptible to evaporative heat losses [49].

In piglets, shivering is a compensatory mechanism often observed, but with high
energy demand. As a result, piglets have increased myofibril mass, blood supply, and
triad proliferation (fat intake, maturation of adipocytes from multi to unilocular, improved
thermal homeostasis) to improve shivering efficiently [39,50]. The case of newborn piglets
differs from most mammals; they have almost no BAT, and their thermoregulation highly
depends on shivering to produce heat. In addition, the sow does not lick the piglets to
remove the blood and amniotic liquids and placenta fragments, meaning that the piglets
are wet during some hours and have more risk of hypothermia, a particularity of the
species. That is why, in newborn piglets, various molecular, ultrastructural, biochemical,
and physiological adjustments are involved in the maturation of the energy metabolism of
the musculoskeletal system at birth [39]. Nonetheless, hypothermia can also affect precocial
species, such as ruminants. Despite having a better degree of neurodevelopment at birth,
hypothermia in ruminants is a factor occasionally associated with mortality in newborns
due to the drastic temperature change when exposed to the extrauterine environment in
the first hours after birth [51].

2.2. Hypoxia

All factors that reduce the oxygen supply passing from the mother to the fetus pro-
mote hypoxia, i.e., constriction of uterine blood vessels, placentitis, and umbilical cord
occlusion, among others [3]. Perinatal decrease in oxygenation through the umbilical cord
leads to fetus asphyxia due to inadequate respiratory gas exchange, triggering metabolic
acidosis [52]. The severity of perinatal hypoxia can be assessed at birth using various
indicators, such as blood pH, CO2, and blood oxygen concentration, as well as various
cardiopulmonary and neurological function tests [53,54]. Pre- and intrapartum uterine con-
tractions can cause varying degrees of hypoxia. When suffering from perinatal stress, the
body releases catecholamines, significantly impacting the activated metabolism, glycolysis,
and hyperglycemia [36,54]. By increasing the metabolism, oxygen requirements will be
higher [55]. Uncontrolled hypoxia can lead to asphyxia, and when this occurs intrapartum,
the fetal lungs decrease the amount of surfactant, inducing respiratory acidosis [7]. In
other words, when a fetus suffers from hypoxia (caused by umbilical cord or fetal head
compressions [3]), there are some changes in fetal circulation, which increase intestinal
peristalsis, causing relaxation of the tone of the anal sphincter, allowing meconium to pass
into the amniotic sac [53]. In an attempt to survive, the hypoxic fetus initiates forceful respi-
ratory movements with the glottis open, inhaling meconium-contaminated amniotic fluid,
which is directed deep into the lungs. In turn, inhaled meconium produces obstruction and
inflammation of the airways, translating into inadequate oxygenation and causing alveolar
surfactant degradation [54], which is associated with asphyxia and pulmonary hyperten-
sion [55]. In a study by Bochenek et al. [56], piglet alterations during the hypoxic period
demonstrated clinical signs consistent with encephalopathy. The clinical signs derived from
peripartum hypoxia and pulmonary anomalies constitute Meconium Aspiration Syndrome
(MAS). MAS defines the respiratory distress in newborns born during labor complicated by
meconium-stained amniotic fluid [48]. According to Martínez-Burnes et al. [57], functional
and structural repercussions of MAS include airway obstruction, atelectasis, chemical
pneumonitis, hypoxemia, acidosis, pulmonary hypertension, and, in some cases, death
(Figure 1) [58–62].
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Figure 1. Hypoxia is a factor that reduces vitality. During intrapartum uterine contractions, utero-
placental blood vessels and the umbilical cord are compressed. Due to this compression, partial
fetal pressure of arterial oxygen (PaO2) is reduced, causing transient hypoxemia in the fetus. When
uterine contractions increase or uterine hyperstimulation occurs, around 60% of the uteroplacental
blood circulation is reduced, affecting transplacental gas exchange and fetal oxygen supplementation.
Along with hypoxemia, other physiological events, such as acidosis, hypercarbia, and meconium
aspiration, can also be present, reducing a newborn’s vitality.

On the other hand, anemia in newborn piglets is common and is more frequently ob-
served in large litters [63,64]. This is important because hemoglobin serves as an important
non-bicarbonate, essential for oxygen transport [65]. Then, the hypoxic events that the
newborn faces can cause a decrease in its vigor since the lack of oxygen can lead to the
presentation of MAS. Therefore, one of the first therapeutic lines could be to try to improve
the availability of oxygen to reduce the impact of this phenomenon.

2.3. Birth Weight

Birth weight in any species can significantly predict newborn survival [66]. There
is controversy on this issue, and some authors point out that low birth weight can be
compensated in the weaning period [67], while others point out that low birth weight can
cause growth difficulties [68].

Two biological factors could influence neonatal viability in farm animals: birth weight
and nutritional status in the perinatal period. Diverse studies suggest that there is a
negative association between low birth weight and survival during this period [39,69–71],
and it has been demonstrated that a positive correlation exists between the ability to raise
thermostability and a newborn’s weight. Nonetheless, negative aspects can also be found
in newborns with normal weight born from nulliparous females with narrow birth canals
(Figure 2) [72–75].
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Figure 2. Importance of birth weight in the percentage of newborn survival. (A) In newborns with low
birth weight, there are many limitations to being able to produce energy from their glycogen reserves
in the liver and skeletal muscle because these are reduced between 75 and 80%. Cori’s cycle cannot
be activated correctly because muscle fibers are reduced per μm2, and the lamb cannot get up and
look for the mother’s teat, so it may starve to death. Low birth weight is closely associated with fetal
and neonatal morbidity, inhibited growth and cognitive development, and chronic diseases. During
oxygen deprivation in the event of fetal hypoxia–ischemia, compensatory mechanisms are responsible
for redistributing cardiac output, centralizing blood flow to vital organs, and reducing oxygen
consumption. Additionally, an increase in peristalsis with expulsion and staining of meconium on
the skin can be present, as illustrated in the lamb on the left side. (B) In contrast, high-birth-weight
newborns have adequate vigor, can stand up immediately to consume colostrum, and have enough
energy reserves. These reserves help to achieve thermoneutrality, together with the higher amount
of muscle fibers, and enough hepatic glycogen reserves. In addition, the lipid reserves in lambs
born with normal weights is 10× the amount of available lipids in those that have low birth weight.
Although normal-weight newborns have increased chances to survive, when the female has a narrow
birth canal, these animals can experience dystocia and a prolonged expulsion period that might
predispose them to meconium aspiration. Type IIA: muscular fibers type IIA.

In the same way, there have been studies carried out in sheep [76,77], pigs [36,78],
and cows [79,80] that have shown how factors, such as the dam’s weight and body con-
dition, parity, newborn’s weight at birth, breed and age of the mother [47,81], number
of siblings in the litter, and maternal and offspring behavior, can influence the survival
of the newborn [82]. It is often assumed that low birth weight in newborns is usually
associated with prematurity, placental insufficiency (i.e., newborns, piglets, lambs), or
maternal undernutrition (i.e., lambs) [83]. In piglets, one of the possible reasons for the
lower viability and low birth weight can be immaturity [84].
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According to Schmidek et al. [80], reduced birth weight during normal calving may
also be associated with poor vitality. They suggest that up to 74% of calves with reduced
vigor die before weaning. The availability of liver glycogen and skeletal muscle is decreased
by 70–85% in newborns with low birth weight. In the same way, the amount of available
lipids in low-birth-weight animals (i.e., pigs, lamb) is only about 10% of the amount
available for those born with adequate weight, and these factors can affect the ability of
the newborn to generate the energy necessary to stand up or access the mother’s teat and
suck colostrum [83].

2.4. Glycogen Depletion

In piglets, the risk of hypoglycemia is associated with sibling competition to get better
or functional teats, resulting in high colostrum intake variability among piglets [55,84].
The colostrum requirement for newborn piglets is 180–250 g [85], but on some occasions,
these requirements are not covered, especially in sows rearing large litters. Animals not
reaching their colostrum intake requirements have to rely on using glycogen, which can
be inappropriate for weak newborns [86]. Glycogen reserves are stored in the liver and
the muscle and are usable by the newborn from 12 to 24 h and 24 to 36 h after birth,
respectively [55]. In any case, the liver’s glycogen reserves are depleted in most species
from 12 h after birth. Then, the newborn depends on the energy supply obtained through
colostrum or gluconeogenesis. However, it is important to mention that gluconeogenesis
occurs in the newborn’s liver simultaneously with the appearance of phosphoenolpyruvate
carboxykinase after the rise of plasma glucagon and the fall of plasma insulin [87]. This
synthesis of energy requires that activation of the Cori cycle take place, through which the
production of lactate in muscle cells arises, its transport to the liver, its conversion into
glucose by gluconeogenesis, and its return to the muscle to be converted back into lactate
ensuring the functioning of the muscles in periods of great activity, such as shivering. The
Cori cycle involves glucose consumption in muscle under anaerobic conditions, producing
lactate from pyruvate and nicotinamide adenine dinucleotide (NADH) synthesized during
glycolysis, with a considerable expenditure of energy at the liver [88]. The problem with
activating this cycle is that lactic acidosis occurs in the muscles, which can decrease the
blood’s buffer system efficiency, leading to physical fatigue caused by oxygen debt [83].
Moreover, it is a cycle that costs 6 adenosine triphosphate (ATP) in the liver, and it is a cycle
that cannot continue indefinitely [6,89].

By depleting glycogen reserves and thus generating hypoglycemia, the newborn is led
to a decrease in heat production that causes hypothermia and compromises brain function,
which can lead to a coma or even seizures and death [83]. The fact that the animal at
birth has limited energy reserves could directly impact its vitality. Therefore, therapeutic
strategies should be focused on promoting the vigor of the newborn.

2.5. Neurodevelopment

According to Mellor [90], newborn mammals can be classified according to their neuro-
logical maturity in (1) neurologically mature newborns (offspring of guinea pigs, primates,
and ungulates, such as deer, cattle, horses, pigs, goats, and sheep); (2) neurologically mod-
erately immature newborns (offspring of cats, dogs, ferrets, bears, rabbits, hamsters, mice,
and rats); (3) neurologically exceptionally immature newborns of marsupials (wallabies,
opossums, and kangaroos). Most farm animals are neurologically mature at birth, except
rabbits, which are moderately mature at birth. In the neurologically mature group, the
mother–young bond quickly establishes itself; in the moderately immature group, the
female makes nests and burrows to protect her young; and in the exceptionally immature
group, immediately after birth, the young hide in the pouch of the mother, where they
remain safe and nursing [91,92].
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Poor neurodevelopment in the newborn could possibly affect vitality because it could
have a limited physiological response. In this sense, it has been reported that limited neu-
rodevelopment in ruminants can decrease their thermoregulatory capacity and, therefore,
the response to stimuli at extreme temperatures [93]. Thus, with limited responsiveness, it
may fail to respond favorably to events, such as a drop in body temperature, by decreasing
heat loss through changes in the superficial microvascular response due to hypothalamic
activity, and the autonomic nervous system, which could affect vitality in the newborn [94].
Regarding their sensory capabilities, mature neurological newborns have the propriocep-
tion, musculoskeletal system, and vestibular function sufficiently developed to stand up
immediately after birth; in the same way, a developed sense of smell and vision allow them
to track and focus on objects [95,96]. Neurological moderately immature newborns have
developed taste, smell, touch, proprioception, nociception, and thermal sensitivity; how-
ever, visual and hearing capacities are absent and not functional until cortical–subcortical
connectivity is established at about 10–17 days after birth [97,98].

Intrauterine life gradually prepares the fetus for birth, and it develops the sense
of smell and taste to recognize its mother’s scent and easily find the udder to consume
colostrum. In the same way, the fetus develops essential neuroplastic responses, presenting
some outlines of learning and memory that can be useful in extrauterine life [90]. Given
the evidence, it is clear that the degree of neurodevelopment directly correlates with the
degree of vitality in the newborn animal. Therefore, it is necessary to resort to therapeutic
strategies to promote vitality in the different species.

2.6. Dystocia

Previously, we have mentioned that some maternal causes could interfere with the
fetus’s and newborn’s vitality (dystocia, maternal ability, the absence of milk, parity number,
or clinical factors). We will focus on dystocia because these maternal factors directly
influence the peripartum period and can cause a severe circulatory imbalance, producing
low oxygenation in the fetus and newborn [5].

Dystocia compromises fetal circulation, causing intrauterine fetal hypoxia that triggers
a redistribution of blood from less sensitive organs, such as the intestine, to vital structures,
such as the brain and the heart. Reduced intestinal perfusion promotes peristalsis and
reduces the muscle tone of the anal sphincter, resulting in the passage of meconium into
the amniotic sac [7], thus causing the MAS mentioned above and its pathophysiology
previously described in the hypoxia section [99,100].

In cows, the degree of calving stress depends on several factors, such as calf size,
presentation, the dam’s pelvic dimensions (correlated with age), the force of contractions,
insufficient cervix dilation, and uterine torsion. These factors, alone or in combination,
can trigger labor dystocia [101]. In the presence of dystocia, the cow may experience
reduced milk production and/or uterine infections, leading to increased production costs
and decreased fertility [79]. According to González-Lozano et al. [102,103], in swine
production, dystocia increases the risk of piglets with prolonged latency to first udder
contact, generating weakness and thereby decreasing their vitality scales.

Commonly, exogenous oxytocin is applied on the farm and domestic animals to reduce
long or dystocia births. It has been seen that this could cause an increase in the number of
stillbirths if it is not appropriately applied [62,104]. This is because myometrial contractions
can cause a decrease in oxygen supply to the fetus, especially in polytocous species [12];
hence, induction protocols should be assessed to better suit newborns’ developmental
needs [50]. Under all the above, it can be concluded that dystocia, the age of the dam, and
birth weight have the most significant impact on newborn vitality and, in the long term, on
neonatal survival.
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3. Physiological Mechanisms of the Newborn to Achieve Thermostability and
Improve Vitality

One of the most adaptive changes the fetus makes to compensate for thermal variations
in the perinatal period include the reorganization of the muscular circulation [29] of the
hindlimbs and its return to the brain and heart and reduced movements of the limbs or
body. After the onset of respiration, the increase in peripheral blood flow in response to the
elevation of blood PO2 releases lactic acid produced in the muscle by anaerobic metabolism.
Therefore, transient lactacidemia after the onset of respiration can be expected in normal
parturition [105]. Among the relevant hormones in the secretion of pulmonary fluid, we
can mention catecholamines, thyroid hormones, and cortisol elevation [6].

3.1. Brown Adipose Tissue

Non-shivering thermogenesis is the production of heat without shivering. This occurs
when the neonate’s brown adipose tissue (BAT) is activated and produces heat by burning
stored fat (unlike white adipose tissue, primarily used for energy storage). BAT gets its
name from its dark color, which is caused by numerous mitochondria. These mitochondria
contain a protein called thermogenin, also known as uncoupling protein 1 (UCP1), which
uncouples the electron transport chain from ATP synthesis, allowing the energy emitted by
burning fat to be released as heat instead of being used to produce ATP [106]. The type of
species highly influences the degree of thermoregulatory neurodevelopment. Ruminants,
classified as precocial, can maintain a constant body temperature during the early postnatal
period, even in cold environments [107]. In these species, non-shivering thermogenesis
is the most used mechanism by neonates. For example, in lambs (Ovis aries), about half
of the cold-induced metabolic peak comes from non-shivering thermogenesis. Therefore,
metabolic-active BAT during the early postnatal period is essential [108].

Thermogenesis by BAT is crucial in the neonate of most species and represents the first
energy resource available during the postnatal period. In response to cold, sympathetic
stimulation dramatically increases lipolysis and blood flow through the fat depots to
provide direct heat [109].

The quantity of body fat in the newborn varies markedly between species. Precocial
animals, such as lambs and calves, are born with well-developed BAT reserves that quickly
atrophy and are replaced by white adipocytes shortly after birth [109,110]. In contrast,
altricial species are born with zero or minimal amounts of BAT, whose recruitment increases
when exposed to low temperatures during the first weeks of birth [109]. BAT replacement
or atrophy after birth depends on the species: it disappears in rabbits, sheep/cattle, and
goats within a month, from 2 to 3 days, and 2 to 6 days after birth, respectively [109]. BAT
is high in rabbits, but there are small amounts in sheep, cattle, and horses, while it is almost
non-existent in newborn pigs [105]. Nonetheless, adipose tissue represents only 2% of
the body weight of livestock species, and is distributed in the prescapular, inguinal, and
prerenal regions (Figure 3) [110–112]. However, in species with limited energy reserves,
at birth (such as piglets), colostrum intake and other mechanisms to preserve heat, such
as shivering, vasomotor control, and postural behavioral changes, are critical to prevent
hypothermia [113]. That is why, in newborn piglets, various molecular, ultrastructural,
biochemical, and physiological adjustments are involved in the maturation of the energy
metabolism of the musculoskeletal system at birth [39]. Consequently, BAT thermogenesis
is essential in the neonate of most species and represents the predominant resort to use
during the postnatal period. Nevertheless, colostrum consumption is crucial in species
with limited energy reserves to counteract hypothermia.
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Figure 3. Amount and distribution of brown adipose tissue (BAT) in lambs, calves, and kid goats.
According to the species, different levels of BAT are available at birth. For example, concerning
the animal’s weight at birth, newborn lambs have less pericardial BAT (4.61 g) than calves after
birth (23 g). Similarly, perirenal adipose tissue is higher in calves (146 g vs. 28.5 g) and the only
reported source in kids, which have 3.2 g of BAT. These values influence the ability of newborns
to thermoregulate and prevent critical heat losses. NE: norepinephrine; TG: triglycerides; UCP1:
uncoupling protein 1.

3.2. Shivering

Shivering is a thermogenic mechanism of repetitive and rapid skeletal muscle contrac-
tions when the body is exposed to cold weather or a fever. One of the main differences
between immature and mature species is their morphological characteristics, such as the
percentage of body fat, the surface–volume ratio, and the adenosine triphosphate (ATP)
necessary to maintain contractions; this could influence the intensity of the shivering [114].
The body core temperature of mammals is regulated by the central nervous system, in
which the hypothalamus’s preoptic area (POA) plays a pivotal role [115]. Shivering is
regulated by structures that connect the POA with the parabrachial nucleus, the dorso-
medial hypothalamus, the raphe pallidus, and spinal cord motor neurons. Although it
employs thermosensitive neurons in the POA and spinal cord, these can also be activated
in metabolic thermogenesis through BAT [116].

The shivering process uses the oxidation of carbohydrates, lipids, and proteins
from muscles’ reserves and circulating blood [114]. It can increase oxygen consump-
tion 20 times, increasing the aerobic activity of muscle fibers and leading to the oxidation
of fatty acids [117].

Although shivering is the most efficient mechanism to produce heat and achieve
thermal balance in precocial species, such as ruminants, during exposure to cold [118],
it cannot be used as a primary thermogenesis method due to the immaturity of muscle
tissue in ruminants [107], especially in lambs of the Merino breed [119]. Thermogenesis
through shivering is an efficient method for compensating for hypothermia in the new-
born, which helps to complement the metabolic response; however, it can quickly deplete
energy reserves.
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3.3. Vasomotor Control

Studies in a wide range of species show that the set-point of the major hormonal
systems that mediate the stress response (including the autonomic nervous system and
hypothalamic–pituitary–adrenal (HPA) axis) can be altered during early life [120]. Vasomo-
tor changes depend on the activation of the sympathetic system [121]. In the case of cold
stimuli, the participation of the HPA axis, the secretion of catecholamines (epinephrine and
norepinephrine), and their action on the receptors located in the blood vessels generate a
vasoconstriction effect [122,123]. The objective of vasoconstriction is to redirect the blood
flow of the extremities or peripheral structures toward internal organs and vital centers,
limiting heat loss through the skin [124–126].

3.4. Postural and Behavioral Changes

Many postural changes in newborns aim to avoid heat loss and/or provide additional
warmth. For instance, it is observed in pigs that, to reduce heat loss at birth, they adopt
positions such as snuggling with littermates [127], or they lay in the sternal position to
reduce the contact surface with the ground and prevent heat loss [128]. Due to the direct
effect of behavioral changes on the newborn’s thermoregulatory capacity, they also impact
the animal’s vitality. For example, in ruminants, it is reported that the average time to
stand up is 20–22 min, and to suckle later is 50 min. If this time is longer, the animal
may have weakness due to insufficient energy consumption. This could be related to the
lack of availability of energy resources, which would perpetuate the difficulty in standing
up and suckling [129]. In a study of rabbits (Oryctolagus cuniculus) exposed to thermal
challenge with cold, it was observed that they had a greater incidence of presenting the
behavior of huddling, and lower levels of triglycerides and BAT was also found in them
compared to control animals [130]. Although this demonstrates that changes in behavior
and posture are compensation mechanisms against a factor that affects vitality, they could
also be indirect indicators of energy resource levels. For this reason, once these signs of
weakness have been recognized, it is necessary to adopt therapeutic resources to promote
vitality in the newborn.

In altricial species, behaviors such as crowding, seeking warmer sites, and calling
to the mother are more commonly observed [131]. In the case of the rabbits (Oryctolagus
cuniculus), they frequently adopt behaviors such as snuggling, rooting, and climbing, in
addition to maintaining close contact with the rest of the litter to achieve a better position
within the nest; moreover, this ensures a source of heat and food [132]. Through these
physiological and behavioral strategies, newborns can increase their vitality and thus
achieve survival.

4. Therapies and Methods Applied in Neonates to Promote Vitality

4.1. Pharmacologic Therapies
4.1.1. Energetic Supplements: Dextrose and Colostrum

The vitality and thermoregulatory capacity of the newborn is mainly determined by
its energetic reserves, which are needed for thermogenesis [51,128]. For this reason, one
suggested therapy is using energy supplements that provide calories to the newborn to
achieve thermal stability [22]. Low blood glucose availability is recognized as one of the
risk factors for newborn mortality. For example, McCauley [133] suggests that piglets with
low birth weight can have low vitality and greater susceptibility to hypothermia because
these animals have fewer energy resources to compensate for their heat loss, which has
also been verified in ruminants [134].

In ruminants, the intravenous (IV) administration of 5% dextrose solutions at a rate
of 500 mg/kg−1 has been suggested as a therapy that reestablishes blood glucose levels
when they are lower than 60 mg/dL [135]. In this sense, Eales et al. [136] reported that
intraperitoneal administration of 10 mL/kg of 20% glucose and rewarming with air at
40 ◦C improved survival in lambs. This suggests that providing energy resources to the
neonate could increase its vitality and thermoregulatory capacity. However, controversies
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have arisen with pharmacological treatments. Oral administration of 40% dextrose in
lambs increased the chance of their survival 3 h after birth, but was not superior to the
implementation of a physical warming technique [137]. There is controversy regarding
whether it is more effective to treat hypothermia or hypoglycemia in a newborn with
low vitality.

Precisely, Engelsman et al. [138] evaluated the effect on the rectal temperature (RT)
and glucose levels of administering energy supplements (glucose or colostrum) in three
sessions. They evaluated 88 piglets receiving subcutaneous glucose (50 mg/kg) or 20 mL
of colostrum at 35 ◦C, or a combination of both. They found no difference in RT among the
three treatments, but the combined use of glucose and colostrum resulted in higher blood
glucose levels. This suggests that high-quality energy resources, like colostrum, are related
to vitality. Previously, Dividich and Noblet [139,140] mentioned that promoting colostrum
consumption is an alternative to synthetic pharmacological therapies because it increases
energy reserves by at least 30% in piglets.

The increased availability of energy resources is not the only benefit of this treatment.
According to Silva et al. [141], the thermoregulatory response of newborn Holstein calves
is altered when fed different volumes of colostrum (10%, 15%, and 20% of their weight).
They found that the animals that consumed 15% and 20% colostrum had a higher pre-
scapular temperature than those that consumed 10%; in addition, the total leukocyte counts
increased. Both benefits could be associated with increased vitality because the thermoregu-
latory and immunological capacity would improve newborn survival. Colostrum contains
different cell growth factors that promote differentiation, such as insulin-like growth factors
(TGF1 and IGF-2), transforming growth factor b (TGF-b1 and TGF-b2), growth hormone,
epidermal growth factor, and insulin [142,143]. Similarly, Muns et al. [144,145] observed an
increase in IgG levels at days 4 and 5 of life in piglets orally supplemented with colostrum
after birth.

Due to the presence of these elements, colostrum could reduce the incidence of diseases
in newborns. Therefore, energy supplementation is a viable therapeutic alternative to
increase vigor in weak animals with signs of hypothermia.

4.1.2. Caffeine

Caffeine is a methylxanthine antagonist of adenosine receptors in the Central Nervous
System. Caffeine acts as a stimulant on physiological variables, such as the heart and
respiratory rates (Figure 4) [20,21,146,147]. This drug has been used intravenously, orally,
or subcutaneously at 20 mg/kg to promote vitality, increase oxygenation, and reduce
metabolic changes due to perinatal asphyxia in farm animals [148].

Some studies have suggested that caffeine administration between 20 and 30 mg/kg
8 h after the birth of piglets with high weight and diagnosed with asphyxia presented a
positive response, increasing body weight by 19% at weaning [149]. However, it may have
the opposite effect when administered to animals with low weight and lower vitality, as a
lower colostrum intake is usually accompanied by lower weight gain [150]. These authors
suggested that caffeine as the only therapeutic intervention would have little effect, as was
observed with the additional use of glucose. In addition, Robertson et al. [151] evaluated
the effect of caffeine administration at 20 mg/kg to improve Merino lambs’ vitality. They
observed that the lamb mortality was similar in both the control and the treated group,
suggesting a nonsignificant effect on vitality.

A possible method to improve caffeine’s effect would be combining energy supple-
ments, as suggested by Jarrat et al. [152], who evaluated the effect of caffeine and glucose
supplementation in 398 piglets at birth. Oral administration was randomly proportioned
with 30 mg of glucose, 30 mg of caffeine, and a combination. This treatment did not benefit
animals with ideal or high weight, but improved growth between days 1 and 3 by 0.9 kg
in animals with low birth weight. These results suggest that the caffeine administration
increased the energy capacity so that the animal could remain stable during the critical
period. However, the timing and concentration of caffeine might determine its effect. For

230



Animals 2023, 13, 1542

example, a study evaluated the optimal concentration and duration of caffeine in Merino
ewes at 120 and 140 days of gestation. In animals receiving 10 or 20 mg/kg of caffeine in
the feed at 120 days of gestation and 20 mg/kg after 140 days of gestation, it was observed
that the high administration of caffeine from day 120 allowed the lambs to present a higher
rectal temperature, greater suckling attempts, and a longer sucking time [153]. This sug-
gests that caffeine administration during late pregnancy would be a more viable option to
guarantee its effectiveness in the newborn.

Figure 4. Cardiorespiratory and neural effects of caffeine. The mechanism of action of caffeine,
binding to adenosine receptors (A1, A2A, A2B, and A3) in the cell membrane, causes cardiac responses
that can improve a newborn’s vitality by increasing heart rate, cardiac contractility, and blood pressure.
Moreover, it acts on postsynaptic neurons and in the blockade of A1 and A2A. Binding these receptors
increases arousal and alertness by accumulating adrenaline and activating the dopaminergic system.
ATP: adenosine triphosphate; cAMP: cyclic adenosine monophosphate.

Contrarily, in premature lambs, it was observed that caffeine administration did
not affect the carotid flow, heart rate, and oxygen saturation [154]. This is similar to
what was reported by Menozzi et al. [155], who carried out a pharmacokinetic study of
the administration of oral caffeine in sows and found that 24 h after its administration,
plasmatic concentrations of 13.77 ± 0.97 mg/mL were shown.

The literature shows that caffeine administration can be used before birth to improve
the vitality and respiratory capacity of newborns. However, more than administration of
caffeine alone is needed to achieve this effect, and the combined use of energy supplements
would help to achieve better results.

4.1.3. Naloxone

Naloxone is an opioid receptor antagonist that reduces the physiological effect of en-
dogenous opioids, such as dynorphin, enkephalin, and endorphins, at the brain level [156].
The physiological effect of these substances is the decrease in the respiratory rate and
tidal volume in the body because the expression of opioid receptors in the respiratory
center of the cerebral cortex, thalamus, and baroreceptors in the carotid bodies has become
evident [157]. The antagonism of these receptors likely decreases this effect and increases
the ventilatory capacity. The therapeutic effect of naloxone has been previously described
in newborn animals. For example, Hazinski et al. [158] evaluated the effect of naloxone

231



Animals 2023, 13, 1542

administration at 4 mg/kg in 19 rabbit pups. They observed that the minute volume
increased by 50 mL and the tidal volume increased by 8% in animals administered nalox-
one compared to the baseline event. In addition, blood gas analysis showed a 5 mmHg
decrease in CO2 levels and a 2 mmHg increase in pO2. These authors concluded that
endogenous opioids participate in respiratory control; therefore, their antagonism can
positively intervene in respiratory activity. Interestingly, in a study carried out in paralyzed
and vagotomized piglets, the administration of naloxone caused an increase in phrenic
neural activity, which increased the respiratory output by 122 ± 36% and also the output
per minute by 54 ± 12% [159]. This could demonstrate that naloxone has a beneficial effect
on the respiratory capacity of the newborn with signs of low vitality or asphyxia. However,
the results are limited in whether this could be related to improving thermoregulatory
capacity and whether these effects can be prolonged.

4.1.4. Oxygen Therapy

Oxygen is essential for aerobic respiration, yet is potentially toxic, causing what is
described as oxidative stress when there is an imbalance between the reactive oxygen
species produced by aerobic respiration and the body’s ability to detoxify these products.
The capability to efficiently deliver sufficient oxygen to the tissues for optimal cellular
function while minimizing oxidant-induced tissue damage has been achieved through
complex physiological processes developed through evolution [160]. Oxygen therapy has
been suggested as an alternative therapy to improve the vitality of newborn animals due
to the characteristic of perinatal asphyxia caused by meconium aspiration [61]. For this
reason, it has been suggested that the administration of 100% oxygen could counteract
the effects of perinatal asphyxia and consequently improve vitality in the newborn [161].
In fact, due to asphyxia, cerebral hypoxia can also become evident due to the decrease
in blood oxygen and local hemodynamic changes that would cause the demand for this
available resource to be lower [162].

Intranasal oxygen support has been suggested as a form of treatment for perinatal
asphyxia. For example, Bleul et al. [163] evaluated the effect of intranasal oxygen adminis-
tration on blood gas variables in 20 newborn calves with respiratory distress syndrome.
They found that this treatment significantly increased the partial pressure of oxygen (PaO2)
by 20.3 ± 8.8 mmHg and SaO2 by 10% within the first 12 h after birth, which increased the
survival rate (treatment group = 9/10 vs. control group = 4/10). This suggests that this
simple treatment would be an option to improve blood variables and vitality in the new-
born. In fact, in humans, it has been found that the implementation of this therapy, apart
from improving the fraction of inspired oxygen, decreases acid–base changes and oxidative
stress during neonatal resuscitation due to respiratory stress, so it could be considered a
method to counteract the acidosis caused by this event [164].

The possible explanation for this process could be that during birth, there is decreased
secretion of the surfactant substance, producing pulmonary atelectasis, which would hinder
gas exchange and increase hypoxemia in the individual [165]. Therefore, for improving
gas exchange in the newborn, it is necessary to consider that there are also processes of
pulmonary hypertension and an increased airway [166]. Thus, a ventilation maneuver
would increase the possibility of gas exchange due to the gas pressure that would overcome
the increase in airway pressure.

Therefore, oxygen therapy helps increase the newborn’s limited energy resources due
to asphyxia during this process. In addition, it increases the ventilatory reserve that can be
diminished by the aspirated meconium. However, it is necessary to understand that there
may be an increase in airway pressure, which would hinder gas exchange, so ventilation
maneuvers would help to increase this process.
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4.2. Physical Methods
4.2.1. Colostrum: Natural and Artificial Supplementation

Providing good-quality colostrum to newborns is a practice that has improved in the
last 20 years, reducing the incidence of insufficient colostrum intake in several species. For
example, supplementation has reduced insufficient colostrum intake in dairy calves to 19%
in dairy farms [167]. Passive transfer of immunoglobulins (Ig) through the colostrum and
the methods to ensure an adequate immune transfer are relevant because they are related
to the mortality rate and disease susceptibility [168,169].

Large animals (e.g., ruminants, foals, and piglets) are born agammaglobulinemic due
to the placenta structure that cannot pass maternal Ig to the fetus. Therefore, passive
immune transfer depends on the intake of Ig through colostrum [170–172]. Colostrum
deficiency is associated with increased morbidity and mortality in newborns. In the case of
dairy calves, if they consume less than 10 g/L of colostrum, they could have an increased
susceptibility to infectious diseases [171].

It is important to ensure colostrum intake from the mother immediately after birth—or
provide colostrum from another dam going into parturition or even frozen colostrum—because,
for example, in foals, their colostrum absorption efficiency is reduced quickly, reaching only 1/5
of its efficiency at 3 h after birth [23]. In the case of Jersey calves, high-quality colostrum fed
immediately after birth and after 12 h resulted in high concentrations of IgG (45.66 mg/mL) [169].
During the first hours of life, it is crucial to consume adequate amounts of colostrum, as reported
in piglets, in which the serum IgG concentration affects the survival of animals. In contrast,
newborns with less than 1000 mg/dL serum IgG had only a 67% chance of survival during the
first 72 h after birth [173]. In the Bragg et al. [157] study, factors associated with the likelihood of
having low IgG concentrations at birth in dairy calves were colostrum intake using artificial
bottle/tube feeding systems and calving assistance. Therefore, because newborns are not
usually considered immunocompetent until reaching weaning ages, at birth, they are exposed
to increased mortality rates due to their lack of immunocompetence [174].

To enhance immunocompetence in newborns, an adequate immune transfer and amount
of Ig are necessary to improve their vitality. Under this connection, supplying colostrum in the
newborn could improve the immune capacity to face infectious events or those that require
high energy consumption. There are different methods to provide colostrum, whether from the
biological mother, frozen colostrum, other species, and commercial supplements. In Canary
goat kids, the administration of refrigerated and frozen colostrum (5% of the kid’s body weight)
resulted in higher IgG concentrations (25.47 ± 19.89 mg/mL and 15.84 ± 5.91 mg/mL) at
24 h and 36 h post parturition, when compared to commercial sheep colostrum. Additionally,
birth weight was related to IgG values, where kids weighing less than 2.5 kg had lower IgG
concentrations [170]. In the same species, serum IgG concentrations and daily weight gain did
not significantly differ between kid goats receiving natural colostrum and a cow supplement
before ingesting the mother’s colostrum. However, there was a mortality rate of 4% for the
individuals in the supplement group, suggesting that supplementing the mother’s colostrum
does not benefit the newborn [175].

Contrarily, providing 10 g of IgG in 70 g of colostrum powder in 1-day-old Holstein
calves resulted in less diarrhea (6.1% vs. 9.7%) and required fewer antimicrobial treatments
than control animals. Although the mortality in the supplemented group was 7.7%, and
26.1% in the control animals, the authors reported no significant influence of colostrum
supplementation on mortality and the incidence of respiratory diseases [176]. A study
regarding colostrum in standard, thoroughbred, Arabian, and warm-blood foals reported
no differences between normal foaling and dystocia. However, the serum IgG concentration
at 24 and 48 h was lower in dystocia cases [177]. Therefore, knowing the parturition process
in domestic animals is important when considering colostrum supplementation therapies.
Supplementation in foals is recommended when the newborn is born from a mare with
poor-quality colostrum (less than 20% BRIX). Although the amount of supplemented
colostrum might vary, around 500 and 1000 mL is recommended [178]. One common
practice is to provide colostrum replacers to newborns. However, in Holstein Friesian
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calves, neonates fed a replacer had lower body mass and lower blood neutrophils and
monocytes (0.08 and 0.06 × 109/L, respectively), as well as lower total serum proteins
(44.34 g/L) than calves consuming maternal bovine colostrum [179].

Another factor to consider when deciding to provide colostrum is parity. In the case
of sows, it is an important factor that alters colostrum quality and IgG concentrations,
which can be 5% higher in multiparous animals [173]. Hyper prolific sows with litters of
up to 20 piglets prolong the farrowing and increase the competition for colostrum intake,
2 factors that affect the piglets’ vitality and immunocompetence [180]. Similar information
has been reported in Holstein cows, where colostrum from multiparous cattle had higher Ig
concentrations (around 26%) and total proteins [172]. Maciag et al. [174] evaluated the effect
of piglets consuming colostrum from gilts and sows and those bottle-fed with a commercial
milk formula during the first 24 h after farrowing. Piglets’ serum Ig concentration and
lymphocyte proliferation were assessed at 24 h and at 20 days after birth. The authors
found that piglets suckling natural colostrum had higher Ig concentrations (particularly
from sows with approximately 103.27 ± 12.8 mg/mL of Ig concentrations) and greater
ability to produce B and T cells. At the same time, animals fed the milk replacement
presented diarrhea and had lower body weights and a higher mortality rate (8/14 piglets,
57%) [174]. Piglets allowed to suckle naturally, but supplemented with artificial colostrum
twice a day resulted in body weight increases after week 1, daily weight, and higher IgG
counts [181]. This suggests that letting the newborn suckle ad libitum from their mother
and supplementing with artificial formulas provides performance benefits for the animals
and, probably, improves their vitality. As mentioned by Uddin et al. [182], in a study with
140 piglets from 10 sows, animals with Apgar vitality scores close to 2—in a scale of 0 to
2 (average of 1.42 ± 0.07)—consumed higher amounts of colostrum (p < 0.05), were born
earlier (order 1 to 5), and maintained higher body weight at birth and until weaning ages.
It is important to provide these elements to piglets, since factors such as birth order and
low colostrum intake are associated with asphyxiation during farrowing, a relevant issue
that must be considered when trying to reduce piglet mortality in farms.

Besides the nutritional components of colostrum, in the case of foals, the known
neonatal maladjustment syndrome is a disorder that can alter the suckling ability of the
foal to consume colostrum. Authors such as Aleman et al. [183] reported that an alternative
to address this issue and prevent the consequences of the disorder, namely, the “Madigan
squeeze method” applied as pressure for 20 min, helps the newborn to regain alertness and
be able to bond with the mare and stand up quickly to consume colostrum.

4.2.2. Temperature Drops Immediately after Birth—Sources of External Heat and Drying

Consuming colostrum immediately after birth is also linked to newborns’ ability to
maintain body temperature because it serves as a fuel for heat production and thermoregu-
lation [77]. Assessing the rectal temperature (RT) in newborn animals is the gold standard
to evaluate their thermal state and how the environment influences their body temperature.
Piccione et al. [184] studied the maturation and temperature pattern during the first month
of life in foals and lambs. The authors found that animals could maintain a constant high
temperature within 10 days post-parturition. In lambs, RT increased from 38.1 ◦C after
birth to 39.4 ◦C on the 24th day of life. In contrast, foals went from 37.4 ◦C to 38.3–38.7 ◦C at
25 days after foaling. In Scottish blackface and Suffolk lambs, RT was lower in animals with
low birth weight and those Suffolk animals, showing a difference even between breeds.
Animals with a longer latency to suckle (114 min) and ingest colostrum also had lower
RT, which was maintained for the first 3 days after lambing [77]. Aleksiev et al. [185]
also reported differences between breeds in Pleven black head, Bulgarian, and Bulgarian
X East Friesian cross lambs. In all animals, during the first 12 h, there was a fall in RT;
however, Bulgarian lambs recorded the lowest temperatures, which was significant at 1 h
post-lambing (39.8 ◦C vs. 40–40.1 ◦C in the other breeds). In that study, twin lambs also
had lower temperature values than single animals. In contrast, in 13 Maltese kid goats
and 13 Comisana lambs, Giannetto et al. [186] reported that RT was higher in kids and
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twins than in singletons and could be due to the physiological maturation at birth. In both
species, the RT decreased during the first 33 h post-birth.

Studies by Santiago et al. [11] in 1260 Yorkshire-Landrace x large white piglets deter-
mined that a low surface temperature (assessed with an infrared thermographic camera) at
birth is associated with low vitality scores. In this study, animals with low vitality scores
were related to lower birth weight and lower temperatures (around 1 to 2 ◦C less than
high-vitality piglets at birth and drying). At 24 h after birth, animals born from sows
with parities 6 to 7 had higher vitality scores and temperatures (1.5 ◦C). In this sense,
thermal imaging has been proposed as a non-invasive method to assess the thermal state of
newborn animals [187]. Labeur et al. [187] studied the influence of shearing on the amount
of brown fat tissue deposits in newborn lambs. Through infrared thermography in the
dorsum of lambs subjected to cold challenge, the authors reported that shorn lambs had a
higher core temperature after 30 min of a cold challenge than control animals. In a prelimi-
nary study conducted on piglets by the authors, infrared thermography showed that low
surface temperatures at farrowing were associated with low birth weights, birth order, and
mortality. In Figure 5, piglets from the same litter show different hindlimb temperatures.
Moreover, Figure 6 shows the hypothermia effect in newborn water buffaloes.

Figure 5. Thermal response of newborn piglets, evaluated by infrared thermography. Through
infrared thermography and the delimitation of the region of interest in the pelvic limb (El1), factors
such as weight and birth order can be assessed and associated with low birth temperatures, as shown
in piglets from the same litter. (A) A piglet with a low birth weight (0.60 kg) and birth order eight
had a minimum temperature of 23.4 ◦C. (B) A newborn weighing 0.62 kg and birth order five had a
minimum temperature of 26.5 ◦C. In contrast, when comparing piglets from birth order one (C) and
three (D) (weighing 1.58 and 1.63 kg, respectively), the minimum temperature of piglet (C) (32.1 ◦C)
is 8.7 ◦C above piglet (A) and 5.6 ◦C above piglet (B). Minimum temperature of piglet (D) (27 ◦C) is
maintained higher than (A,B). Red triangles mark the maximum temperature and blue triangles the
minimum values in each thermal window.
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Figure 6. Comparison between central and peripheral thermal windows in newborn calves of water
buffaloes with different thermal states. (A) Normothermic newborn. Central thermal windows,
such as periocular (El1) and auricular (El2), have an average temperature of 37.3 ◦C and 37.0 ◦C,
respectively. Peripheral regions considered in the elbow (El3) and metacarpal region (El4) show
average values of 29.2 ◦C and 30.0 ◦C. (B) Hypothermic newborn. In contrast to buffalo neonates with
thermostability, this animal shows lower temperatures in both central and peripheral temperature.
The temperature was lower in the periocular window (El1) by 1 ◦C and in the auricular region (El2)
by 0.9 ◦C. In peripheral windows at the elbow (El3) and metacarpal region (El4), the temperature
dropped by 0.7 ◦C and 2 ◦C, respectively. The significantly marked difference between the central
and peripheral windows shows that an animal with hypothermia at birth generates microcirculatory
changes to preserve body heat in the brain. This leads to the activation of the Autonomic Nervous
System, its sympathetic branch, and the neurosecretion of catecholamines that cause peripheral
vasoconstriction to prevent further heat loss. This would explain the response observed in the
radiometric images of newborn buffaloes with hypothermia. Red triangles mark the maximum
temperature and blue triangles the minimum values in each thermal window.

In contrast, the evidence has led to questioning the benefit of using oxygen as a
treatment for birth. Vande Pol et al. [188] evaluated the effect of drying and oxygen
supply in 485 newborn piglets on rectal temperature during the first 24 h after birth. They
observed that drying presented a greater benefit on temperature than using oxygen and
drying together. Additionally, oxygen and drying did not affect the vitality or temperature
of the piglets. This is possibly due to the obstruction by meconium aspiration, which
intervenes in the process of oxygen exchange in the body [61]. An alternative to resolve
this phenomenon has been suggested by allowing ventilatory assistance, as mentioned
by Donnelly et al. [189], who have evaluated the effect of nasal oxygen insufflation and
continuous positive airway pressure on pharmacologically induced respiratory suppression
in 10 Holstein calves. They found that only insufflation with oxygen significantly increased
pO2 and carbon dioxide (CO2), whereas oxygen administration with positive pressure
reduced the presence of CO2, although there was no increase in pO2. This could indicate a
possible improvement in the gas exchange phenomenon.

These results show that newborn mammals cannot completely thermoregulate during
the first hours of life. Therefore, providing a suitable environment for the newborn at birth
and during the first hours after parturition is essential to improve their vitality. For example,
in piglets, although the farrowing houses are set at the recommended temperature for the
sows (15–19 ◦C), this represents a challenge to the piglets that require an environmental
temperature between 32 and 35 ◦C [190]. Moreover, although high temperatures are benefi-
cial to newborn piglets, for sows, floor heating in periparturient sows with temperatures
around 33 ◦C to 34 ◦C might cause a heat stress response [191]
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A study analyzing the benefits of the creep area concerning mortality showed that
enriching the area (e.g., insulated bedding and an additional wall to increase heat retention
inside the creep) did not influence the mortality rate of animals (between 12.9 and 15.2% for
all treatment groups) [192]. Milan et al. [190] evaluated the heat requirements for piglets
when using heat lamps during the farrowing process by applying machine learning systems
and the factors that can alter the quality of the supplemental heat. Increased air temperature
(15–19 ◦C) and animal weight (between 1 and 2 kg) were two variables that altered the
piglet heat requirement. Contrarily, heat lamps are only recommended for lambs while the
animals are drying and should not be used after this [193].

Infrared thermography has helped to demonstrate that, apart from placing heat lamps,
it is important to consider the lens, the shape, and the height of the lamps. For example,
height affects the heated area and can increase/decrease hotspots, altering the net usable
area for piglets to acquire their heat needs [194]. Automatic thermal control of heat lamps
inside pig farms is being developed. These systems can be applied in newborns and
piglets at different growth stages according to the already established temperatures to
ensure thermal comfort. In another study, Pedersen et al. [195] applied seven thermal
aids to evaluate their effects on reducing hypothermia in piglets on slatted or solid floors,
and those with floor heating, a radiant heater from above, and provision of straw. When
comparing the RT of the treatment piglets with control animals, all methods reduced the
temperature loss and maintained piglets’ RT above 35 ◦C most of the time when providing
straw and the radiant heater. In this way, using external heat sources depends on the species,
individual elements, and the method characteristics to ensure a benefit for the offspring.

Another factor directly associated with the previous techniques is the thermal chal-
lenge due to the exposure to the extrauterine environment and the evaporative heat loss
that neonates might present because they are born wet by the amniotic fluid and fetal
membranes. After birth, farm animals like piglets are susceptible to chilling, hindering their
vitality scores and other measures, such as low birth weight, environmental temperature,
housing facilities, or delay in colostrum intake [70]. In the same species, decreases of 3.7 ◦C
in RT during the first 30 min have been reported [188]. It is important to denote that sows
do not lick the piglets to remove amniotic fluid; therefore, they remain wet for some hours
and have more risk of hypothermia. Physiologically, maternal behaviors, such as licking
the newborn immediately after birth, stimulate the offspring to stand, ingest colostrum, and
dry their coat, reducing heat loss by evaporation [196]. Drying the newborn is a practice
that is recommended in some cases.

Andersen et al. [197] studied the effect of drying newborn piglets or drying and placing
animals under a heat lamp. Both treatments reduced the mortality (approximately 6% in
both groups vs. 12% in control animals). Additionally, drying and heat lamp treatment
resulted in fewer crushed piglets by their mothers (13.6% vs. 47.9% in control groups).
This article shows that providing this type of perinatal care reduces the causes of mortality
in newborns. Similarly, using a desiccant, a warming box (35 ◦C), and combining both
methods and a control group have been studied [188]. The authors found that animals in
the desiccant and the warming box had similar temperatures. However, combining both
methods resulted in the highest RT between 10 and 120 min after farrowing (from 37.6 to
38.6 ◦C, respectively, vs. 36.7 to 37.7 ◦C in the control group), having the greatest effect
on low-birth-weight piglets. Those findings mean that combining both methods reduces
piglet temperature decline.

Other studies have shown that drying piglets with a desiccant increased RT up to
2.4 ◦C from 25 to 180 min after birth, reducing the decline in RT in piglets with low and high
weights [198]. Likewise, in another study, Vasdal et al. [199] found that piglets dried and
placed at the udder reduced postnatal mortality (by 10%). Therefore, combined techniques,
such as colostrum supplementation, providing an external heat source, and a physical
approach, are recommended to increase vitality in newborn mammals.
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5. Perspectives

Study perspectives about the therapy to promote vitality in the newborn are focused
on pharmacological therapies, such as caffeine and naloxone. Due to their direct cardiorespi-
ratory effect, they could help to increase the availability of oxygen or blood resources [147].
However, the evidence does not indicate whether these effects may have a direct or positive
relationship with increased vitality or decreased perinatal mortality. Likewise, it would
be necessary to explore other drugs, such as sildenafil or doxapram, which have been
suggested to have a similar mechanism of action to caffeine and naloxone, but with the ad-
vantage of having a cardiovascular effect, which would counteract hypertension, acidemia,
and hypoxia during the postpartum period [200,201].

6. Conclusions

Proper assessment of vitality is essential for neonatal survival in farm animals. As-
sessing vitality immediately after birth is essential to determine the offspring’s health state
and discover those requiring medical intervention to minimize the deleterious effect of
intrapartum asphyxia.

Farms or veterinary clinics must train personnel and have adequate physical resources
to assess the health and vitality of the newborn because a correct understanding of neonatal
physiology is essential for interpreting vitality scores and detecting sick or weak newborns
in need of corrective intervention. Vitality scores should reduce long-term neonatal mor-
bidity and mortality in domestic animals. That is why Apgar scores in animals should be
improved by expanding the use of neonatal reflexes, clinical examination, and blood gases.
Biochemical and metabolic alterations explain the origin of cardiovascular and neurological
abnormalities in newborns that survive intrapartum asphyxia. In addition, veterinarians
must consider the type of delivery, the mother’s age, birth order, and birth weight when
assessing newborn vitality.

It is also essential to use technologies applied to vitality assessment to provide im-
portant clinical data on fetal or newborn distress. It could be helpful in all farm and
domestic species because it is not an invasive technique, and any person could apply it
with basic training.
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Simple Summary: Meconium aspiration syndrome is a pathology that causes hypoxia, acidosis,
and neonatal mortality. The mechanisms behind this rely on physiopathology and the interaction
of meconium with pulmonary alveolar cells. The inflammatory response, inactivation of surfactant,
and processes such as apoptosis or necrosis of alveolar macrophages, epithelial and endothelial
cells also participate in this syndrome. In this review, the physiopathology of meconium aspiration
syndrome will be discussed in veterinary medicine to understand the inflammatory response and the
cellular and biochemical changes at the alveolar level that cause the main outcomes of this pathology.

Abstract: Meconium Aspiration Syndrome is a condition that causes respiratory distress in newborns
due to occlusion and airway inflammation, and surfactant inactivation by meconium. This condition
has been described in animal species such as canids, sheep, cattle, horses, pigs, and marine mammals.
In its pathogenesis, the pulmonary epithelium activates a limited inflammatory response initiated
by cytokines causing leukocyte chemotaxis, inhibition of phagocytosis, and pathogen destruction.
Likewise, cytokines release participates in the apoptosis processes of pneumocytes due to the interac-
tion of angiotensin with cytokines and the caspase pathway. Due to these reactions, the prevalent
signs are lung injury, hypoxia, acidosis, and pneumonia with susceptibility to infection. Given the
importance of the pathophysiological mechanism of meconium aspiration syndrome, this review
aims to discuss the relevance of the syndrome in veterinary medicine. The inflammatory processes
caused by meconium aspiration in animal models will be analyzed, and the cellular apoptosis and
biochemical processes of pulmonary surfactant inactivation will be discussed.

Keywords: meconium; pulmonary inflammatory response; apoptosis; animal models; surfactant
inactivation

1. Introduction

Meconium aspiration syndrome (MAS) is a condition that causes hypoxemia, acidosis,
and respiratory distress in the newborn, increasing neonatal mortality [1,2]. Meconium
contains various substances such as mucopolysaccharides, bile acids, cytokines, cholesterol,
and cells that, upon entering the airways, interact with the alveolar epithelium, activate
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the immune system through chemotactic signaling of neutrophils and their extravasa-
tion through the alveolar-capillary membrane, additionally stimulating the production
of reactive oxygen species (ROS) and apoptosis [3–6]. This inflammatory process may
be accompanied by pulmonary edema, events that consequently cause neonatal hypoxia
and acidosis [7,8].

Given the importance of this disease in different species of veterinary interest, various
studies have been carried out to describe the pathophysiological mechanisms of MAS [9–11].
An example of MAS pathophysiology is the review by Swarman et al. [12], which describes
how meconium aspiration provokes airway obstruction and fetal hypoxia. The same
authors and coinciding with others mention that meconium microparticles can interact
with the alveolar epithelium inducing a local inflammatory response due to the release
of cytokines, such as interleukins (IL) IL-1, IL-6, IL-8, IL-10, and tumor necrosis factor
(TNF)-α [13,14]. These interleukins and the additional meconium components interact
with angiotensin metabolites, causing alveolar cell destruction and inactivation of the
pulmonary surfactant [15,16].

The mechanisms described for this pathology have formed the fundamental basis for
strategies to address the MAS [17]. Therefore, this article aims to describe and argue the
importance of MAS in veterinary medicine. The lung inflammatory process caused by
meconium aspiration in animal models will be analyzed, and the cellular and biochemical
mechanism of pulmonary surfactant inactivation will be discussed.

2. MAS in Veterinary Medicine

MAS is a condition most frequently described in human newborns, with an incidence
from 0.4 to 22% [2,18–20]. Of these cases, 5 to 28% are associated with infant mortality
when adequate obstetric intervention is not received [21,22]. In animals, this pathology has
been reported in canids, cattle, sheep, pigs, and marine mammals [22–24]. For example,
in newborn piglets, 6% of neonatal mortality is associated with this pathology [25,26], while
in dolphins, it is 8% [23], 4% in foals [27], and 1–3% in puppies [28].

The frequency in which this pathology may be present during parturition makes it
necessary to understand its pathophysiology to assess low vitality or respiratory distress
in animals [29]. Even though some clinicians use the degree of meconium staining of the
skin to determine severity, it is a poor predictor [30,31]. Therefore, to achieve a defini-
tive diagnosis or early recognition of MAS, complete knowledge is required regarding
the pathophysiological mechanisms that trigger the pulmonary and systemic effects of
meconium aspiration.

Animal Experimental Models in MAS

Researchers have tried to reproduce MAS experimentally in laboratory animals to
study the nature and progression of pulmonary lesions under controlled conditions. Differ-
ent animal species have been used as MAS models, including pigs [32–37], dogs [28,38],
cats [39], guinea pigs [40], rabbits [41–44], rats [45–47], lambs [24,48] and baboons [49].
Pathophysiology and lesions of MAS in humans have been successfully reproduced in
experimental animal models and mainly focused on the study of medical interventions and
therapies to reduce the impact on newborns’ vitality and mortality [31].

3. Meconium Composition

Meconium is a sterile liquid substance or the first excretion accumulated in the fetal
intestine during gestation. It has a viscous consistency and green-like color, and it may be
expelled from the fetal intestine in response to intrauterine hypoxia [2] (Figures 1 and 2).
It is mainly composed of gastrointestinal secretions, biliary salts, pancreatic juice, desqua-
mated epithelial cells, lanugo, amniotic fluid, and blood, in addition to proinflammatory
components such as IL-1, IL-6, IL-8, and TNF, as well as proteolytic enzymes such as
phospholipase A2, free fatty acids, bilirubin, hemoglobin, and cholesterol. In this sense,
Righetti et al. [50], using a proton nuclear magnetic resonance analysis of the components
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of meconium, found that it is composed of cholesterol and fatty acids, β-glucose, α-glucose,
lactate, and β-hydroxybutyrate. These findings allow us to observe the structural and
biochemical components of meconium.

 

Figure 1. Postmortem inspection of the uterus of a ewe with twin gestation and fetuses that suffered
hypoxia. Diffuse severe greenish meconium staining throughout the fetal skin of the left fetus). Large
meconium particles expelled from the intestine are on the skin of the second fetus (arrowhead).
Courtesy Dr. Carolyn Legge, Atlantic Veterinary College.

Consequently, the components present in the meconium are the main ones responsible
for initiating the pulmonary inflammatory response and tissue damage. This event may
differ between species, causing the disease mechanisms to be variable, thus leading to a
decision of which therapy would be more effective in treating the species.

249



Animals 2022, 12, 3310

 

Figure 2. Meconium-stained piglets after dystocia in a primiparous sow. The expulsion interval
between neonates was greater than 3 h. Both neonates survived an episode of severe hypoxia.
(A). The newly born pig was lethargic, adynamic, hypoglycemic, uncoordinated and its vitality score
dropped. The newborn was unable to suckle/eat feed as it lost the sucking reflex. It died within the
next 24 h. (B). Neonate stained with meconium in more than 60% of the body surface. It shows vigor,
as it makes attempts to get up despite being weak. After colostrum intake, the piglet survived.

4. MAS and the Pulmonary Inflammatory Process

The systemic inflammatory response induced by meconium inhalation before or
during birth is a complex process involving diverse mechanisms of airway damage,
such as mechanical airway blockage, epithelial injury, pulmonary hypertension, and sur-
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factant inactivation [14,36]. These lesions involve leukocyte infiltration, activation of
alveolar and peritoneal macrophages, myeloperoxidase (MPO) and proinflammatory cy-
tokines release [37,44], cell death by apoptosis, as well as complement and phospholipase
A2 activation [5].

The inflammatory process begins as a local lesion in the pulmonary tissue, with an
incidence of 13% intraamniotic inflammation and 23% funisitis in the fetus [51]. It can result
in a systemic response; however, the importance of the local reaction at the pulmonary
level is due to the alterations in the normal physiology of the animal. For example, in the
neonatal rat model, airway hyperreactivity leads to neonatal hypoxia, while inflammation
of the lung parenchyma can cause atelectasis [2,47].

In the bovine model, a retrospective study analyzing the cause of death in 2-week-old
calves showed that 42.5% of the animals had meconium, squamous cells, or keratin in the
lung. Histological analysis revealed that the lungs with meconium aspiration developed
mild diffuse alveolitis with neutrophils and macrophage infiltration, similar to those
reported in humans, by the interaction of cytokines in the pulmonary epithelium [22].

4.1. Local Inflammation

Lung damage in patients with MAS is attributed to different mechanisms, such as
airway obstruction, chemical pneumonitis, and inflammation due to immune system
activation [5,41,52]. Some studies still discuss whether the inflammation is the cause of
death of the animal or if it is due to an additional effect of neonatal hypoxia [5,8].

Once the meconium invades the respiratory tract, two innate immune systems are
activated: the Toll-like receptor (TLR) and the complement systems [12,41]. Plasma mem-
brane TLRs are highly expressed in lung cells. They identify meconium components and
endogenous ligands (e.g., alarmins) released when the tissular damage causes ischemia,
as well as events of alveolitis or pneumonitis [8]. According to Anand et al. [53], MAS patho-
genesis is associated with the expression of TLR1, TLR4, TLR9, and TLR7 receptors and the
initiation of the inflammatory cascade. Upon recognizing foreign or harmful agents, pro-
inflammatory substances are activated. For example, TRL3 generates a MyD88-dependent
signal that activates the NF-kB and promotes cytokine release [54–56].

On the other hand, the activation of the complement system by either of its three
pathways (lectin, classical, or alternative) begins after the macrophage infiltration into the
pulmonary tissue. The binding of Cq1 activates the classical pathway to antigen-antibody
complexes. In contrast, the lectin is activated by mannose-binding lectin or ficolins binding
to sugary residues of the antigen to generate a protein complex with the enzymatic activity
of the C3 convertase [57]. In vitro studies report that pig meconium causes activation of
the alternative pathway [35], which is associated with the activation of some immune
mechanisms and the release of IL, as noted by Castellheim et al. [37]. In his experimental
study on the lungs of newborn piglets with MAS induction, the levels of a terminal complex
sC5b-9 increased significantly compared to the controls (p < 0.0005). Likewise, the levels
of this complement were significantly correlated with IL-6 (r = 0.64, p < 0.005) and IL-8
concentrations (r = 0.32, p = 0.03). This finding demonstrates that the activation of the
complement system triggers the production of inflammatory mediators such as cytokines,
chemokines, eicosanoids derived from arachidonic acid, and ROS due to the interaction
between endothelial cells and leukocytes [58]. The terminal sC5b-9 complex releases more
C5a, a potent anaphylatoxin that stimulates vacuole degranulation, releasing intracellular
and chemotactic mediators [36].

Therefore, the activation of the inflammatory cascade is a process dependent on
cell-to-cell communication of the immune system to stimulate the repair of damaged tissue.

4.2. Cytokines

Meconium contains different cytokines, such as IL-1, IL-6, IL-8, and TNF-α. However,
some authors mention that meconium-stained amniotic fluid contains higher concentrations
of these substances, therefore, contained in the amniotic fluid [6,59,60]. These findings
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support the hypothesis that MAS induces the production of cytokines and the chemotaxis of
polymorphonuclear cells and macrophages (Figure 3). In this sense, Lindenskov et al. [13]
conducted a study on hypoxic piglets after the pulmonary instillation of meconium and
receiving 1.4 mL/kg of 30% albumin. They observed that the levels of IL-8 correlated
with the deterioration of pulmonary function measured as the oxygenation index (r = 0.71,
p < 0.0001), pulmonary compliance (r = 0.66, p < 0.0001), and ventilation index (r = 0.71,
p < 0.0001). These results demonstrate that cytokine induction is closely related to the
degree of cell and lung injury.

 

Figure 3. Pathophysiology of meconium aspiration syndrome. In newborns, intrauterine hypoxia
is primarily responsible for MSAF and its aspiration. These components generate two primary
responses: proximal airway and distal airway obstruction. In the first case, acute asphyxia can lead to
pneumothorax, and emphysema, causing hypoxia, hypercapnia, acidosis, and PPHN. Distal airway
obstruction induces air trapping and atelectasis. This same effect can be seen after the alveoli’s
inflammatory response and surfactant inactivation. In MSAF, proinflammatory cytokines such as
IL-1β, IL-6, IL-8, and TNF-α are recognized. The main consequence of prolonged hypoxia is airway
hyperreactivity and neurological deficit that can cause neonatal mortality. CD14: a cluster of differ-
entiation 14; IL: interleukin; MD-2: protein MD-2; MSAF: meconium-stained amniotic fluid; PaO2:
partial pressure of oxygen; PCO2: partial pressure of carbon dioxide; PPHN: persistent pulmonary
hypertension in the neonate; TLR4: Toll-like receptor 4; TNF-α: tumor necrosis factor-alpha.

Neutrophils or macrophages use cytokines as chemical signals to induce cell growth,
differentiation, chemotaxis, and cytotoxicity. They respond to ligands with TRLs and
chemokines (e.g., IL-8) [14,44,52]. Thus, cytokine signaling indirectly initiates the inflam-
matory cascade and indicates the type or degree of cell injury.

In this regard, the instillation of meconium in rabbit pups induced a 52% greater
number of apoptotic cells than in milk or saline solution (p < 0.05). Likewise, the IL-6
and TNF-α were 1.01 ± 0.32 pg/mL and 0.60 ± 0.34 pg/mL higher in the meconium
animals [44]. The above reaffirms that cytokine levels could be considered early indicators
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to recognize MAS or fetal hypoxia. Since some authors have experimentally proven that
the presence of albumin with meconium instillation reduces IL-8 expression and inhibits
chemotaxis of polymorphonuclear cells, this could be a future treatment for MAS [13].

In an experimental model of MAS in newborn piglets made by Haakonsen Lin-
denskov et al. [14], meconium activated the complement system in its C5a’ fraction, acti-
vating an inflammasome related to the caspase pathway that, in turn, induced a cellular
response through the secretion of cytokines such as TNF-α, IL-1β, and IL-6, released by
endothelial cells, T lymphocytes, local alveolar, and peritoneal macrophages. These cells
favored phagocytosis and sent activation signals to lymphocytes and monocytes to initiate
the local inflammation in the pulmonary parenchyma [61–63].

The presence of cytokines in MAS is an essential mechanism in the progression
from mild lung disease to severe pneumonia and the development of respiratory distress,
cell apoptosis, and severe pulmonary dysfunction.

4.3. Phagocytosis

At the pulmonary level, this mechanism begins with the secretion of cytokines that
allow the attraction of other inflammatory cells, such as neutrophils and macrophages,
to eliminate pathogens at a lesion site [64]. Craig et al. [65] suggest that meconium could
inhibit the phagocytic capacity of alveolar macrophages. This finding was also reported
in a trial conducted on rat alveolar macrophages NR8383 exposed to sterile human and
equine meconium for a short time. In the latter, meconium induced a decrease in phago-
cytosis of macrophages to fluorescent latex beads but also reduced the presence of the
respiratory burst in response to phorbol myristate acetate. These results suggest that
contact with meconium alters the alveolar leukocytes’ function and reduces their local
defense function [66].

From an immunological point of view, the release of TNF-α by alveolar and peritoneal
macrophages can lead to the production of ROS species such as superoxide anion, hy-
droxyl radicals (OH), as well as non-free radicals such as hydrogen peroxide (H2O2) and
hypochlorous acid (HOCl) that aim to make the phagocytosed meconium by these cells to
undergo oxidative digestion that, in combination with the enzymatic digestion of lysosomes,
will cause the foreign antigens of the meconium to degrade [37,67]. The aforementioned is
of great importance since the oxidative digestion of the meconium components comes from
the granulocytes’ respiratory burst. Therefore, macrophages’ normal function is to work as
a protective barrier for the organism. However, some studies have shown that meconium
at low doses (0.2 mg/mL) tends to inhibit neutrophils and their activity, but at higher
doses (1 and 2 mg/mL), it progressively stimulates the production of oxygen radicals in
these cells [68]. In such a way, meconium could exert a regulatory function of the immune
activity depending on its exposure time and the amount it was exposed to [69].

4.4. Apoptosis of Alveolar Cells

The damage induced by meconium aspiration was corroborated in experimental
studies in 7 days-old Fisher rats intratracheally instilled with homologous meconium.
Meconium-induced exudative alveolitis, deciliation of pseudostratified epithelial cells,
recruitment of neutrophils and pulmonary alveolar macrophages to the bronchoalveolar
space, intravascular sequestration of neutrophils, platelet aggregation, interstitial edema,
escape of red cells and fibrin into the alveolar space [46,47]. Those findings corroborate
that MAS may induce cellular damage and even apoptosis of pulmonary parenchyma cells
(Figure 4) [70,71].

In the piglet model inoculated with human meconium, high concentrations of the
enzyme phospholipase A2 have been identified, considered a biomarker of cellular injury
and trigger of local inflammation [72,73]. Therefore, it is clear that meconium aspiration
induces apoptosis of alveolar cells, which is suggested to be the starting point for hypoxia,
atelectasis, and hemodynamic changes at the pulmonary level [2].
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Figure 4. Apoptosis process after meconium aspiration. Derived from the inflammatory process in the
lungs and, specifically, in the alveoli, the presence of cytokines, neutrophils, and macrophages evoke
the endothelial cells of the alveoli to induce meconium stimulation which can result in three different
pathways. The inflammatory response is associated with necrosis of the cells by the intervention of
caspase 1. The extrinsic pathway involves the plasma membrane death receptor and the presence
of caspase 2, 8, and 10, while caspase 9, together with cytochrome C and Bcl-2, participate in the
intrinsic pathway to cause apoptosis of the endothelial cells. Bcl2: b cell lymphoma-2; IL: interleukin;
MIF: macrophage migration inhibitory factor; TNF-α: tumor necrosis factor-alpha.

Although this cellular damage is part of the physiopathology of MAS, the precise
mechanism of apoptosis induction is still unclear; a hypothesis suggests that the release
of proinflammatory cytokines induces the angiotensin II receptors’ expression, which is
associated with cellular apoptosis [52]. In this context, Zagariya et al. [74] corroborated
that after meconium aspiration in rabbit lungs and under an in situ end labeling (ISEL-
DNA) assay, 70% of apoptotic cells were of the alveolar epithelium. Additionally, 20%
of cells were in an apoptosis state with a significant increase of angiotensinogen ARNm,
and caspase- 3 expression. Thus, there could be a link between angiotensin levels and
apoptosis induction by cytokine activation. It has been reported that levels less than
5 pg/mL of IL-10 can relate to an apoptosis media of 0.26% of neutrophils in newborns [75].
Thus, the above reaffirms the theory that cytokines may induce cellular death by interacting
with angiotensinogen.

The explanation for this theory is that cytokines, such as TNF-α, induce the an-
giotensinogen gene expression leading to the conversion of angiotensin I to angiotensin
II through the angiotensin-converting enzyme (ACE), which later binds to the receptors
AT-1, linked to caspase pathways activation [15,16,76]. Under this reasoning, it has been
postulated that the inhibition or blockade of ACE could inhibit cell apoptosis, as supported
by a study by Zagariya et al. [77]. The authors performed the instillation of 10% sterile
meconium in 2-week-old rabbit pups and received a dose of captopril at 500 mg/L in
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the drinking water prior to the instillation of meconium. They observed that captopril
significantly reduced the neutrophils and macrophages expressing IL- 13 and IL- 8, IL-4,
and TNF-α levels after the meconium inoculation. This could be explained by inhibiting the
angiotensin I transformation, which could hinder the pulmonary lesion. Additionally, these
authors maintain that captopril reduces leukocyte recruitment capacity due to pulmonary
hyperreactivity, which has been refuted in studies using a mouse model [78].

Hence, apoptotic induction of alveolar cells is a crucial mechanism of the pulmonary
lesion in MAS physiopathology related to cytokine release and its interaction with an-
giotensin II. Understanding this interaction could lead to a way to treat and inhibit lung
injury and even promote the repair of the pulmonary parenchyma.

5. Role of the Surfactant

The lung parenchyma comprises various cells that allow oxygen uptake from breath-
ing and the subsequent elimination of waste in the form of CO2 and water vapor. Therefore,
it is essential to note that the blood-air barrier is responsible for this process through pneu-
mocytes type 1, 2, and 3. The first two pneumocytes are involved in the barrier formation
and can allow the trespass of oxygen from the alveolar space into the bloodstream [3].

5.1. Biochemistry and Surfactant Function

The pulmonary surfactant is produced by the pneumocytes type 2 at the alveolar
level and by Club cells, formerly known as Clara cells, in bronchioles [79]. This substance
is a phospholipid complex (80–85%), neutral lipids (2–5%), and specific proteins (10%).
It is worth mentioning that phosphatidylcholine is the most abundant phospholipid of
the tensioactive agents representing up to 70% of it. It presents two forms, the union of
two palmitic acids to the glycerol-phosphorylcholine or dipalmitoyl-phosphatidylcholine
(DPCC). In addition to phosphatidylglycerol (12%), phosphatidylethanolamine (5%), phos-
phatidylinositol (4%), phosphatidylserine (2%), and sphingomyelin (1.5%) [80,81]. Surfac-
tant is stored in lamellar bodies and secreted by exocytosis to the alveolar lumen during the
respiratory dynamic, where it exerts its biological function in the alveolar epithelium [82].

The lung surfactant poses two specific biological functions. The first is reducing
the surface tension in the air-liquid interface preventing the alveolar collapse during the
gaseous interchange [83]. That is, it stabilizes the interface of water and the alveolus because
it prevents the surface tension from approaching zero at the end of expiration, seeking
to prevent alveolar collapse [84,85]. In this regard, Schenck and Fiegel [86] characterized
the tensiometric behavior of a lung surfactant extract of a calf on the air-liquid interface
in viscoelastic gels as similar to the mucus of the pulmonary parenchyma inflammation.
The authors observed that the viscoelastic gel property inhibited 0.24 ± 0.42% because of
the capacity of lung surfactant to reduce the surface tension.

The second function of lung surfactant is immunity due to the presence of hydrophobic
surfactant proteins (SPs), in which surfactant-A (SP-A) and protein surfactant-D (SP-D) are
considered calcium-dependent lectins, participating in diverse innate immunity mecha-
nisms in the lung, and in the homeostasis of alveolar surfactant in mammals [85,87]. Han and
Mallampalli [82] describe that mentioned proteins allow the elimination of pathogens such
as viruses or bacteria. This is due to the presence of domains of C-terminal lectins that bind
to pathogen microorganisms’ oligosaccharides. It is described that these collectins facilitate
their phagocytosis by monocytes and macrophages as part of the function of the innate
immune system [88–90].

The presence of collectins in pulmonary surfactant has been the subject of study in
experimental models in mice deficient in SP-A, intratracheally inoculated with pathogens
such as Pneumocystis carinii and group B Streptococcus, where the absence of these proteins
was associated with an inefficient clearance of these agents [91,92]. Interestingly, other find-
ings were observed in an experiment using mice deficient in SP-A, SP-D, and macrophage
TLR receptors, which were associated with a lower presence of connexin-43, IL-1, IL-6,
and receptor of oxytocin that caused a 12 h increase in labor time [93]. This means that
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pulmonary collectins acting via TLR2 serve a modulatory role in the timing of labor, which
could play a role in modulating other physiological responses, such as labor.

From all the above, it is evident that pulmonary surfactant has a dual function of main-
taining oxygen exchange by reducing surface tension and establishing defense mechanisms
against pathogenic microorganisms.

5.2. Surfactant and Lung Maturation

Flageole et al. [94] used 17 fetuses from 9 pregnant ewes at term. Fetuses under-
went tracheal tamponade at 93 days by tracheal ligation and were unplugged at 110 days.
Morphometric analysis revealed that the tamponade induced pulmonary hyperplasia,
in addition to a decrease in the number of type II pneumocytes compared to the control
group (tamponade = 4.7 ± 0.1 versus control = 55.9 ± 4, p = 0.0003). Although the ovine
model studies a complete obstruction, the authors denote the need to study the effect of par-
tial obstruction. Therefore, considering the obstructive properties of aspirated meconium,
it would be interesting to evaluate the possible intervention in lung maturation in MAS.

5.2.1. Steroid-Associated Regulatory Mechanisms of Lung Maturation

Mammals at the end of the pregnancy experience an increase in the concentration of
fetal adrenocorticosteroids, stimulating the Prostaglandin F2α release, and a decrease in
the concentration of progesterone by converting it to estradiol, thus promoting luteolysis,
and finally, parturition, in addition to lung maturation and surfactant production [95].
A study by Jobe et al. [96] compared the effect of betamethasone acetate (Beta-Ac) and
betamethasone phosphate (Beta-PO4) together with Beta-Ac (a combination clinically used
in human fetuses) on fetal lung maturation in merino ewes 48 h before premature delivery
at different doses, in which it was observed that fetal lung maturation improved even with
a single dose of Beta-Ac. In the same ewes, the treatment influenced surface-active proteins,
such as SP-A, SP-B, and SP-C, by significantly increasing their synthesis (p < 0.05). Results
similar to those obtained by Ballard et al. [97] through the application of betamethasone
in sheep in a maximum of 4 doses in 104 days of gestation with parturition at 125 days,
showing an increase of 80% of body weight from the second to fourth dose in comparison
with their control group. Additionally, there was an ~11% increase in SP-A and ~3% SP-B
tissue concentrations.

Similarly, it has been recorded that the fetal lung expresses various estrogen receptors
(ER), which participate in its maturation by modulating alveologenesis through ERa and
ERb, as well as the expression of vascular endothelial growth factor and SP-B and SP-C
in conjunction with progesterone [98]. Likewise, Pepe et al. [99] mention that in baboons,
the expression of these proteins increases from day 120–140 of gestation, the same period in
which lung maturation depends on estrogen and its control by the placental-fetal pituitary-
adrenocortical axis.

5.2.2. Biochemical Signaling of Maturation

At the end of gestation, fetuses undergo various changes, such as lung maturation and
surfactant synthesis, as adaptive mechanisms to develop and survive in an extrauterine
environment [95], in which various biochemical processes mediated by glucocorticoids
are involved, sex steroids, insulin, prolactin, catecholamines, fibroblast-pneumocyte factor,
and epidermal growth factor [100]. Lung development proceeds in five phases, (1) em-
bryonic, (2) pseudo-glandular, (3) canalicular, (4) saccular, and (5) alveolar. Particularly in
dogs, the canalicular phase is observed between days 48 and 57, which is characterized by
the development of type I and II pneumocytes, followed by the saccular phase from day
60 until the onset of labor, where it is believed that, like humans, synthesis of pulmonary
surfactant takes place [101].
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5.3. Biochemical Signaling of Surfactant Inactivation

The hypothesis that supports the leading cause of mortality from MAS in the newborn
is related to the inflammatory process since the presence of meconium causes a severe
local immune response [14]. However, some authors consider an additional mechanism:
the inactivation of the pulmonary surfactant. This event could be an essential factor that
intervenes in this syndrome’s pathological process, as Sun et al. [42] studied. Various
amounts of meconium, the water-methanol soluble fraction, or the chloroform soluble
fraction were added to standard suspensions of porcine surfactant (Curosurf®). In a
pulsating-bubble or Wilhelmy-balance system, meconium and its subfractions inhibited
surfactant activity, but the chloroform soluble fraction had the highest specific inhibitory
activity. Additionally, using an animal model with rabbits that received sterile human
meconium observed that the compliance of the lung-thorax was reduced between 27–38%,
and histological analysis showed interalveolar accumulation of fine meconium particles
but no plugging in larger airways. These findings demonstrated that the inactivation of the
surfactant participates significantly in the mechanisms of disease production, remembering
that it tends to maintain the elasticity capacity of the parenchyma, but if it is absent, it could
be affected.

Different authors recognize that surfactant deficiency in humans and animals can
lead to the onset of respiratory distress or severe respiratory disease due to the loss of the
ability to lower surface tension and protect against pathogens [80,102]. Given this evidence,
it is necessary to mention how the inactivation of the surfactant by meconium occurs,
for which two mechanisms are proposed. The first sustains that meconium components
can directly alter the structure of the surfactant, according to Pallem et al. [103], while
the second, cited by Kopincova and Calkovska [3], states that the presence of meconium
alters the structure of DPCC, which undergoes fragmentation of its bilayer and alters the
function of liposomes. Similarly, Casals and Cañadas [104] mention that cholesterol and
meconium bile acids together inactivate pulmonary surfactant since bile acid micelles
are capable of solubilizing cholesterol, facilitating its transfer to the surfactant complexes,
such that their membranes become fluidized, altering their structure and function in
interfacial absorption [105]. However, it is also anticipated that bile acids can penetrate and
disintegrate lamellar structures and the surfactant monolayer, further affecting its function
(Figure 5) [106].

Lugones et al. [107] conducted an in vitro study on the exposure of a natural surfactant
to serum proteins, meconium, and cholesterol. They observed at the captive bubble
surfactometer test under conditions mimicking respiratory dynamics that surfactant is
strongly inhibited by serum exposure, but prior exposure to hyaluronic acid protected them
from inhibition. This confirms that components such as serum, cholesterol, and triglycerides
can directly inactivate the surfactant and induce changes in its dynamics [108]. For this
reason, and supported by animal models in lambs and guinea pigs, it has been suggested
that surfactant replacement therapy should be accompanied by a drug that allows its
mechanism of action to be carried out successfully [109,110].

Likewise, there is a theory that some compounds derived from the inflammatory
process, such as Reactive Oxygen Species (ROS) and soluble Phospholipase A2 (sPLA2),
indirectly influence the inactivation of pulmonary surfactants. The latter directly inactivate
the surfactant by hydrolyzing its phospholipids, generating proinflammatory eicosanoids
and lysophospholipids that induce pneumocyte damage and a secondary inflammatory
response culminating in the production of bioactive cytokines and ROS by pneumocytes,
macrophages, and neutrophils. Those, in turn, modify the phospholipids and surfactant
substances in addition to the destruction of pulmonary surfactant complexes, an effect
intensified by the simultaneous production of C-reactive protein, which binds to the
membranes of the surfactant, modifying its biophysical characteristics, increasing fluidity,
as is the case with cholesterol [111].
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Figure 5. Surfactant inactivation in Meconium Aspiration Syndrome. In a healthy lung, the surfactant
film is produced by the type II alveolar epithelial cells (pneumocyte type II) in their lamellar bodies,
and this film prevents alveolar collapse. However, when meconium-stained amniotic fluid covers the
alveoli, type II alveolar cells are not able to produce surfactant, and the presence of proinflammatory
cytokines (e.g., MIF, TNF, IL) promotes the inflammatory response in the lung, as well as a decreased
lung compliance, atelectasis, and impairment of the gas exchange, resulting in neonatal hypoxia
and acidosis. IL: interleukin; MIF: macrophage inhibitor factor; SP: surfactant protein; TNF: tumor
necrosis factor.

Scharama et al. [112] evaluated in vitro the activity of sPLA2 derived from human
meconium on the hydrolysis and inactivation of the DPCC of the porcine natural surfac-
tant Curosurf® through the concentrations of lysophosphatidylcholine. After incubation
of meconium with the surfactant, the latter hydrolyzed 0.58% of DPCC, but when the
temperature increased, this percentage increased to 6.22%, suggesting that the reaction
remains stable in the heat. In addition, the surface tension was measured using a pulsating
bubble surfactometer, showing an increase when an exclusive PLA2 eluant was applied
compared to the eluant composed of other phospholipases, going from 1.7 ± 1.6 mN/m
to 19.0 ± 3.58 mN/m (p = 0.0001) and 5.9 ± 3.9 mN/m, p = 0.07, respectively. In addition,
Rodríguez-Capote et al. [113] evaluated the effect of ROS on pulmonary surfactant com-
ponents by the oxidizing action of hypochlorous acid or Fenton reaction on bovine lipid
extract surfactant (BLES) and a synthetic PL and SP-B and SP-C surfactant. A 20% decrease
in phosphatidylcholine (PC) was observed after 24 h of exposure to both oxidizing agents,
as well as an increase in carbonyls, derived products of protein oxidation six times higher
in BLES treated with Fenton’s reaction compared to hypochlorous acid (p = 0.008), of which
a significant increase in carbonyls from SP-B was shown, being 2.6 times higher by the
Fenton’s reaction.

Therefore, the indirect role of meconium compounds on the inactivation of pulmonary
surfactant is corroborated through the oxidation of both PL and surfactant proteins (SP-B
and SP-C) mediated by elements resulting from the inflammatory process in the lung
after aspiration.
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6. Future Directions

The research tendencies regarding MAS have made it clear that it has areas of study
that have not been explored. For example, there is still controversy about whether the
increase in cytokines produced by meconium or those present in it may be associated
with increased cell apoptosis [16] or even ponder the interaction of these cytokines with
angiotensin, which could be considered as a direct biomarker of this injury [76]. Similarly,
could the inhibition of alveolar macrophage phagocytosis and its respiratory burst response
by meconium exposure influence the increase in cell damage? Because this action is known
to help remove meconium microparticles and pathogens; however, decreased phagocytosis
and its response could promote the apoptosis of these alveolar cells and increase the
susceptibility to secondary lung infections in neonates [66].

The treatment of MAS is controversial; since its use does not clearly influence de-
creasing neonatal mortality incidence, monotherapies such as corticosteroids, antibiotics,
and phosphodiesterase inhibitors have presented variable results over time in reducing
clinical signs of MAS [7,17,114]. Thus, it might be necessary to explore the combined use
or multimodal therapy of the different drugs, as has been observed with the combined
use of surfactant with glucocorticoids or the use with antibiotics that can help reduce the
inactivation of the surfactant by increasing resistance to it [109,115]. Likewise, explore the
use of vasodilators not only to reduce the incidence of pulmonary hypertension but also to
consider that they may avoid hypoxia and reduce acidosis in the newborn [116,117].

Finally, an area of opportunity that has not been fully explored is combining treatment
with ventilatory assistance with other options. In this regard, it has been observed that the
use of standard high-frequency jet ventilation or in combination with low-rate intermittent
mandatory ventilation can decrease the level of bronchopneumonia and edema in the lung
affected by the MAS in the canine model [118]. Moreover, the combination with surfactant
can reduce the presence of lung lesions in the pig model [32,102,119]. It is suggested that
using some central nervous system stimulants, such as caffeine, could be beneficial in
increasing tidal volume in newborns with signs of hypoxia [120]. In the same way, explore
the possibility of the combined use of the treatments previously described with the use of
non-invasive ventilatory assistance that could promote recovery or even reduce lung injury.
Data has yet to be presented to date, perhaps due to the lack of complete understanding of
the pathophysiological mechanisms of MAS.

The contribution of experimental animal models of MAS in advancing knowledge of
pathophysiology, the inflammatory process, the inactivation of surfactants, and the different
therapeutic options are evident. It is important to note that many experimental studies
on the pathophysiology of MAS have used adult laboratory animals without considering
that MAS is a disease of the newborn and without considering possible differences in
the inflammatory response between fetuses, neonates, and adult animals. In addition,
to evaluate the importance of using heterologous instead of homologous meconium in
experimental models. Therefore, neonatal animal models should be considered to evaluate
the damage and inflammatory response, understand the pathogenesis and prevent MAS.

7. Conclusions

MAS, in veterinary medicine, is a pathological process affecting the newborn’s survival;
therefore, early recognition could be a tool to reduce mortality in the newborn.

The main event in the MAS is the inflammatory process at the pulmonary level, which
is related to the hyperreactivity of the alveolar epithelium due to the presence of meconium.
Other meconium components also participate, such as proinflammatory cytokines that
generate leukocyte chemotaxis and lead to epithelial destruction by inducing apoptosis.
The inhibition of the phagocytic function of alveolar macrophages results from an oxidative
process by reactive oxygen radicals. It is also associated with local immunosuppression,
which may also be related to meconium components that inactivate and prevent the
surface function of pulmonary surfactant and an immunological response by degrading
its components.
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Recognition of the pathophysiology of this process allows the possibility to design
and plan strategies for its prevention and treatment to reduce the adverse effects on lung
activity derived from the MAS and its influence on newborn survival.

Author Contributions: D.M.-R., D.V.-G., A.M.-R., A.O., I.H.-Á., A.D.-O., A.C.-A., K.F.-P., J.J.-R.,
and J.M.-B. contributed to the conceptualization, writing, reading, and approval of the final manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chiruvolu, A.; Miklis, K.K.; Chen, E.; Petrey, B.; Desai, S. Delivery room management of meconium-stained newborns and
respiratory support. Pediatrics 2018, 142, e20181485. [CrossRef] [PubMed]

2. Martínez-Burnes, J.; Mota-Rojas, D.; Villanueva- García, D.; Ibarra- Ríos, D.; Lezama- García, K.; Barrios- García, H.; López-
Mayagoitia, A. Meconium aspiration syndrome in mammals. CAB Rev. 2019, 14, 1–11. [CrossRef]

3. Kopincova, J.; Calkovska, A. Meconium-induced inflammation and surfactant inactivation: Specifics of molecular mechanisms.
Pediatr. Res. 2016, 79, 514–521. [CrossRef]

4. Yokoi, K.; Iwata, O.; Kobayashi, S.; Muramatsu, K.; Goto, H. Influence of foetal inflammation on the development of meconium
aspiration syndrome in term neonates with meconium-stained amniotic fluid. PeerJ 2019, 7, e7049. [CrossRef]

5. van Ierland, Y.; de Beaufort, A.J. Why does meconium cause meconium aspiration syndrome? Current concepts of MAS
pathophysiology. Early Hum. Dev. 2009, 85, 617–620. [CrossRef] [PubMed]

6. de Beaufort, A.J.; Bakker, A.C.; van Tol, M.J.D.; Poorthuis, B.J.; Schrama, A.J.; Berger, H.M. Meconium is a source of pro-
inflammatory substances and can induce cytokine production in cultured A549 epithelial cells. Pediatr. Res. 2003, 54, 491–495.
[CrossRef] [PubMed]

7. Mokra, D.; Mokry, J.; Tonhajzerova, I. Anti-inflammatory treatment of meconium aspiration syndrome: Benefits and risks. Respir.
Physiol. Neurobiol. 2013, 187, 52–57. [CrossRef]

8. Monfredini, C.; Cavallin, F.; Villani, P.E.; Paterlini, G.; Allais, B.; Trevisanuto, D. Meconium aspiration syndrome: A narrative
review. Children 2021, 8, 230. [CrossRef]

9. Mota-Rojas, D.; Martínez-Burnes, J.; Trujillo, M.E.; López, A.; Rosales, A.M.; Ramírez, R.; Orozco, H.; Merino, A.; Alonso-
Spilsbury, M. Uterine and fetal asphyxia monitoring in parturient sows treated with oxytocin. Anim. Reprod. Sci. 2005, 86, 131–141.
[CrossRef]

10. Mota-Rojas, D.; Rosales, A.M.; Trujillo, M.E.; Orozco, H.; Ramírez, R.; Alonso-Spilsbury, M. The effects of vetrabutin chlorhydrate
and oxytocin on stillbirth rate and asphyxia in swine. Theriogenology 2005, 64, 1889–1897. [CrossRef]

11. Mota-Rojas, D.; Nava-Ocampo, A.A.; Trujillo, M.E.; Velázquez-Armenta, Y.; Ramírez-Necoechea, R.; Martínez-Burnes, J.; Alonso-
Spilsbury, M. Dose minimization study of oxytocin in early labor in sows: Uterine activity and fetal outcome. Reprod. Toxicol.
2005, 20, 255–259. [CrossRef] [PubMed]

12. Swarnam, K.; Soraisham, A.S.; Sivanandan, S. Advances in the management of meconium aspiration syndrome. Int. J. Pediatr.
2012, 2012, 359571. [CrossRef] [PubMed]

13. Lindenskov, P.H.H.; Castellheim, A.; Aamodt, G.; Saugstad, O.D. Meconium induced IL-8 production and intratracheal albumin
alleviated lung injury in newborn pigs. Pediatr. Res. 2005, 57, 371–377. [CrossRef] [PubMed]

14. Haakonsen Lindenskov, P.H.; Castellheim, A.; Saugstad, O.D.; Mollnes, T.E. Meconium aspiration syndrome: Possible pathophys-
iological mechanisms and future potential therapies. Neonatology 2015, 107, 225–230. [CrossRef]

15. Wang, R.; Zagariya, A.; Ang, E.; Ibarra-Sunga, O.; Uhal, B.D. Fas-induced apoptosis of alveolar epithelial cells requires ANG II
generation and receptor interaction. Am. J. Physiol. Cell. Mol. Physiol. 1999, 277, L1245–L1250. [CrossRef]

16. Filippatos, G.; Tilak, M.; Pinillos, H.; Uhal, B. Regulation of apoptosis by angiotensin II in the heart and lungs (Review).
Int. J. Mol. Med. 2001, 7, 273–280. [CrossRef]

17. Asad, A.; Bhat, R. Pharmacotherapy for meconium aspiration. J. Perinatol. 2008, 28, S72–S78. [CrossRef]
18. Mota-Rojas, D.; López, A.; Martínez-Burnes, J.; Muns, R.; Villanueva-García, D.; Mora-Medina, P.; González-Lozano, M.; Olmos-

Hernández, A.; Ramírez-Necoechea, R. Is vitality assessment important in neonatal animals? CAB Rev. Perspect. Agric. Vet. Sci.
Nutr. Nat. Resour. 2018, 13, 1–13. [CrossRef]

19. Cleary, G.M.; Wiswell, T.E. Meconium-stained amniotic fluid and the meconium aspiration syndrome. Pediatr. Clin. N. Am. 1998,
45, 511–529. [CrossRef]

260



Animals 2022, 12, 3310

20. Fischer, C.; Rybakowski, C.; Ferdynus, C.; Sagot, P.; Gouyon, J.B. A population-based study of meconium aspiration syndrome in
neonates born between 37 and 43 weeks of gestation. Int. J. Pediatr. 2012, 2012, 321545. [CrossRef]

21. Parker, T.A.; Kinsella, J.P. Respiratory Failure in the Term Newborn. In Avery’s Diseases of the Newborn; Gleason, C.A., Devaskar,
S.U., Eds.; Elsevier: Amsterdam, The Netherlands, 2012; pp. 647–657.

22. Lopez, A.; Bildfell, R. Pulmonary inflammation associated with aspirated meconium and epithelial cells in calves. Vet. Pathol.
1992, 29, 104–111. [CrossRef] [PubMed]

23. Tanaka, M.; Izawa, T.; Kuwamura, M.; Ozaki, M.; Nakao, T.; Ito, S.; Yamate, J. A case of meconium aspiration syndrome in a
bottlenose dolphin (Tursiops truncatus) calf. J. Vet. Med. Sci. 2014, 76, 81–84. [CrossRef] [PubMed]

24. Rawat, M.; Chandrasekharan, P.; Gugino, S.F.; Koenigsknecht, C.; Nielsen, L.; Wedgwood, S.; Mathew, B.; Nair, J.; Steinhorn, R.;
Lakshminrusimha, S. Optimal oxygen targets in term lambs with meconium aspiration syndrome and pulmonary hypertension.
Am. J. Respir. Cell Mol. Biol. 2020, 63, 510–518. [CrossRef]

25. Randall, G. Observations on parturition in the sow. I. Factors associated with the delivery of the piglets and their subsequent
behaviour. Vet. Rec. 1972, 90, 178–182. [CrossRef] [PubMed]

26. Randall, G. Observations on parturition in the sow. II. Factors influencing stillbirth and perinatal mortality. Vet. Rec. 1972,
90, 183–186. [CrossRef] [PubMed]

27. Galvin, N.; Collins, D. Perinatal asphyxia syndrome in the foal: Review and a case report. Ir. Vet. J. 2004, 57, 707. [CrossRef]
[PubMed]

28. Kirimi, E.; Tuncer, O.; Kösem, M.; Ceylan, E.; Tas, A.; Tasal, I.; Balahoroǧlu, R.; Caksen, H. The effects prednisolone and serum
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Simple Summary: Genetic selection for larger litters has been a predominant driver for production
efficiency improvements in the pork industry. However, the exacerbation of pre-weaning mortalities
occurred simultaneously due to uterine crowding and extended farrowing durations, producing
less viable piglets. Supplementing newborn piglets with caffeine has previously been shown to
have potential for improving the survivability of lower viable piglets by providing neuroprotection.
However, caffeine increases energy utilisation so is potentially counterproductive. To counter a
possible energy limitation, our study aimed to investigate whether the addition of glucose to a
caffeine supplement would improve piglet vigour and encourage quicker milk acquisition for growth
and thermoregulation. We found that caffeine and glucose administered together improved early life
growth of low birth weight piglets.

Abstract: Piglet pre-weaning mortality of approximately 15% represents a major economic and
welfare concern to the pork industry. Supplementing neonatal piglets with glucose and/or caffeine
has the potential to counteract hypoxic stress experienced during parturition and provide an energy
substrate, which may improve survival to weaning. This study investigated the effects of caffeine and
glucose supplementation at birth, in combination or separately, on piglet growth, thermoregulatory
ability, and pre-weaning survival. At birth, 398 piglets were assigned to one of four oral treatments:
saline, glucose (300 mg), caffeine (30 mg), or caffeine and glucose combined (30 mg caffeine and
300 mg glucose), dissolved in 6 mL saline. Piglets were tagged at birth, and time taken to reach the
udder was recorded. Rectal temperatures were recorded at 4 h and 24 h post-partum, and body
weights recorded at birth and 1, 3, and 18 days of age. Colostrum intake was estimated using birth
and day 1 weights, and all pre-weaning mortalities were recorded. Treatments did not affect rectal
temperature, colostrum intake, or pre-weaning mortality (p > 0.05). Low birth weight piglets (<0.9 kg)
treated with caffeine and glucose had increased growth between 1 and 3 days of age (p < 0.05)
compared to low birth weight piglets of other treatment groups. Caffeine supplementation alone
reduced overall pre-weaning growth in low birth weight piglets compared to all other treatments
(p = 0.05). Oral caffeine and glucose had no significant effect on piglet performance except in low
birthweight piglets, where it improved growth in the first 3 days of life. Caffeine and glucose
supplementation in combination may be beneficial for low birth weight piglets.

Keywords: piglets; neonate; colostrum intake; caffeine; glucose; pre-weaning survival

1. Introduction

Selection for larger litter sizes, targeted to improve farming efficiency, has exacerbated
the issue of pre-weaning mortality in the pig industry [1]. Pre-weaning mortality presents
both economic and welfare concerns, accounting for 11–20% of piglet deaths [2]. Of these
pre-weaning mortalities, 70–90% occur within the first three days postpartum [3]. The main
causes are crushing by sows (up to 58%) and low piglet viability (2–30%) [4]. Larger litter
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sizes lead to an increased in litter weight variation, the proportion of less viable piglets as
birth weights decrease, and the number of intrauterine growth restricted piglets. In addition
to this, increases in parturition duration result in a higher risk of piglet hypoxia, causing
foetal acidaemia and decreased piglet vitality in the first 72 h from birth [5]. Hypoxic
pigs often have a lower chance of survival because, in part, they take longer to reach the
udder and are less competitive once there. This negatively impacts colostrum intake and
reduces immunity due to a lower acquisition of energy and immunoglobulins, decreasing
the chance of survival, particularly in low birth weight piglets [6]. The addressing of
viability issues of newborn piglets during their most vulnerable time is the appropriate
time to target improvements in pre-weaning mortality.

Caffeine, a methylxanthine, has been shown to improve neurological impairment and
provide neuroprotection to neonates via its ability to increase pulmonary carbon dioxide
sensitivity, increase metabolic rate (increase heart rate), and increase the contractility of the
diaphragm, as well as decrease muscle fatigue and diuresis [7]. Caffeine supplemented
to rat and mice neonates have been shown to improve myelination defects and reduce
brain injuries by increasing oxygen delivery to the brain, which is essential for preventing
post-natal parturition-induced hypoxic deaths [8,9]. Studies investigating the efficacy of caf-
feine supplementation to both low and higher birth weight piglets documented improved
metabolic variables of higher birth weight neonates, such as triglyceride, lactate, and blood
glucose concentrations, as well as the increased growth of heavier weight piglets, sug-
gesting that caffeine influenced energy utilisation [6,10]. Interestingly, Nowland et al. [10]
administered caffeine at birth and 24 h and observed an increase in mortalities of low birth
weight piglets, suggesting it to be a result of these piglets having insufficient body energy
stores to withstand the increased energy utilisation caused by caffeine supplementation,
which, consequently, instead induced a hypoglycaemic state. If this suggestion is accepted,
it is plausible that the concurrent addition of glucose to counter the risk of hypoglycaemia
may be a potential solution to prevent this issue. Glucose injections have previously been
shown to increase blood glucose concentrations in the first 14 h of life and have been
associated with an increased piglet body weight during their first 21 d [11].

Therefore, the present study aimed to determine whether supplementing caffeine
and/or glucose to piglets at birth is beneficial for piglet viability, growth, thermoregulatory
ability, and survival. It was hypothesised that the combined supplementation of glucose
and caffeine to piglets at birth will decrease piglet pre-weaning mortality and improve their
growth and thermoregulatory ability.

2. Materials and Methods

2.1. Animal Management

This research was conducted at the University of Adelaide’s Roseworthy Piggery,
South Australia, in accordance with the Australian Code for the care and use of animals for
scientific purposes (8th edition, 2013), and was approved by the University of Adelaide
ethics committee (Application ID 35136). The study was conducted in two replicates in
August and September 2021. In total, 38 multiparous (parity 1–7, average 3.15 ± 1.63) Large
White x Landrace sows and their litters were used (total born; n = 12.92 ± 0.53, born alive;
n = 11.92 ± 0.49, stillborn; n = 1.00 ± 0.21). Sows were group housed during gestation and
were moved into conventional farrowing crates 4.6 ± 0.05 days prior to their expected due
date. Farrowing crates were 1.7 × 2.4 m with slatted flooring within temperature-controlled
rooms that were maintained at 22 ◦C prior to farrowing and throughout lactation. Each
farrowing crate had a trough feeder and nipple drinkers for the sow and a heated creep
area for piglets on one side. Sows were fed a commercial lactation diet formulated to
provide 14 MJ DE/kg, 17.0% crude protein, 0.81% total lysine, and 5% crude fibre, with
ad libitum access to water. Sows were fed 2.5 kg/day until farrowing and then gradually
increased to reach a maximum of 7–8 kg/d by day 7 of lactation, split between a morning
and afternoon feed.
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Farrowings were induced on day 113 of gestation with split-dose cloprostenol (Jura-
mate®, Jurox Pty, Ltd., Rutherford, NSW, Australia; 250 μg/mL) vulval injections (0.5 mL at
07:00 and 15:00) to induce farrowing during staffed hours. Sows were monitored through-
out farrowing, and manual interventions performed if birth intervals exceeded 2 h between
each of the first three piglets born or after one hour from the fourth piglet onwards. No
trial sows required extra assistance, such as oxytocin administration, above this protocol.
Minimal intervention was provided to piglets post-partum. Cross-fostering was performed,
based on litter size and teat capacity (12 ± 2), within 48 h of birth. The average litter size
post foster was 11.99 ± 0.05, and piglets were weaned at 21 ± 0.5 days of age.

2.2. Experimental Design

At birth, a total of 398 piglets were tagged for individual identification, weighed, their
sex recorded, and given one of the following oral treatments:

6 mL saline (SAL; n = 101);
6 mL saline with 30 mg caffeine (CAFF, n = 98);
6 mL saline with 300 mg glucose (GLUC, n = 101);
6 mL saline with 30 mg caffeine and 300 mg glucose (GLUC/CAFF, n = 98).

Treatment allocation was predetermined prenatally for each litter and spread evenly
across birth order to achieve an even balance across the four treatments. A minimum of four
piglets from each litter were treated to ensure each treatment was represented. Treatments
were pre-warmed to 36–40 ◦C to minimise the impact on piglet body temperature and
were orally administered to piglets by syringe. Once treated, all piglets were ear tagged for
individual identification and then placed back into the farrowing crate behind the sow to
minimise any potential influence on time taken to reach the udder.

2.3. Piglet Measurements

Data recorded for each litter were total number of piglets born, born alive, or stillborn
and farrowing duration. Piglet rectal temperatures were recorded at 4 and 24 h after birth.
All piglets were weighed at birth and again at 1, 3, and 18 days of age. Colostrum intake
was estimated from birth and 24 h bodyweights using the equation of Devillers et al. [12].
Video footage was recorded for a subset of 24 litters and later analysed to measure the time
taken for piglets to reach the udder following birth, indicated by nose contact with a teat.
All piglet fosters and mortalities, including date and reason, were recorded from farrowing
to weaning.

2.4. Statistical Analysis

Data analysis was performed using the IBM SPSS statistical package, version 25. Data
were assessed for normality and outliers, with transformations of the data implemented
where necessary (logarithmic transformations of time to udder and colostrum intake data,
and square root transformation for 24 h rectal temperature data). Results were considered
statistically significant if p < 0.05. A linear mixed model was used to assess and compare
treatment effects on piglet growth (kg), body weight (kg), temperature (◦C), and colostrum
intake (g), along with the behavioural measure of time to udder (min). The fixed effects
were treatment (SAL, CAFF, GLUC, or CAFF-GLUC), replicate (1 or 2), room (1, 4, and 5),
sex, sow parity group (Group 1: parity 1–3 or Group 2: parity ≥ 4), birth order group, and
birth weight category (light: <0.9 kg, medium: 1.0–1.4 kg or heavy: >1.5 kg). Birth sow
was fitted as a random term. All two-way interactions were assessed and removed from
the model if not significant. A non-parametric Kruskal–Wallis test was used to investigate
piglet mortality data. Data are presented as estimated marginal mean ± standard error of
the mean (SEM).

3. Results

There were no significant differences among treatments for the time taken for piglets
to reach the udder following birth, rectal temperatures at 4 and 24 h, or colostrum intake

267



Animals 2023, 13, 435

(p > 0.05; Table 1). Additionally, no significant differences between treatments for weight at
birth or 1 and 18 days of age were observed (p > 0.05; Table 2). However, at 3 days of age,
piglets in the saline treatment group were significantly heavier than all other treatments
(p < 0.05; Table 2).

Table 1. Rectal temperatures at 4 and 24 h (◦C), time to udder (min), and colostrum intakes (g) for
piglets allocated to oral treatments at birth groups; saline (SAL), caffeine (CAFF), glucose (GLUC)
and caffeine plus glucose (CAFF-GLUC).

Variables n SAL CAFF GLUC
CAFF-
GLUC

p-Value

4 h temperature (◦C) 218 36.33 ± 0.25 36.61 ± 0.26 36.49 ± 0.27 36.61 ± 0.25 0.705
24 h temperature (◦C) # 355 6.16 ± 0.10 6.15 ± 0.01 6.15 ± 0.01 6.14 ± 0.01 0.566
Time to udder (min) * 263 1.24 ± 0.07 1.16 ± 0.80 1.21 ± 0.08 1.21 ± 0.08 0.560
Colostrum intake (g) * 340 2.44 ± 0.30 2.48 ± 0.04 2.47 ± 0.03 2.48 ± 0.30 0.677

* Log transformed data; # sqrt transformed data. n represents the number of animals sampled for each measure-
ment. Data shown as estimated marginal mean ± SEM.

Table 2. Body weights (kg) at birth, 1, 3 and 18 days of age, for piglets allocated to oral treatments at
birth groups; saline (SAL), caffeine (CAFF), glucose (GLUC) and caffeine plus glucose (CAFF-GLUC).

Variables n SAL CAFF GLUC
CAFF-
GLUC

p-Value

Day 0 weight (kg) 392 1.42 ± 0.02 1.40 ± 0.02 1.38 ± 0.02 1.42 ± 0.02 0.221
Day 1 weight (kg) 352 1.56 ± 0.02 1.51 ± 0.03 1.50 ± 0.02 1.53 ± 0.02 0.195
Day 3 weight (kg) 334 1.93 ± 0.03 a 1.81 ± 0.03 b 1.81 ± 0.03 b 1.86 ± 0.03 b 0.003
Day 18 weight (kg) 324 5.88 ± 0.15 5.60 ± 0.15 5.83 ± 0.15 5.67 ± 0.15 0.131

Values with different superscripts differ significantly (p < 0.05). n represents the number of animals sampled at
each weighing time point. Data shown as estimated marginal mean ± SEM.

When evaluating piglet growth and performance, interactions between treatment and
birth weight category were observed. Piglets born light grew significantly less between
1 and 3 d of age when supplemented with caffeine or glucose at birth (p = 0.004; Figure 1).
However, treatment had no effect on medium weight pigs, while those born heavy grew
significantly faster if they were supplemented with glucose or saline (Figure 1). When
evaluating the interaction of treatment with birth weight category for growth between
1 and 18 days of age, piglets born light and treated with caffeine at birth grew significantly
less than all other treatment groups, while medium and heavy piglets were not significantly
affected by any of the birth treatments (Figure 2).

Overall, treatment did not negatively or positively influence piglet pre-weaning mor-
tality (Table 3). The majority of mortalities occurred in the first 3 days (8.1%), with the least
number of mortalities occurring between day 3 and 18 (3.2%; Table 3).

Table 3. Mortality at day 1, 3, and 18 of piglets allocated to oral treatments at birth; saline (SAL),
caffeine (CAFF), glucose (GLUC) and caffeine plus glucose (CAFF-GLUC).

Mortality n SAL CAFF GLUC CAFF-GLUC Total p-Value

Day 0 to 1 28 8/101 (7.9%) 6/98 (6.1%) 5/100 (5%) 9/98 (9.2%) 28/397 (7.1%) 0.667
Day 1 to 3 30 7/93 (7.5%) 6/92 (6.5%) 11/95 (11.6%) 6/89 (6.7%) 30/369 (8.1%) 0.551

Day 3 to 18 11 3/86 (3.5%) 6/86 (7%) 1/84 (1.2%) 1/83 (1.2%) 11/339 (3.2%) 0.109
Total 69 18/280 (6.4%) 18/276 (6.5%) 17/279 (6.1%) 16/270 (5.9%) 18.4% 0.983

n represents the number of animals at each time point.
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Figure 1. Comparison of growth for birth weight categories (light (yellow): <0.9 kg, medium (green):
1–1.4 kg, heavy (blue): >1.5 kg) from day one to day three of age between the four treatments:
saline (SAL), caffeine (CAFF), glucose (GLUC), and caffeine plus glucose (CAFF-GLUC). Means with
differing letters (abc) are significantly different (p < 0.05). Data shown as mean ± SEM (error bars).
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Figure 2. Comparison of growth for birth weight categories (light (yellow): <0.9 kg, medium (green):
1–1.4 kg, heavy (blue): >1.5 kg) from day 1 to day 18 of age between the four treatments: saline (SAL),
caffeine (CAFF), glucose (GLUC), and caffeine plus glucose (CAFF-GLUC). Means with differing
letters (abc) are significantly different (p < 0.05). Data shown as mean ± SEM (error bars).

4. Discussion

This study investigated the effects of providing glucose and/or caffeine to piglets
at birth on factors important for piglet survival. At birth, piglets have relatively low
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body energy reserves for thermoregulation. Thereafter, litter competition at the udder
and additional stressors such as increased litter size and lower colostrum intakes limit
the available energy supply and so can adversely affect their survival [6]. In addition,
Herpin et al. [13] showed that hypoxic piglets, such as those associated with a prolonged
farrowing [14], have an impaired glucose uptake and utilisation in peripheral tissues due
to the activation of their sympathetic nervous system. The risk of piglet mortality is highest
during the first 3 days of life, especially for low birthweight piglets who have relatively low
energy reserves [3,15]. Clearly, effective interventions are needed to support an adequate
colostrum intake and pre-weaning survival of these neonatal low birthweight piglets. The
approach taken in the present study was a bolus of oral glucose and/or caffeine, since we
reasoned that low birthweight piglets have a greater surface area to volume ratio and so
a greater propensity to lose heat, which would require energy to correct. In the absence
of an adequate colostrum intake, this energy must be supplied by other ways. Studies
have also demonstrated that compared to other neonates, piglets are at an increased risk of
hypothermia as they are born without brown adipose tissue stores [16]. As these energy
stores serve as insulators and are readily utilised to produce heat and raise core body
temperature, small piglets are at an added disadvantage [17]. Hence, the addition of oral
glucose was hoped to aid the piglet’s thermoregulatory ability. However, we detected
no treatment effect on piglet rectal temperatures at 4 and 24 h of age, possibly because
a single caffeine and/or glucose bolus would have only a relatively short-term effect on
blood glucose content and piglet thermoregulatory ability.

In addition to a potentially impaired energy status, smaller piglets are physically less
competitive at the udder. With this in mind, we reasoned that a metabolic stimulus, such as
provided by caffeine, would provide a short-term energy boost with consequent improved
access to colostrum and ongoing competitiveness. However, a previous study noted that
when administered in isolation, caffeine compromised piglet survival [10], presumably via
an increased metabolic activity and energy expenditure resulting in hypoglycaemia. To
counter this possibility, we included glucose with the caffeine, but this was without effect,
again, possibly as a consequence of the short term physiological effect of the glucose. We
also noted that the caffeine-treated piglets had impaired weight gains, especially in low
birthweight piglets. Presumably, this reflects impaired colostrum and subsequent milk
intakes. Our ultimate goal was to increase piglet colostrum consumption and success in
accessing ongoing milk intakes. Clearly, this was not evident from our data.

Another possible advantage of caffeine is its influence as an adenosine receptor an-
tagonist, potentially providing extra support to those animals that had suffered hypoxic
distress during parturition [8,18]. Studies in humans have demonstrated that caffeine
administration to premature neonates improved cardiorespiratory effects and reduced the
occurrence of apnea [19]. It is important to note that within these studies the participants
were very likely given colostrum or formula during and after caffeine administration, and
so negating the negative effects we have observed for weight gain of piglets within the
current study and pre-weaning survival in a previous study [10].

To our knowledge, this is the first study to investigate the effect of glucose and caffeine
in combination, aiming to supply low viable piglets with a readily available energy source
while using the action of caffeine to increase their metabolism and energy utilisation.
Interestingly, Orozco-Gregorio et al. [6] showed that caffeine has the ability to increase
circulating glucose concentration by increasing gluconeogenesis. We hypothesised that the
previously noted hypoglycaemic state induced by caffeine would be compensated for by
the addition of a glucose supplement when given in combination. In partial support of
this, we did note an increased weight gain in low birthweight piglets in response to the
combined caffeine/glucose supplement.

Engelsmann et al. [11] and others [17] noted that the ability to maintain body tem-
perature is a key aspect to piglet survival and that warming of piglets has key benefits
to their survival. This suggests that the warming of solutions prior to administration
could also have a benefit to piglets at birth and aid in thermoregulation. Indeed, it has
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been demonstrated that an intraperitoneal injection of warm saline markedly increased
colostrum intake and subsequent survival of low birthweight piglets [20]. However, it
was not possible in that study to separate the effects of warming per se and an increased
colostrum intake on piglet survival. Furthermore, the influence of saline on electrolyte
balance cannot be ignored; however, although not relevant to the present study, it reinforces
the concept that pre-weaning piglet survival is multifactorial, with utilisation of energy
and factors leading to low birthweight and/or viability in the external environment being
key factors. Future research could examine combining glucose with colostrum to provide
for both relatively immediate and ongoing energy support for caffeine-treated piglets on
their growth and survival.

5. Conclusions

The improvement of pre-weaning piglet survival will require a focus on the low birth
weight/lower viability piglets. Our data suggests that the combination of caffeine and
glucose has the potential to improve neonatal performance but that both a rapid and a
more prolonged energy support, in addition to improvements in piglet warming, is likely
needed for greater effect.
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Simple Summary: Caffeine is a stimulant used in humans and animals to improve newborns’
respiratory and neurological responses. The use of caffeine after birth could increase neonate survival.
However, due to the immature systems of animals at birth, caffeine use can have different results.
This review aims to understand caffeine’s effects on respiratory and neurological systems in neonate
animal models (rat and mouse pups, goat kids, lambs, and piglets).

Abstract: Caffeine is widely used to improve neonatal health in animals with low vitality. Due
to its pharmacokinetics and pharmacodynamics, caffeine stimulates the cardiorespiratory system
by antagonism of adenosine receptors and alteration in Ca+2 ion channel activity. Moreover, the
availability of intracellular Ca+2 also has positive inotropic effects by increasing heart contractibility
and by having a possible positive effect on neonate vitality. Nonetheless, since neonatal enzymatic
and tissular systems are immature at birth, there is a controversy about whether caffeine is an effective
therapy for newborns. This review aims to analyze the basic concepts of caffeine in neonatal animal
models (rat and mouse pups, goat kids, lambs, and piglets), and it will discuss the neuroprotective
effect and its physiological actions in reducing apnea in newborns.

Keywords: positive inotropic effect; hypoxia; newborn; methylxanthine

1. Introduction

Caffeine or 1,3,7 tri-methylxanthine was first introduced to manage prematurity apnea
(AOP) at the McGill University Hospitals in the mid-1970s to produce pharmacologic
respirogenesis and reduce the need for intubation and mechanical ventilation in preterm
neonates with recurrent AOP. Caffeine has a similar structure to adenosine [1]. Caffeine
crosses all biological membranes and distributes into all body fluids [2]. When administered
orally, it reaches up to 90% absorption [1].

It is a stimulant of the cerebral cortex and thus modifies the activity of the Central
Nervous System (CNS) [3]. Adenosine receptors are present in different tissues, such as the
CNS, lung, heart, and skeletal muscle, where caffeine has a stimulating effect. For example,
caffeine improves cognitive ability due to the facilitation of synaptic capacity [4]. Caffeine
enhances lung performance and capacity in the cardiorespiratory system by increasing both
the air volume in each respiratory cycle and the cardiac contractility (positive inotropic
effects) [5,6].
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The physiological effects of caffeine have also been studied in neonates, where it
has been suggested for the treatment of apnea, in addition to having a positive inotropic
stimulus in animals with low vitality [7,8]. Studies regarding the effects of caffeine on
the neurodevelopment of premature infants have been related to explain their poorly
developed respiratory systems [9]. However, there is a need for more clarity about whether
these benefits can persist due to the immaturity in the enzymatic and tissular systems that
modify the activity of caffeine, possibly reducing its therapeutic efficacy. This review aims
to analyze caffeine’s pharmacokinetic and pharmacodynamic characteristics in neonatal
animal models (rat and mouse pups, goat kids, lambs, and piglets). It will discuss the
neuroprotective effect and its physiological actions in reducing apnea in newborns.

2. Pharmacokinetic Characteristics of Caffeine in Neonate Animals

Caffeine is one of the most recognized plant-derived alkaloids for its stimulating effect
on the CNS [10]. This methylxanthine is used in neonatology due to its pharmacokinetic
characteristics in newborns since its oral bioavailability reaches 99% after 45 min of ad-
ministration [11]. Given its absorption level, neonates present plasmatic concentrations
between 5–20 mg/mL at a dose of 5–10 mg/kg/day [12]. From a comparative perspec-
tive, Menozzi et al. [13] studied in sows that the plasma concentration of caffeine was
13.77 ± 0.97 μg/ mL with a maximum concentration (Cmax) of 20.02 ± 1.51 μg/ mL at
9.51 h after 25 mg/kg orally. This would indicate that caffeine has a lower concentration in
neonates due to its larger volume of distribution (Vd), where factors such as postnatal age
and birth weight can influence its absorption [14].

Caffeine can readily diffuse into cellular tissues because it has a high Vd in infants
(0.8–0.9 L/kg) [14]. According to Noh et al. [15], studies in rats report similar parameters
with a Vd of 0.5 ± 0.1 L/kg. These data suggest that caffeine can have a high availability in
the tissues and permeation in critical regions. These characteristics also allow caffeine to
cross the blood-brain and placental barriers [16]. In this regard, a study on pregnant rats
reported that caffeine crosses the placental barrier by passive diffusion, allowing a wide
distribution in fetal tissues [17].

This methylxanthine is mainly biotransformed in the liver by the CYP1A2 enzyme,
where three active metabolites, N-3 paraxanthine, N-7 theophylline, and N-1 theobromine
have been identified in adult humans [18]. However, in infants, the main metabolite
produced by demethylation is N-7 theophylline due to the immaturity of the main metabolic
pathway [19]. Bienvenu et al. [20] evaluated the hepatic capacity to metabolize caffeine
of neonate rats at different ages. The authors found that 25% of the caffeine metabolites
at day 1 was N-1 theobromine, while this was 40% for older ages (seven days of age).
This suggests that metabolism differs due to the possible immaturity of the enzymatic
systems in the neonate. It is important that the hepatic metabolism does not accumulate this
substance in excess, especially in the cases of dose dependent toxicities and hypersensitivity
reactions [18].

The immaturity of the enzymatic systems in the newborn has a greater impact on the
clearance rate of caffeine since it is slower at birth and increases with age as glomerular
filtration increases [21]. According to the data in rats, the elimination rate of caffeine is
0.0109 L, with a half-life of 4.19 h in adult animals [22]. Although it is still not clear if this
speed and elimination time may be higher in the newborn, it is known that 75% of caffeine
is eliminated unchanged in the urine at this age [23].

Therefore, the evidence shows that caffeine in newborns has different pharmacoki-
netics due to circulatory immaturity. Moreover, the immaturity of the enzymatic systems
and the limited renal perfusion can affect this drug’s elimination rate. Nonetheless, its
physicochemical characteristics promote its distribution and permeation to most tissues,
making it a pharmacological alternative for newborns.
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3. Caffeine Pharmacodynamics in Neonates

Caffeine has a homologous molecular conformation to adenosine, making it a neu-
romodulator dependent on adenosine triphosphate (ATP). Its main mechanism is the
non-selective antagonism of adenosine (A1, A2a, A2b, and A3) receptors, which are found
predominantly in the CNS [24]. Immunohistochemical studies support that A1 and A2a re-
ceptors are found in high concentrations in the brain, with A1 receptors being ubiquitous in
the region of the hippocampus and neocortex. In contrast, the A2a receptors are identified
mainly in the striatum [25–27]. Adenosine is a neurotransmitter with diverse physiological
functions, including the control of arousal, sleep, and cerebrovascular homeostasis. It has
four known receptors: A1R, A2aR, A2bR, and A3R. Adenosine binding to its receptors leads
to the inhibition of inspiratory neurons, resulting in central respiratory depression. Caffeine
can non-specifically block these receptors, thereby indirectly stimulating the respiratory
center, increasing sensitivity to carbon dioxide, enhancing diaphragm contractility, and
improving the respiratory rate and tidal volume [28].

Antagonism of adenosine receptors decreases the activity of the phosphodiesterase
enzyme, increasing adenosine 3′,5′-monophosphate cyclase (cAMP) [29]. This substance is
an important mediator of second messenger signaling and modulates neurotransmitters.
Therefore, it is related to the release of neurotransmitters, such as gamma-aminobutyric acid
(GABA), norepinephrine, dopamine, serotonin, acetylcholine, and glutamate. This property
influences its mechanism of action on brain adenosine receptors that modulate central
noradrenergic, dopaminergic, serotonergic, cholinergic, GABAergic, and glutaminergic
systems, which affects neuronal functioning. This facilitates neuronal transmission and
higher cognitive performance due to greater chemical synapsing [30].

The decrease in cAMP alters neuronal modulation due to the adenosine inhibition
signals on the neurotransmitters [31,32]. However, due to the location of A2a and A2b
receptors in the lungs and heart, there is a controversy over whether this would be the
primary mechanism of caffeine [33]. It has been described that activating the inhibitory G
protein facilitates the mobilization of intracellular Ca+2 from the endoplasmic reticulum
through the activation of ryanodine channels, which can be considered as a second mecha-
nism of action [34]. Previous studies have described that caffeine reduces the activation
threshold of ryanodine channels, facilitating the mobilization of intracellular Ca+2 to facili-
tate sympathetic neuron activity [35,36]. According to Kong et al. [37], caffeine markedly
reduced the activation threshold of Ca+2 channels at the luminal level in cardiac myocytes.
However, it did not affect the action threshold on the activation at the cytosolic level. This
suggests that ryanodine channels modify the activation threshold as well as the cellular
activity whose mechanism of action was initially suggested.

The modification in the flow of Ca+2 affects skeletal muscle, since the increase of this
substrate at the intracellular level in the myocyte could improve physical performance [38,39].
This was investigated by Sarbjit-Singh et al. [40], who evaluated the modulating effect of
ryanodine on the activation of Na+ current in skeletal muscle fibers of the murine model.
These authors mention that the activation and inactivation of the current-voltage by adding
0.5 and 2 mM of caffeine generated negative changes in the voltage dependence of the Nav
1.4 voltage-gated sodium channel and generated the gradual inactivation of ryanodine
receptors that allowed the increase of Ca+2 ions at the cytosolic level. This could reaffirm
that the negative modulation of the ion channels would positively modify the activity.

In summary, caffeine’s mechanism of action is in the antagonism of adenosine, altering
the level of intracellular metabolites such as cAMP, which would affect the regulation of
neurotransmitters in the neuronal synapse. The increased availability of neurotransmitters
could facilitate neural activity. On the other hand, caffeine also alters the activity of Ca+2

ion channels, increasing the cytosolic levels of this ion and stimulating muscle activity (an
ergonomic effect).
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4. Stimulating Effect on the Respiratory Tract of the Newborn

Caffeine is the most commonly used drug in the neonatal intensive care unit (NICU)
after antibiotics [8,41]. In recent years, an increasing number of high-quality clinical studies
have demonstrated the protective effects of caffeine on the respiratory and nervous systems
of premature infants. In this sense, it is argued that four biochemical mechanisms stimulate
the respiratory function: (a) the mobilization of intracellular Ca+2, (b) the inhibition of
phosphodiesterases, (c) the modulation of GABAA receptors, and (d) the antagonism of
A3 receptors [42]. These mechanisms modify the pulmonary response to hypoxia or the
sensitization of the chemoreceptors to O2 and CO2 molecules [43]. It is also suggested that
the stimulant effects of caffeine increase the sensitivity to CO2 in the respiratory centers,
modifying the respiratory pattern [44].

Due to the chemoreceptor’s sensitization, it can reduce the periods of apnea in the
newborn, thus improving its ventilatory dynamics. For example, in a pilot study in
newborn baboons, Yoder et al. [45] found an association with an enhanced pulmonary
mechanical function during the first 24 h of life when administering caffeine. Nevertheless,
Crossley et al. [46] evaluated the effects of this drug on kidney and lung function in lambs
at 126 days of gestation. These authors reported two main findings; that the administration
of caffeine at 40 mg/kg had little effect on lung function —with no differences in PaO2
and hemoglobin oxygen saturation— and that the dose increased PaCO2 and pulmonary
vascular resistance.

The existing controversy questions the mechanism of action of caffeine when adminis-
tered to newborns. In this sense, caffeine may improve pulmonary vagal afferents due to
increased neural activity. A study of neonatal rabbits anesthetized with a barbiturate and
receiving caffeine at 10 mg/kg reported an increased respiratory rate, minute volume, and
respiratory flow, but caffeine did not improve vagal activity. These changes persisted in
animals undergoing vagotomy [47].

The results shown above conclude that the improvement in neuronal synapsing caused
by caffeine does not influence lung dynamics. It could possibly improve lung compliance,
which would have a greater impact on the newborn’s tidal volume and lung capacity. It
should be added that, according to what was indicated by Julien et al. [48], exposure to
intermittent hypoxic states in rat pups given a 20 mg/kg dose of caffeine may result in an
increase in minute volume, which was negatively correlated with apnea frequency in these
animals (r2 = 0.52, p < 0.01). These results suggest caffeine affects apnea by increasing the
central normoxic respiratory drive rather than a hypoxic response. On the other hand, it
has been reported that 15 mg/kg of caffeine administered to rat pups had a 22% increase in
the response to ventilation and a 15% increase in tidal volume, which led to the suggestion
that caffeine possibly modifies the A1 adenosine receptor density [49].

Thus, caffeine modifies and optimizes respiratory control in the newborn due to
an improvement in the disposition of adenosine receptors, as reported by Montandon
et al. [50]. These authors studied the effect of caffeine on adenosinergic modulation through
an antagonist of the A1 and A2 adenosine receptors in rats. The administration of caffeine
and the A1 antagonist increased ventilation by 27%, reducing spontaneous apnea frequency
with the administration of the A1 antagonist. In contrast, the A2 antagonist did not affect the
ventilatory response. These findings support the theory that caffeine modifies the density
of A1 receptors, improving ventilatory dynamics. The same authors reported that, in the
carotid bodies of newborn rats receiving caffeine, it was possible to increase the mRNA
expression of A2 and dopamine 2 receptors, improving the sensitization of respiratory
chemoreceptors to hypoxia events [51]. Given the evidence, caffeine improves ventilatory
dynamics by sensitizing chemoreceptors that can increase the ventilated tidal volume.

These studies suggest that caffeine increases the air volume that enters the neonate’s
respiratory tract. From a clinical perspective, this strategy could facilitate the extubation of
patients [52]. In addition, some authors have shown that caffeine also participates in the
prevention and treatment of neonatal apnea episodes [53,54] (Figure 1). However, whether
this benefit may be exclusive to caffeine or any of its metabolites has been questioned.
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Skouroliakou et al. [55] observed that standardized doses of caffeine and theophylline,
in neonates with younger than 33 weeks of gestation, reduce apnea events significantly.
In contrast, caffeine alone only controls apnea in newborns at risk. From these results,
it can be inferred that caffeine alone helps to counteract apnea, but the derivatives of its
metabolism contribute to the control of this event. Likewise, a meta-analysis focused on
the effectiveness of caffeine (compared with amiodarone) as a treatment for apnea and
was able to find that it would have similar effectiveness in infants but with the advantage
of presenting fewer side effects [56]. Teng et al. [57] reported that hyperoxia exposure
increased the expression of Bip, PERK, IRE1, sXBP1, cATF6, and CHOP during the cystic
and alveolar stages of lung development, leading to lung injury due to oxidative stress and
endoplasmic reticulum (ER) stress. Caffeine is proposed to reverse this oxidative damage,
reduce apoptosis, and promote angiogenesis and alveolar development.

Figure 1. Cardiorespiratory effects of caffeine. Caffeine administration can act at three different levels
to improve cardiorespiratory functions. At the skeletal muscle level, it directly induces the activation
of RyR located in the muscle cell. This increases Ca2+ influx, which facilitates muscle contraction in the
neuromuscular junction, reducing respiratory muscle fatigue and increasing diaphragm contractility
and minute volume. In the lungs, caffeine blockade of A2A receptors causes bronchodilatation. In
the heart, its inotropic effects cause tachycardia and blood pressure to rise. These effects of caffeine
are beneficial in cases of neonatal apnea and hypoxia A2A: adenosine receptor 2A; AMP: adenosine
monophosphate; cAMP: cyclic adenosine monophosphate; RyR: ryanodine receptors.

Bronchopulmonary dysplasia (BPD) is a chronic respiratory complication that af-
fects a newborn’s early life. Three major postnatal pathological factors for BPD are the
high-concentration of oxygen inhalation, the inflammatory response, and the mechanical
ventilation. Although there have been attempts to adopt therapeutic protocols for this
disease in clinical trials, there has been no significant decline in the incidence of BPD and
some consequences have been reported with current therapies [58,59]. Lung injury caused
by a high concentration of oxygen and mechanical ventilation results in the destruction of
the alveolar structure, increased vascular permeability and an inflammatory response as
some of the complications [60]. Caffeine has been recognized as a treatment for primary
apnea in premature infants, and as a drug to prevent BPD in premature infants. When
using caffeine in a placebo-controlled trial with preterm infants, the drug reduced the risk

277



Animals 2023, 13, 1769

of BPD and inhibited the inflammatory response induced by hyperoxia exposure in infant
rats [61]. The potential mechanism behind this reaction is the caffeine’s property to prevent
lung tissular injury, reduce barotrauma, and improve ventilation and lung compliance.
Contrarily, Dayanim et al. [62] showed that caffeine treatment exacerbated hyperoxic lung
injury in neonatal rats, an important risk factor of BPD, which is another disorder that
increases alveolar cell apoptosis. Caffeine may improve the prognosis of BPD by antago-
nizing the effect of prostaglandins. Nonetheless, to date, no therapeutic efficacy has been
reported in animals (e.g., sheep fetuses) [63], and the timing, dosage, and side effects of
caffeine use needs to be further examined.

Therefore, caffeine primarily induces sensitization of the chemoreceptors promoting
an increase in the tidal volume of each respiratory cycle. Furthermore, this effect is related
to the increased A1 and A2 receptors in the carotid bodies. Thus, these mechanisms can
decrease the frequency of apnea and reduce ventilatory support.

5. Positive Inotropic Effect of Caffeine

Methylxanthines have a positive inotropic effect on the heart. Caffeine has also been
reported to increase catecholamines and renin, both by peripheral and central effects. Some
of the physiological responses are tachycardia, palpitations, rapid hypertension and a
small decrease in heart rate in adults [64]. There is controversy on the arrhythmogenic
potential of caffeine ingestion; however, the results are inconclusive and this has been
proved only in animals and in humans with preexisting premature ventricular beats [6]. In
general, methylxanthines have a positive inotropic effect on the heart. Based on a meta-
analysis, caffeine at a dose of 400 mg affects the cardiac conduction system, increasing its
frequency [6,10,65]. Moreover, this effect could be attributed to the alteration in the flow of
Ca+2 due to the modification of the activity in the adenosine receptors [66]. This effect was
evaluated by Rasmussen et al. [67] in cell cultures of ventricular myocytes of chick embryo.
In this study, caffeine caused a 5–12% increase in the contraction amplitude and a 10 mV
decrease in the membrane diastolic voltage. These events occurred with the increased Ca+2

release from the sarcoplasmic reticulum. Therefore, caffeine has a positive effect on cardiac
contractility due to the activity of ryanodine channels.

In neonates, this mechanism could be altered by the immature cardiac tissue that
has less Ca+2 dependence. In this regard, Miller et al. [68] observed that both mature and
immature rabbit myocytes presented a strong rapid contractility response that did not
depend on extracellular Ca+2 but on the reserves in the sarcoplasmic reticulum, which
decreased as these reserves were depleted. The observations made by these authors
complement the idea that caffeine induces changes in intracellular Ca+2, stimulating cardiac
contractility in newborns [69].

This inotropic effect of caffeine may have a clinical application in animals with low
vitality, as indicated by Villanueva-García et al. [70]. These authors suggest that caffeine
can stimulate cardiac contractility in newborn animals and thus increase vitality, which
could guarantee survival. In addition, this was the main objective in a study by Robertson
et al. [71], where they evaluated caffeine’s effect on Merino lambs’ survival rate. In this
study, caffeine treatment reduced daily and first-week mortality compared to a control
treatment. The authors attributed this increase in vitality to the stimulation of cardiac
contractility and the reduction in hypoxia events upon drug administration. Therefore,
caffeine enhances heart contractions by increasing the availability of intracellular Ca+2. This
way, it could increase vitality and survival in weak animals at birth. Although caffeine can
be considered to have an advantage in inducing a positive inotropic effect, it is discussed
that it may present disadvantages, such as the induction of arrhythmias or the increase in
blood pressure that can affect microcirculation in peripheral tissues, as at the renal level,
however this can be induced dose-dependently [72,73]. For this reason, it is necessary to
consider the therapeutic dose, which may be different between adult animals and neonates,
as shown in Table 1.
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Table 1. Comparative of the doses reported in animal models.

Species Route Administrated Dose Reference

Adults
Wistar rats Caffeine (oral/single, bolus) 0.5, 15, or 45 mg/kg [74]
Sprague Dawley rats Instant coffee extract (oral/ single dose) 250 or 500 mg/ kg [75]
Mongrel dogs Caffeine (IV) 1, 3 and 5 mg/kg [76]
Arabian horses Caffeine (IV) 5 mg/kg [77]
Neonates
Lactating dairy cows Caffeine (IV) 2 mg/kg [78]

Rabbit New Zealand White Caffeine (PO) loading dose 20 mg/kg
10 mg/kg daily [79]

Rabbits New Zealand White Caffeine (IP) 10 mg/ kg daily [47]
Wistar rats Caffeine (IV) 10 mg/kg [80]

IP: intraperitoneal; IV: intravenous; PO: oral.

6. Caffeine in Neuroprotection

Using caffeine in mouse newborns has been a valuable strategy for reducing neonatal
hypoxic-ischemic brain injury [81,82]. It has been used as a standard in all intensive
care units (methyl theobromine) [83], replacing other treatments used in cases of apnea,
such as theophylline and aminophylline [12]. In a murine model with germinal matrix-
intraventricular hemorrhage (GM-IVH), a disorder associated with comorbidities such as
cerebral palsy, sensory and motor impairment, learning disabilities, or neuropsychiatric
disorders, Alves-Martinez et al. [84] analyzed two doses of caffeine (10 and 20 mg/kg)
to treat this disorder. According to the results, both doses reduced hemorrhage burden.
The drug showed a general neuroprotective effect in their model while diminishing brain
atrophy and ventricle enlargement.

In addition, the therapeutic cardiorespiratory effects of caffeine in the newborn might
promote vitality. It has been reported that due to the abundant distribution of adenosine
receptors, the neuroprotective effect of caffeine in newborns could be observed since apnea
induces hypoxia and ischemia events in the brain, leading to neurotoxicity and degeneration
of the white matter [85]. In infants, Schmidt et al. [86] reported that caffeine administration
in newborns significantly decreased cerebral palsy, bronchopulmonary dysplasia, patent
ductus arteriosus requiring medical and/or surgical treatment, and severe retinopathy
of prematurity. However, just as protective and positive effects have been observed in
human newborns, animal studies have shown conflicting results regarding caffeine’s role
in neurodevelopment [87].

Cardiorespiratory effects have been reported at doses of 5–20 mg/kg, and neuropro-
tective effects have also been observed in newborns at this dose. For example, Winerdal
et al. [81] conducted a randomized study in WT C57/bl6 rats in which a single dose of
caffeine was administered at 5 mg/kg. Caffeine significantly reduced the presence of CD69+
and CD8 in the brain 24 h after treatment. In addition, there was a 44% decrease in the
atrophy or damage to brain functions in the treated rats compared to the control group
(treated with phosphate buffered saline). The authors concluded that its administration
decreased brain atrophy and improved motor function in the open field test. Similarly,
in a systematic review conducted by Bruschettini et al. [87], it was found that caffeine at
doses of 5–20 mg/kg had a positive effect on the general functionality of the animals since
they were able to observe a better performance in the maze tests carried out in the rats and
mice studied.

Yang et al. [88] also reported neuroprotective properties in a neuronal proteomic
analysis in newborn rats with induced hypoxia receiving caffeine. These authors found
in the immunohistochemical analysis that the levels of myelin basic protein, proteolipid
protein, myelin-associated glycoprotein precursor, and sirtiun 2 were reduced significantly
with caffeine treatment in hypoxia-ischemic animals. Additionally, caffeine was found to
enhance the expression of synaptophysin and postsynaptic density protein. These results
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demonstrate that caffeine has a neuroprotective effect by reducing the inflammatory process
in the CNS. These data were reaffirmed in a subsequent study by these same authors. They
evaluated Sprague-Dawley rats that were induced with cerebral hypoxia-ischemic ligation
of the common carotid artery and were subsequently treated with caffeine. They observed
that caffeine inhibited the activation of the NLRP3 inflammasome, negatively regulated the
expression of the CD86 protein and iNOS, and inhibited the transcription of TNF-α and
IL-1β, which would support the idea that caffeine reduces the inflammatory process and
thus has a positive effect on the cognitive performance in the newborn [89].

In this context, Sun et al. [90] evaluated the effect of brain activity and tissue neuro-
protection in newborn rats from mothers treated with caffeine. They found that caffeine
reduced brain injury by 1.6 ± 4.5% and likewise increased the duration and amplitude of
activity on electroencephalography. These data again corroborate caffeine’s neuroprotective
effect by reducing the inflammatory response at the brain level, and consequently, hypoxia.
If the pharmacodynamic effects of caffeine are considered, it is possible to understand
that adenosine receptor agonism helps in the expression of neurotransmitters and thus
improves neuronal activity [70,82] (Figure 2).

Figure 2. Neuroprotective properties of caffeine in the neonate’s brain. Caffeine interacts with
adenosine receptors (A2A and A1) located in cerebral structures such as the striatum, cerebellum,
and olfactory bulb, among others, by binding to these receptors. In the presynaptic and postsynaptic
neurons, the blockade of A2A and A1 receptors, respectively, causes a series of changes to enhance
the neuroprotective properties of caffeine. Binding to the receptors causes an increase in Ca2+ entry
through NMDAR, and increases the activity of adenyl cyclase, cAMP, and PKA while decreasing
glutamate release. This causes a Ca2+ overload and upregulation of factors that inhibit ROS formation,
giving the antioxidant, antiapoptotic, and anti-inflammatory effects of caffeine. AMP: adenosine
monophosphate; cAMP: cyclic adenosine monophosphate; LPS: lipopolysaccharides; PKA: protein
kinase A; ROS: reactive oxygen species.

Based on all of the above, it can be concluded that caffeine could be a therapy to
mitigate the effects of neonatal hypoxic-ischemic brain injury. It may help decrease the
burden of morbidities in preterm neonates [87].
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7. Future Directions

Besides caffeine use in neonates, other factors, such as the ideal timing of adminis-
tration and the interaction of caffeine with other drugs used in neonatology are relevant
fields of research. Some studies have shown that pre-weaning mortality in piglets increases
if caffeine at 30 mg is given orally at birth (p < 0.05), contrarily to doses at eight and 12 h
post farrowing [91]. The use of caffeine with other drugs, their interaction, and the possible
outcome in neonates are other topics that need to be considered. Caffeine and glucose
supplementation to piglets at birth is a method used for reducing neonatal mortality and
providing energy resources. However, this was only reported in low-birth-weight piglets
administered with 30 mg of caffeine and 300 mg of glucose. Growth was improved in the
first three days of life without affecting mortality, temperature, or colostrum intake [92].
Through Physiologic Based Pharmacokinetics (PBPK), and its combination with pharma-
codynamics, the possible effects of caffeine could be determined to establish the desired
and effective drug profile in preterm neonates (e.g., post-anesthesia/post-surgical apnea
control, weaning from mechanical ventilation and extubating) or individualized medicine
in newborns [2].

The maternal supplementation of caffeine is another approach suggested to improve
newborn health. In Merino ewes, caffeine at 20 mg/kg resulted in lambs with higher
rectal temperatures (p = 0.021), greater immunoglobulin concentrations (p = 0.041), and
more suckling attempts than control animals and those receiving only 10 mg/kg [93]. A
similar result was reported by Dearlove et al. [94] in piglets from sows receiving 2g of
caffeine three days before farrowing. In this study, treated sows gave birth to fewer stillborn
(p = 0.05), but no effect was reported on the viability score. In contrast, ewes receiving
10 mg/kg the day before lambing and those receiving 20 mg/kg in a four-week protocol
did not improve lamb mortality and weight gain, concluding that caffeine is not an effective
treatment to enhance perinatal survival in the species [95]. Caffeine is known to cross
the placental barrier; however, little is known about the long-term impact of gestational
caffeine exposure (GCE) on neurodevelopment. In the mouse brain, an alteration of neuron
and neural circuits after GCE has been reported. Similarly, in children nine to ten years
old, an Adolescent Brain and Cognitive Developmentsm (ABCD ®) study performed by
Christensen et al. [96] registered that GCE alters the developmental trajectory of white
matter and neurocognition into adolescence. Nonetheless, further research towards this
topic is necessary to validate its effects on neonatal neurocognition. The ambivalence in the
results is why caffeine supplementation, not only in neonates, but also in the mother, is a
topic that deserves future research.

Other topics that deserve to be fully studied are the exact mechanisms of action of
hypothermia, genetics, circadian circle, and caffeine treatment. For hypothermia, it is
thought that caffeine promotes energy preservation and reduces cytotoxic edema, free
radicals, inflammation, and apoptotic cell death due to its anti-inflammatory properties.
However, since factors like behavioral and neuroprotective outcomes might differ accord-
ing to sex, this comparison needs to be considered to translate from animal to human [97].
On the other hand, in preterm infants with AOP, phenotypes and the expression of certain
receptors have been associated with caffeine treatment and efficacy. Guo et al. [98] studied
the circadian clock and its relation with the aryl hydrocarbon receptor (AHR) signaling
pathways in preterm babies. From 104 individuals, the results showed that AHR genetic
variations (rs1476080 and rs2066853), but not AHRR or ARNT genes, influence caffeine
therapy’s efficacy. Regarding circadian rhythms in premature infants and AOP manage-
ment, preterm infants experience ultradian or irregular rhythms during early postnatal
life [99]. In kid goats, Piccione et al. [100] has reported that the maturity of the circadian
rhythm does not mature until the end of the second year of life of the animals. Moreover,
40-day-old foals have blood pressure immaturity [101], a factor that need to be considered
when trying to administer caffeine to neonates. Also, caffeine has been shown to alter
circadian rhythms in humans and animals [99]. Novel treatment using caffeine could open
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a field where caffeine treatment could be coordinated with circadian rhythms to improve
disease management and care for premature infants.

8. Conclusions

Caffeine and related methylxanthines, in humans and animals, cross all biological
membranes and distribute in all body fluids, without accumulating in tissues and organs.
Caffeine is essential in stimulating the CNS, lung, heart, and skeletal muscle, improv-
ing cognitive abilities, lung capacity, and cardiac contractility. The benefits of caffeine
administration to neonates include the reduced risk of hypoxic ischemia, cerebral palsy,
bronchopulmonary dysplasia, patent ductus arteriosus, and retinopathy. Moreover, it
decreases inflammatory processes and could positively affect the newborn’s cognitive
development. However, it is important to clarify that its dose, route, time of administration,
and species must be considered to define whether its application may be favorable.

Since caffeine has a high availability in tissues and permeation in critical regions, it can
cross the blood-brain and placental barriers, still allowing this substance to be absorbed by
the fetus. However, as it is metabolized in the liver and fetuses and newborns do not have
these processes fully developed, only a quarter of caffeine is metabolized in the newborn
due to the immaturity of the enzymatic systems.

Although it is a substance that has been widely used in human and non-human
newborns, there is still much research to be done to define its benefits and adverse effects
in different species of domestic animals.
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Simple Summary: Maternal behavior involves active and passive responses associated with the
willingness to nurse and protect the young. In some species, its expression is very selective toward
individuals that are recognized as their own and may be long-lasting, whereas in other species the
expression is not as selective or may be short-lasting. Brain processes of acceptance, social recognition,
inhibition of rejection/fear, and increase in care motivation mediate its expression. The neurocircuitry
of maternal behavior is activated upon exposure to the right natural stimuli, such as those that
occur during pregnancy, parturition, and lactation. However, even virgin females and males can
respond with maternal behaviors if they develop sensitization to the offspring via cohabitation
or cross-sensitization via mating. Herein, we discuss behavioral expression in different species,
the natural triggering stimuli, and the putative neurocircuitries of acceptance, social recognition,
motivation, and rejection during maternal behavior.

Abstract: Among the different species of mammals, the expression of maternal behavior varies
considerably, although the end points of nurturance and protection are the same. Females may
display passive or active responses of acceptance, recognition, rejection/fear, or motivation to care
for the offspring. Each type of response may indicate different levels of neural activation. Different
natural stimuli can trigger the expression of maternal and paternal behavior in both pregnant or
virgin females and males, such as hormone priming during pregnancy, vagino-cervical stimulation
during parturition, mating, exposure to pups, previous experience, or environmental enrichment.
Herein, we discuss how the olfactory pathways and the interconnections of the medial preoptic area
(mPOA) with structures such as nucleus accumbens, ventral tegmental area, amygdala, and bed
nucleus of stria terminalis mediate maternal behavior. We also discuss how the triggering stimuli
activate oxytocin, vasopressin, dopamine, galanin, and opioids in neurocircuitries that mediate
acceptance, recognition, maternal motivation, and rejection/fear.

Keywords: preoptic area; parturition; amygdala; oxytocin; dopamine; recognition; brain; motivation;
bond

1. Introduction

Survival of the mammal offspring depends on the correct expression of maternal
behaviors, particularly during the early postnatal period. Newborns must be a powerful
source of incentive sensory stimulation to the dam, and in return, they must be capable
of responding either actively or passively to such stimuli, expressing acceptance and
motivation to invest energy and time and willingness to risk their physical safety. Hence,
the capacity to express maternal behavior depends on the sensitivity to respond to the right
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stimuli under certain physiological, ontogenic, or cognitive conditions. Accordingly, to
understand the neurobiology of this behavior, we must consider neural systems involved in
acceptance, social recognition, motivation, and fear/rejection. This review aims to provide
information on the neurobiology of such processes in nonhuman mammals. We begin by
describing the objective measures of active and passive responses in different species. Then,
we discuss the natural stimuli that facilitate the expression of maternal behavior and the
putative neurocircuitries. Accordingly, scientific articles related to maternal behavior were
analyzed. The electronic databases PubMed, GoogleScholar, and SciELO were searched
using the following keywords in English: maternal behavior; animals; preoptic area;
parturition; amygdala; oxytocin; dopamine; recognition; brain; motivation; bond. The
exploration included studies on laboratory and domestic animals.

2. Active and Passive Maternal Behaviors

Maternal behavior involves the facilitation of acceptance, recognition, and motivation,
along with the inhibition of rejection and fear toward offspring. Acceptance is inferred from
behaviors that allow proximity to any newborn, whereas recognition involves selective ac-
ceptance of specific individuals. Thus, females may passively accept unfamiliar newborns
(i.e., allowing nursing to any young) and recognize/accept only familiar ones. Similarly,
rejection may involve active responses (i.e., aggression/infanticide) to discourage contact,
whereas fear may be expressed via passive avoidance (i.e., not approaching them). Fur-
thermore, care motivation involves active behaviors that indicate willingness to nurse and
protect the young. So, although the expression of maternal behaviors varies considerably
among species, the endpoints served are the same. For instance, some precocial species,
such as sheep and horses, express very selective maternal behavior toward offspring they
accept/recognize as theirs during the very first hours postpartum [1,2]. That kind of ma-
ternal selectivity requires strict mechanisms of acceptance/social recognition that occur
via imprinting (i.e., associative learning) during a brief period following parturition. Dis-
turbance of recognition between the dam and her offspring during the early imprinting
period may result in rejection (perhaps fear), despite all the hormonal input or whelping
experience. By contrast, altricial species with massive reproductive strategies, like rats,
canids, or pigs, are considered less strict because they may accept alien offspring during
extended periods [3–5]. In addition, some ungulates [6] and nonhuman primates [7,8] may
display extensive maternal repertoires daily for weeks or months, whereas others, such as
lagomorphs, will display only a few minutes of nursing once a day [9].

Some behaviors that start before parturition might be considered indirect maternal
behaviors. For example, nest-building (e.g., digging, shredding paper, straw carrying,
and hair pulling) and isolation from the pack or herd [10–13]. Other early behaviors,
such as those observed in pregnant dogs, including restlessness, reduced appetite, lack
of attention, drowsiness, aggression, anxiety, fickleness, capriciousness, irritation, and
increase in attention request, may only reflect an imminent parturition [14,15]. Indeed,
nest-building and isolation are associated with searching for and selecting the appropriate
birthplace [16,17]. It is possible that nest-building is more likely observed in altricial species,
whereas isolation from others may occur in precocial ones.

Direct maternal behaviors are observed after parturition, during the first contact with
the newborns. Dogs will actively bite and tear the fetal membranes and cut the umbilical
cord, which functions to prevent asphyxiation of the pups [18]. The dam actively licks the
head and the mouth of the newborn to stimulate respiration and orient the pups toward
the mammary gland [13,15]. They also lick the anogenital area to facilitate urination and
excretion during the first 2 postnatal weeks [19]. Rats also express anogenital licking,
especially toward males during the first 10 postnatal days [20]. Preference to lick males is
evoked by attractive odors from preputial compounds, such as dodecyl propionate [21],
which depend on the levels of systemic steroids. If female pups are treated with androgens
(i.e., testosterone and dihydrotestosterone) on the day of birth, they receive an equivalent
amount of active anogenital licking as males [22]. Enhanced anogenital stimulation appears
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to have positive long-term effects on male reproductive behavior [23]. Dams display other
active responses as well, such as retrieving the pups, oral consumption of the placenta,
and defense from predators and conspecifics, and passive behaviors such as huddling and
crouching to regulate body temperature or allowing nursing. In the beginning, passive
behaviors may depend on acceptance, whereas active behaviors may depend on enhanced
motivation to care. Other species, such as cows, also express intense active licking for the
first hour and will be very protective if someone approaches. Passive acceptance may occur
within the first 30–120 min postpartum when the calf stands and searches for the udder [16]
(Table 1).

Table 1. Examples of active and passive maternal behaviors that are associated with processes of
acceptance, recognition, motivation, and rejection/fear.

Responses Acceptance Recognition Motivation Rejection/Fear

Passive
Allow proximity Selective proximity Staying in nest Avoidance

Nursing Selective nursing Crouching over

Active

Directed calls Licking Aggression
Directed attention Retrieving Infanticide

Placenta consumption
Defense

Nest-building

The lack of maternal behaviors represents a serious problem that jeopardizes not only
the survival of the offspring but also a very important mechanism of early socialization,
cognitive development, and epigenetic changes associated with resilience to stress [24,25].
Good maternal behavior is associated with the so-called stress hyporesponsive period [24,26],
which refers to a delay of the timing of glucocorticoid elevation in infants, associated with
reduced stress response in adulthood [26]. Inappropriate maternal behaviors may occur in
50% of primiparous dogs, especially following cesarean section [27] or as a result of early
separation during the postpartum period [28].

3. Natural Stimuli That Facilitate the Expression of Maternal Behavior

3.1. Hormones

Gregarious species have a natural predisposition to care for the young. However, the
capacity to express appropriate levels of maternal behavior develops gradually with hor-
monal changes that occur throughout pregnancy. Then, drastic changes during parturition
are needed to trigger the expression of behavior. In rats, for example, concentrations of
progesterone (P4) gradually start to increase from the very first day of pregnancy, reaching
a peak at day 15, and are followed by a drastic reduction during the last 3 days before
delivery. By contrast, the levels of estradiol (E2) and prolactin (PRL) stay relatively low
at the beginning but increase dramatically during those last 3 days. The reduction of P4
and increase in hormones such as E2, PRL, oxytocin (OT), and corticosteroids, are the main
hormonal drastic changes during parturition [29–31] and therefore are associated with
sensitization of maternal behavior. For example, in the rabbit doe, digging is stimulated by
changes in E2 and P4, while straw carrying and hair pulling are under the control of PRL.
In the rat, the reduction in P4 and the increase in E2 and PRL levels facilitate active licking,
retrieving, and gathering of pups. Pharmacological blockade of estrogen in the medial
preoptic area (mPOA) and small interfering RNA silencing of estrogen receptors (ERα)
disrupts maternal behavior in mice [32,33], whereas specific activation of ERα-positive
mPOA neurons enhances pup retrieval [34,35]. Likewise, the blockade of PRL receptors
within the mPOA in mice abolishes pup retrieval [36].
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3.2. Vagino-Cervical Stimulation

In the ewe, licking, low-pitched bleats, and nursing are also evoked by changes
in P4/E2 ratio and by the release of OT triggered by vagino-cervical (VCS) and nipple
stimulation [37]. VCS caused by the passing of the young through the pelvic canal must
be considered a powerful triggering stimulus to evoke maternal behavior after hormonal
sensitization during pregnancy. For instance, artificial VCS (pressure on and stretching of
the neck of the cervix provided by hand) in ewes can facilitate maternal acceptance toward
an alien lamb up to 27.5 h postpartum [38,39]. This also occurs in other species, such as
rats, in which normal expression of maternal behavior depends on the interaction between
hormonal priming in the mPOA and VCS evoked by parturition. One study showed that,
24 h before parturition, only a few pregnant females exposed to pups (from a different
female) expressed active pup retrieval, but 12 h before parturition, up to 80% of them
retrieved pups. In addition, that study explored the maternal behavior of pregnant females
implanted bilaterally in the mPOA with the antiestrogen 4-hydroxytamoxifen (OH-TAM).
Accordingly, 12 h before parturition, none of the OH-TAM females expressed retrieving
behavior, and in the absence of parturitional experience (delivery by cesarean section),
maternal behavior was almost absent upon exposure to their own pups. By contrast,
those OH-TAM females that were allowed to undergo normal parturition (with natural
VCS) expressed normal retrieving behavior upon exposure to their pups [40]. Hence,
hormones and VCS play a synergistic role in evoking the whole repertoire of maternal
behaviors. Indeed, pseudopregnant female rats and mice that go through all the hormonal
changes without parturition express only a few indirect maternal behaviors such as nest-
building [41,42]. Similarly, pseudopregnant dogs (i.e., pseudocyesis) can also express some
maternal behaviors (e.g., nesting, defense) toward pup-looking puppets [43]. In one case
report, a sudden decrease in systemic P4 following ovariohysterectomy during the luteal
phase of diestrus was reported as the triggering stimulus for maternal behavior, evoking a
parturition-like drastic reduction of P4. Similarly, sudden maternal behavior has also been
observed in pregnant rats following hysterectomy [44]. Males artificially exposed to E2 and
P4 also expressed paternal behavior [45]. When those males received lesions in the mPOA,
their behavior was significantly reduced, indicating the mPOA mediates parental behavior
in both males and females.

Hormones and physical stimuli (VCS, nipple stimulation) that occur during partu-
rition and lactation are the best natural stimuli that induce maternal behavior. Upon
stimulation, magnocellular neurons in the supraoptic (SON) and paraventricular nuclei
(PVN) fire high-frequency bursts of action potentials. Each burst generates a large pulse of
OT release into the bloodstream to evoke contractions of the uterus and milk ejection [46].
Likewise, parvocellular neurons release OT toward the central nervous system. As our
study shows, OT modulates acceptance, social recognition, learning, memory, emotions, re-
ward, eating, drinking, sleep, wakefulness, nociception, analgesia, and sexual and maternal
behaviors [47].

3.3. Exposure to Pups

Interestingly, exposure to pups can also result in sensitization of maternal behavior in
male and nonpregnant female rats. One week of daily exposure to pups induces both active
(e.g., nest-building, retrieving, licking) and passive behaviors (e.g., nursing posture) [48–
50]. This indicates that gradual exposure sensitizes parental behavior without the need
for any hormonal priming. This type of sensitization also occurs when juvenile rats are
exposed to infant rats [51], and watching a conspecific perform maternal behavior (i.e.,
retrieval) activates OT neurons in the observer [52]. Accordingly, the putative neurocircuitry
that mediates maternal behavior might be gradually activated and sensitized by daily
exposure to pups, but hormones, parturition, and lactation function as triggering stimuli
that accelerate its activation.

290



Animals 2022, 12, 3589

3.4. Mating

Similarly, copulation can also sensitize the neurocircuitry of parental behavior. In male
rats [53] and mice [54], copulation blocks infanticide behavior (an expression of rejection)
and facilitates active retrieving (an expression of care motivation) in future encounters
with pups [55]. More than 90% of male mice will normally commit infanticide if exposed
to pups between 1–4 days after mating with any female, indicating that during those
immediate days males reject the pups. However, between 80–90% of those males will
behave parentally and will not kill the pups if they are exposed to them 12–50 days after
copulating to ejaculation. The actual mechanisms for sex-induced parental behavior in
males are unknown but appear to require changes in the mPOA. This area is sensitive to
mounts, intromissions, and ejaculations [56,57], such that consecutive copulatory series
increase the number of firing neurons in the mPOA [58] and lesions impair consummatory
sexual behavior [59]. Those changes may modify plasticity within the mPOA to facilitate
parental behavior.

3.5. Maternal Experience

Former maternal experience also improves the expression of maternal responses. For
example, multiparous dogs express more time of body contact with pups and constant
maternal care during the 21-day postpartum period, whereas primiparous females show a
gradual increase in licking, nursing, and contact with the puppies from day 1 to 21 [60].
Multiparous cows also express more maternal defense than primiparous [61] and isolate
less from the herd [62], probably related to less intense fear, considering that multiparous
female rats are less anxious in open field tests, compared to primiparous females [63].
In sheep, former maternal experience is associated with increased suckling, following,
grooming, and low-pitched bleating and decreased aggressive behavior [64].

3.6. Environmental Enrichment

Environmental enrichment (EE) also improves maternal behavior. In one study with rats,
EE condition consisted of housing seven females per cage; the EE cage (120 × 100 × 70 cm) was
designed with four floors with lid ramps and contained plastic balls, tubes, and bedding
material. The interactive objects and location of food were rearranged every three days
to increase novelty and complexity, which resulted in a highly stimulating sensory and
social environment with other females. Following parturition, EE females expressed less
anxiety and displayed more licking, grooming, and crouching over pups during the first
postpartum week as compared to females living in standard cages [65]. During that period,
EE mothers also showed more aggressiveness to an intruder female. Associated with
offspring-directed behaviors, EE females expressed more neural activity in the mPOA,
PVN, and medial amygdala (MeA) but less activity in the basolateral amygdala (BLA) than
standard-housed females [66]. As we discuss in the following sections, those brain areas
are associated with maternal motivation and rejection, respectively. Taken together, the
data indicate that the capacity to express maternal behavior develops as a consequence of
hormonal priming but is triggered by stimuli such as parturition and lactation. In addition,
cohabitation, copulation, former experience, and environmental enrichment facilitate its
expression (Table 2).

Table 2. Natural stimuli that trigger maternal behavior. Estrogen (E2), progesterone (P4), prolactin
(PRL), oxytocin (OT), vaginocervical stimulation (VCS). ⇑ = increase, ⇓ = decrease.

Stimuli Effect Behavioral Response Representative References

Hormones
E2
P4

PRL
OT

⇑
⇑
⇑
⇑

Pup retrieval
Retrieving

Nest-building
Nursing

[34,35]
[45]
[36]
[47]
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Table 2. Cont.

Stimuli Effect Behavioral Response Representative References

Parturition
VCS ⇑ Nursing

Retrieving
[38,39]

[40]

Mating ⇓ Infanticide [54,55]

Exposure to pups ⇑
Nest-building,

retrieving, licking,
crouching

posture

[48–50]

Experience
Multiparous

⇑
⇑
⇑
⇑
⇓

Licking, nursing, contact
Defense
Suckling

Following, grooming
Rejection

[60]
[61]
[64]

Environmental
enrichment

⇓
⇑

Anxiety
Licking, grooming,
crouching posture,

defense

[65]
[66]

4. Neural Pathways Underlying Maternal Behavior

4.1. Areas Involved in Acceptance and Social Recognition

Maternal behavior requires at least three neural processes to mediate: (1) increase
in acceptance/social recognition, (2) decrease in rejection/fear, and (3) increase in care
motivation [67]. Acceptance/recognition occurs when a sensitized brain is exposed to
the right stimulus. For example, during the postpartum period, bitches will accept any
pup scented with amniotic fluid. Washing the pups immediately after birth results in
a lack of acceptance. However, if pups are bathed in amniotic fluid, the process of ac-
ceptance is restored, even hours later [28]. Similarly, washing a newborn lamb impairs
acceptance/recognition behaviors in sheep (low bleats, acceptance at the udder, nursing,
and licking time) and increases rejection/fear behaviors (high-pitched bleats, rejection at
the udder, and aggressive behavior). Preventing contact with the mother during the first
4 h postpartum worsens rejection. Interestingly, washing an alien lamb also improves its
acceptance [68]. Indeed, both acceptance and rejection behaviors depend on the olfactory
system because anosmic ewes (treated with intranasal zinc sulfate) fail to express any
acceptance or rejection behavior [69]. However, if tested many hours after birth, anosmic
sheep will be capable of accepting/recognizing their lamb through visual or auditory cues
that have been learned during the first postpartum hours [70].

Olfactory social recognition is perhaps the most relevant sensory system in many
mammals and depends on both main and accessory olfactory pathways. Nonvolatile odor
molecules are detected by the accessory pathway via the vomeronasal organ (VNO), located
in the soft tissue of the nasal septum. The VNO projects to the accessory olfactory bulb
(AOB), which innervates both the bed nucleus of the stria terminalis (BNST) and medial
amygdala (MeA). BNST and MeA project to the mPOA, which in turn projects to the lateral
preoptic area (LPOA) and substantia innominata (SI). LPOA and SI also send efferents to
the ventral tegmental area (VTA), which sends dopaminergic projections to the nucleus
accumbens (NAcc) [71,72]. With regard to volatile odor molecules (those that have a low
boiling point and evaporate easily at room temperature), they are detected in the roof of the
nasal cavity by the main olfactory epithelium (MOE), where olfactory sensory neurons are
located. These neurons project to the main olfactory bulb (MOB), and MOB has efferents
to the piriform cortex (PirCtx), and from there to the NAcc and mPOA [71]. Thus, both
volatile odors and nonvolatile odors not only access the social recognition system but also
the mesolimbic pathway of motivation. Within these pathways, social recognition depends
on the nonapeptides arginine vasopressin (AVP) and oxytocin (OT). Mice with depletion of
AVP V1a receptor (V1aRKO) exhibit profound social recognition impairment. They can
remember the odors of food but fail to remember the odors of individuals they just spent
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time with [73,74]. Likewise, OT knockout mice (OTKO) express impaired discrimination to
odors of conspecifics [75]. Following a social encounter, OTKO mice express less activity
in MeA, BNST, and mPOA, but an infusion of OT in the MeA is sufficient to restore social
recognition [74,76,77]. Interestingly, during the postpartum period, OT receptor (OTR)
binding increases not only in the MeA but also in the BNST, mPOA [78], and dopaminergic
regions of the brain stem [74,79–83]. The increase in OTR is mainly the result of exposure to
E2 [84]. Thus, OT and OTR start to play a gradual role in the acceptance and olfactory social
recognition via MeA starting two days before parturition when E2 increases. Experiments
in sheep have shown that infusion of local anesthesia in the MeA or cortical amygdala
(CoA) impairs recognition of the lamb during the early postpartum period, but this was
not found with infusions in the BLA region [85]. As we describe later, BLA mediates
rejection/fear responses, whereas MeA and CoA mediate olfactory acceptance/recognition,
mainly influenced by OT, AVP, and dopamine (DA) (Figure 1).

Figure 1. Sagittal drawing of brain olfactory pathways involved in acceptance, offspring social
recognition, care motivation, and inhibition of rejection. Nonvolatile odor molecules are processed by
the accessory pathway (yellow) via the vomeronasal organ (VNO), accessory olfactory bulb (AOB),
bed nucleus of the stria terminalis (BNST), medial amygdala (MeA), and medial preoptic area (mPOA,
green). The mPOA projects to the lateral preoptic area (LPOA), substantia innominata (SI), and ventral
tegmental area (VTA, blue), which sends dopaminergic projections to the nucleus accumbens (NAcc,
blue). Volatile odor molecules are processed by the main (gray) olfactory epithelium (MOE), main
olfactory bulb (MOB), and piriform cortex (PirCtx), and from there to the NAcc and mPOA (which
interact via oxytocin “OT” and dopamine “DA”). The basolateral (BLA) amygdala and prefrontal
cortex (not shown) participate in rejection and fear.

In dogs, salivary OT (sOT) increases gradually during the postpartum period [86].
High levels of sOT are negatively correlated with the frequency of sniffing behavior toward
the pups, perhaps because high sOT facilitates olfactory recognition, and recognized pups
require less sniffing. Given that sniffing and time spent out of the whelping box have been
positively correlated, low sOT is also a predictor of time away from the pups. Therefore,
treatment with OT should improve maternal recognition and performance. In fact, rats that
undergo cesarean section lack a naturally powerful stimulus to release OT, which results in
reduced maternal behavior. However, intranasal OT in those rats restores pup retrieval and
anogenital licking [87]. Similarly, intranasal OT facilitates paternal motivation, as observed
in male marmosets that express shorter latency to respond with an approach to infant
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stimuli [88]. Dogs treated with intranasal OT turn more social toward humans [89] and more
playful with other dogs [90]. In female rats, OT improves depression-like behaviors [91] and
induces conditioned place preference (CPP) in the presence of a conspecific (social-CPP).
Social-CPP reflects emotional memories of a place where cohabitation occurred, and it
has been reported in rats that receive MDMA “Ecstasy” but not in those that receive AVP.
Accordingly, both OT and AVP regulate olfactory recognition, but only OT augments the
rewarding effects of social interaction [92].

In dogs, polymorphisms of the OTR gene have been associated with variations in
the maternal behavior and with higher levels of sOT [93]. However, to date, no one has
shown the potential good effects of intranasal OT in dogs with poor maternal behavior.
Certainly, systemic injections of OT at birth are commonly indicated to facilitate uterine
contractions, but only 1% of such systemic OT crosses the blood–brain barrier (BBB) [94].
Nevertheless, it has been demonstrated that fetal voles from mothers injected with OT at
birth expressed increased methylation of OTR in the brain. In adulthood, OT-exposed voles
are more gregarious, with increased alloparental caregiving toward pups and increased
close social contact with other adults [95]. Thus, OT treatment at birth (even if injected)
may facilitate both immediate and future social encounters.

4.2. Areas Mainly Involved in Increasing Motivation

The NAcc and mPOA are the main areas involved in maternal motivation [96]. In rats,
broad lesions in the mPOA disrupted pup retrieval and reduced Fos-immunoreactivity in
the NAcc evoked by exposure to pups [97]. However, specific lesions in the ventromedial
region of the preoptic area (vmPOA) disrupt nest-building in mice but do not affect pup
retrieval, whereas specific lesions in the central part of the mPOA (cmPOA) disrupt all
maternal behaviors [98]. Lesions in the NAcc also decrease pup retrieval and bar pressing
to gain access to pups [99], whereas lesions in the VTA (where NAcc DA afferents originate)
disrupt the frequency of approaches and interaction with pups [100,101].

Between mPOA and NAcc, there is a synergistic role OT and DA. One study showed
that female rats that display high levels of active maternal behavior (i.e., licking/grooming)
express more OT-positive neurons in the mPOA and PVN, which in turn, project to the
VTA. Thus, OT in the VTA facilitates DA release into the NAcc, which also enhances moti-
vation [102]. The mPOA itself is a large and complex region formed by many subnuclei,
such as the medial preoptic nucleus (MPN), median preoptic nucleus (MnPO), posterodor-
sal preoptic nucleus (PD), and ventrolateral preoptic nucleus (VLPO) in mice. Within all
these nuclei, there is a vast diversity of neuron populations based on gene expression for
transporters or neurotransmitters that are not found in the lateral preoptic area (LPOA). For
instance, at least fifteen different markers of cell populations have been reported in the mice
mPOA, including glutamic acid decarboxylase (GAD67), galanin, calbindin, a novel marker
of sexually dimorphic nuclei (Moxd1), cocaine- and amphetamine-regulated transcript
(CART), vesicular glutamate transporter (VGLUT2), vesicular GABA transporter (Vgat),
proenkephalin (Penk), brain-derived neurotrophic factor (BDNF), leptin, cholecystokinin
(CCK), neurotensin, neuropeptide tachykinin 2 (Tac2), prodynorphin (Pdyn), thyrotropin-
releasing hormone (TRH), and oxytocin (reviewed in [103]). Many of these markers are
known for controlling mechanisms of body temperature, wake–sleep cycle, or sexual be-
havior and appear not to have any direct role in maternal behavior. However, galaninergic
neurons within the lateral part of the mouse mPOA (lmPOA) and MPN project toward MeA,
VTA, PVN, and periaqueductal gray (PAG) and play a major role in motor coordination,
motivation, and social recognition during maternal behavior by integrating inputs from
many areas in the brain [104]. More than 70% of galanin-positive neurons in the mPOA also
express alpha estrogen receptors (ERα) and androgen receptors [105] and therefore may
become more active during the final phase of pregnancy. Optogenetic activation of mPOA
galanin-positive neurons projecting to the PAG enhances pup grooming, whereas inhibition
of those neurons impairs grooming. Likewise, activation of galanin neurons that project to
VTA promotes interaction with pups but not pup retrieval, and their inhibition suppresses
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interaction [104]. The mPOA also receives input from hypocretin-1-containing neurons
(HCRT-1, also known as orexin A) from the postero-lateral hypothalamus. Activation of
HCRT-1 metabotropic receptors within the mPOA promotes active maternal behaviors such
as licking and retrieving but also passive responses such as nursing [106]. The mPOA also
receives inhibitory inputs via agouti-related neuropeptide (AGRP) neurons from the arcu-
ate nucleus, which respond in conditions of caloric needs and normally produce hunger.
Activation of AGRP inhibitory neurons or its projections to mPOA results in less maternal
nest-building, without affecting pup retrieval, partly recapitulating suppression of mater-
nal behaviors during food restriction [107]. Thus, retrieving pups and nest-building are
associated with different neuronal activity patterns in the mPOA, such that neurons that are
activated during pup retrieval tend to be inhibited during nest-building [34]. Some AGRP
neurons that project directly to mPOA express Vgat. Optogenetic stimulation of Vgat neu-
rons in the mPOA elicits both pup retrieval and nest-building, whereas inhibition of Vgat
neurons results in decreased nest-building. Thus, GABA activation in mPOA can inhibit
inhibitory AGRP neurons and facilitate all maternal behaviors. However, if stimulation is
exclusively directed toward the subpopulation of Vgat neurons that express ERα, then only
pup-retrieval is elicited, and not nest-building [107] (Table 3). In addition, ERα-positive
neurons in the mouse mPOA project inhibitory efferents to nondopaminergic neurons
in the VTA that promote maternal pup retrieval through disinhibition of dopaminergic
neurons [34]. Accordingly, galanin-positive, ERα-positive, and Vgat-positive neurons may
be involved in maternal motivation (pup retrieval) via mPOA and VTA [103] (Figure 2).

Like the mPOA, the NAcc also facilitates motivation toward recognized/accepted
individuals. The NAcc is also important for the consolidation of social bonds. For exam-
ple, neurons of the NAcc in monogamous voles express more OT receptors than in the
polygamous voles [108]. Infusion of an OT antagonist into the NAcc of monogamous voles
disrupts pair bonds facilitated by DA agonists, whereas OT antagonists disrupt bonds facil-
itated by DA agonists [109]. Pair bonds that develop after sex are disrupted by infusions of
DA antagonists (i.e., haloperidol) in the NAcc, and by contrast, low doses of DA agonists
(i.e., apomorphine) facilitate their development even in absence of sex [110,111]. Thus, hav-
ing a working DA system is necessary, but not sufficient (OT is needed) to induce selective
social bonds. During exposure to pups, maternal rats release more DA in the NAcc [112], as
well as during licking and grooming of the pups [113]. Likewise, infusions of general DA
antagonists such as flupenthixol into the NAcc of lactating rats impair maternal behavior
(retrieval and licking) [114]. Specific injections of a D1-type antagonist (SCH23390) in the
NAcc impairs pup retrieval, whereas a D2-type antagonist (eticlopride) does not impair
such behavior [115]. Thus, maternal behavior is mainly facilitated by D1-type receptors
and OT.

4.3. Areas Mainly Involved in Reducing Rejection/Fear

In addition to being motivated, individuals must reduce their rejection and fear of pups
during the first postpartum encounters. This represents a dichotomy in excitatory/inhibitory
neurocircuitries and appears to depend on the positive interaction of mPOA/BNST and a
negative mechanism mediated by the anterior hypothalamic nucleus (AHN)/ventromedial
nucleus (VMN)/PAG, amygdala, and some cortical areas [116]. Thus, activation of mPOA
appears to facilitate maternal behavior upon its release from the inhibitory effects of the
amygdala [117]. For instance, lesions of the vomeronasal inputs (amygdala) to the mPOA
facilitate maternal behavior even in nulliparous female rats [118–120], mainly due to BLA
projections that mediate fear responses [121,122]. BLA increases its expression of OTR
during the postpartum period [108], and it can be inhibited by endogenous opioids as
well [123]. Therefore, the elevation of OT and endogenous opioids during parturition (i.e.,
during VCS) may help reduce fear/rejection toward pups [124]. Opioids also regulate the
release of both OT [125] and DA into the prefrontal cortex (PFC) [126]. PFC plays a key role
in attention, memory, and negative emotions [127]. When activity in PFC is reduced, sheep
express less aggressive behavior toward alien lambs without affecting the social recognition
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of their own lambs [128]. PFC also expresses more ERα and OTR in lactating rats, which
appear to be associated with decreased anxiety [129].

The central region of mPOA and MPN also mediate the inhibition of some rejection
responses. These regions express galanin, and direct optogenetic stimulation of galanin-
positive neurons in male mice suppresses pup-directed aggression [130]. Within the vm-
POA, some neurons mediate sickness symptoms [131]. However, it is unknown whether
those neurons may induce rejection or fear toward pups.

Figure 2. (a) Coronal drawing of a rat brain (modified from [132]). The green region represents
the medial preoptic area (mPOA) as the main generator of maternal motivation via oxytocin (OT)
and dopamine (DA) activity. Agouti-related peptide (AGRP) facilitates rejection in mPOA, but OT,
DA, and opioids reduce rejection via other regions such as prefrontal cortex (PFC, not shown) and
basolateral amygdala (BLA). (b) Amplification of the mPOA and subregions in the rat brain. Darker
green spot represents putative galanin/ER+ neurons that mediate the expression of licking and pup
retrieval in the lateral (mPOAL) and dorsal (ADP) parts of mPOA, where OT neurons are also found
(modified from [103]). Nest-building depends on the activity of the ventral portion of the mPOA
(vmPOA). Also shown are the bed nucleus of stria terminalis (BNST), median preoptic nucleus
(MnPO), ventrolateral nucleus (vlPO), anteroventral periventricular nucleus (avpv), and lateral
preoptic area (LPOA) that mediates sleep. Different mPOA subregions mediate diverse maternal
behaviors interacting with mesolimbic regions.

Table 3. Brain areas and neurochemicals associated with maternal behaviors. Medial amygdala
(MeA), bed nucleus of stria terminalis (BNST), cortical amygdala (CoA), medial preoptic area (mPOA),
ventral tegmental area (VTA), basolateral amygdala (BLA), nucleus accumbens (NAc), prefrontal cor-
tex (PFC), oxytocin (OT), estrogen (E2), prolactin (PRL), dopamine (DA), vesicular GABA transporter
(Vgat), hypocretin-1 neurons (HCRT-1), agouti related protein (AGRP).

Brain Area Neurochemical Effect Representative References

MeA
BNST
CoA

OT Acceptance, social recognition [74,79,83]
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Table 3. Cont.

Brain Area Neurochemical Effect Representative References

mPOA

E2
PRL
OT
DA

Galanin

Vgat
HCRT-1
AGRP

Pup retrieval
Pup retrieval, nest-building

Acceptance, licking/grooming
Motivation, licking, grooming

Motor coordination, motivation, recognition,
grooming, inhibition of aggression

Nest-building
Licking/retrieval

Inhibition of nest-building

[32,33,40]
[36]

[102,103]
[103,104,130]

[130]
[106]
[107]

VTA OT Approach, interaction [74,79,86]

BLA OT
opioids Inhibit rejection/fear [85,108,121,124]

NAc DA
OT

Motivation, approach, interaction, pup
retrieval [99–101,112]

PFC OT
DA Inhibit rejection/fear [125,126]

5. Conclusions

The capacity to express maternal behavior develops gradually as a consequence
of hormonal priming during pregnancy. Around parturition time, sudden changes in
hormones and physical stimuli trigger the expression of acceptance, recognition, and
motivation at a time that reduces rejection and fear. The neurocircuitries of maternal
behavior can be also sensitized by cohabitation, sex, and experience. Olfactory recognition
depends mainly on the activity of OT in the MeA. Motivation is mainly mediated by OT and
DA in NAcc and subregions of the mPOA, in which ventral parts mediate nest-building,
and central and dorsal parts mediate licking retrieval and interaction with pups. Finally,
BLA, PFC, and other hypothalamic regions (i.e., arcuate nucleus) mediate rejection and
fear responses. These areas mediate discrimination of stimuli that might have an incentive
value per se (i.e., amniotic fluid) or stimuli related to past experiences (i.e., memories of
sexual reward, maternal reward, cohabitation, etc.).
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Simple Summary: Mother–young bonding is an essential process that increases newborn survival
through selective maternal care. In this mechanism, olfactory, visual, auditory, and tactile stimuli
coming from the offspring activate specific brain structures to establish the affective recognition of
the neonate. Immature species at birth, such as altricial animals, require extensive care, and their
post-birth maturation influences the degree of maternal interaction. This review aims to discuss
the neurobiological aspects of bonding processes in altricial mammals, with a focus on the brain
structures and neurotransmitters involved and how these influence the signaling during the first
days of the life of newborns.

Abstract: Mother–young bonding is a type of early learning where the female and their newborn
recognize each other through a series of neurobiological mechanisms and neurotransmitters that
establish a behavioral preference for filial individuals. This process is essential to promote their
welfare by providing maternal care, particularly in altricial species, animals that require extended
parental care due to their limited neurodevelopment at birth. Olfactory, auditory, tactile, and visual
stimuli trigger the neural integration of multimodal sensory and conditioned affective associations in
mammals. This review aims to discuss the neurobiological aspects of bonding processes in altricial
mammals, with a focus on the brain structures and neurotransmitters involved and how these
influence the signaling during the first days of the life of newborns.

Keywords: imprinting; bonding; maternal recognition; olfactory; maternal anogenital licking; vocalization

1. Introduction

Mother–young bonding refers to the early learning process by which the dam and
offspring create a selective bond that allows both to identify each other, to enhance newborn
survival, and to enable the acquisition of a preference for a particular type of stimulus [1–3].
At the time of parturition, the mother is the main source of protection, warmth, and
initial postnatal feeding through lactation, as the young are unable to survive without
milk, and adequate maternal care [4–6]. In addition, males and other filial members can
also contribute [4,5].
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The beneficial impact of maternal protection through social behaviors directed at
newborns has been widely reported in animals, especially mammals [7–14]. The neural
pathways activated to establish a mother–young preference [15] are important to avoid
misdirected care, reduce energy outlays, and enhance reproductive success. The degree
of interaction can also affect the offspring’s social behavior, notably maternal behavior,
when reaching adulthood [16–18], and the effect that maternal behavior can have on the
stress response of neonates [19]. Finally, maternal behavior and the interest of the newborn
in his/her mother decreases when the offspring are mature enough to explore and feed
themselves outside of the nest [20]. The relationship between the mother and the offspring
is extremely important to promote the welfare of both.

This process of mutual recognition demands a brain that can be able to respond to
multimodal sensory signals [15]. In this sense, the perception of different signals during
bonding depends on the activation of several structures such as the locus coeruleus, or the
olfactory, auditory, and visual cortices [21]. These areas interconnect with other regions
to promote the secretion of neurotransmitters associated with the behavioral responses
observed during this process, promoting maternal behaviors [22]. Significant evolution of
the neocortex has been documented in monkeys and apes. This increased complexity is
associated with the level of social relationships and strategies that serve to establish links
between individuals that live in groups [23].

Another relevant issue associated with the requirement of protection and care of
offspring is related to the maturity it has at parturition (precocial vs. altricial young;
selective vs. non-selective bond) [24]. According to this, altricial species such as canids,
rodents, marsupials, cricetids, and felines [25], are those that are more immature at birth,
unable to move without help, require continuous parental protection during the first weeks
of life, and must be groomed and provided with food [25]. Canine puppies, for example,
are typically born with non-functional ears and eyes and are severely limited in regards to
mechanical movement [26], so they depend on the dam and on their maternal behavior to
survive. In this species, some mothers form a nest in a safe place where the young (born
with an immature musculoskeletal system) are safe from predators [14]. Sows have the
peculiarity that, although the newborn piglet has one of the highest motor and sensory
developments, the mother builds a nest and the litter remains there for approximately
one week [25].

Due to the influence that several brain structures, neurotransmitters, and the species
have in the development of mother–young recognition, this review aims to analyze the
neurobiological aspects of bonding processes. To achieve that, we will focus on the neuro-
physiological mechanisms of the mothers in mammal altricial species, including the brain
structures, neurotransmitters, and communication channels involved.

2. Classification of Altricials, Precocials and Semialtricials

Altricial and precocial species can be differentiated by the degree of the physical and
behavioral developmental stage at birth (Figure 1) [25,27,28]. Altricial species (e.g., canids,
felids, most rodents, and lagomorphs) are characterized by a lack of fur, impeding their ad-
equate thermoregulation, and limited sensorial and musculoskeletal capabilities [24,29,30].
They must be fed and cared for over an extended period by their parents, and mothers
tend to build a nest or seek a sheltered area to give birth to undeveloped offspring with
closed eyes [14].
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Figure 1. Neurodevelopmental differences between altricial, precocial, and semi-altricial species.
According to the type of species, newborns from altricial, precocial, and semi-altricial females establish
a different degree of bonding. In the case of precocial species, whose cerebral development starts
during gestation, the time they require for maternal nursing is shorter since they can stand and move
freely almost immediately after birth. In contrast, the maturation of sensorial systems in altricial
species occurs during the postnatal period, where they are completely dependent on the mother to
survive. Semi-altricial species are in between; while some of their senses are functional at birth, the
mother nurses them until they are highly independent after several days after parturition.

For example, rat pups reach postnatal ambulation by Day 10, and just after leaving the
nest (approximately on Days 17–21), they increase their locomotor activity [31]. Generally,
motor development is measured by the righting reflex, vibrissae placing, and righting reflex
in rat pups, as well as eye-opening and spontaneous locomotor activity. The presentation of
these reflexes in newborns is altered by exposure to stressful situations in the dams, showing
full development 14 days post-parturition. This shows how the prenatal stage influences
not only the response from the mother but the offspring as well [32]. To compensate for
the delayed maturation, murine mothers spend approximately a total of 10.6% of their
time in the first week of life grooming and licking the pups [33]. In the case of dogs,
although the vestibular function is present since birth, puppies lack muscular coordination
and exploratory movements; they start using their limbs 7–10 days after parturition [34].
Marsupials are another important example of altricial species since the young are born in
an embryonic state and require to be carried by their mothers at all times [35].

In contrast, offspring from precocial species (e.g., bovines, goats, sheep, and equines)
can feed themselves, and follow their mother after birth, which is associated with a rapid
recognition process between the two [36]. They have a completely functional vision and
hearing since birth, and a locomotor system that is sufficiently well-developed to allow
them to stand effectively and start suckling [37]. They also have efficient thermoregulatory
systems and may be quite independent at an early age [38,39]. In some cases, precocial
species hide and do not follow their mothers; the mothers move approximately 100 m away
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from the young to graze and return to nurse them. As these young do not move, their energy
requirements are minimal, so all the food they consume translates into rapid growth [40,41].

Semi-altricial and semi-precocial species, such as primates and pigs, are those whose
young have certain mobility or sensory independence, but still require prolonged maternal
care [28]. The semi-altricial species have functional sensorial systems (e.g., auditory and
visual), but deficient locomotor and thermoregulation. In primates, newborns are taken
care of in a communal rearing system [42]. In domestic swine, nest-building is a natural
behavior of the species since the offspring remains inside the nest for the first two weeks
after farrowing [24,43].

Between types of species, there are some reported differences such as brain size and
cognition, which may particularly influence the bonding systems established by altricial
animals [25]. It is said that maternal investment and litter size influences brain size [44] and,
at birth, altricial species have smaller brains [45] since most of the cerebral development
occurs at the same time as eye-opening [46]. However, although their brain sizes might be
smaller at birth when compared to precocial animals, their growth rate is higher during the
first day post-birth [45].

An important fact to mention is that maturity at birth could also be associated with the
status of the species being prey or predator. For example, precocial animals that stand up
immediately after birth can avoid predators and escape [47], while altricial neonates require
maternal protection, making them an easy prey when parents are not near the nest [48].
These differences are also related to the ability of the mother and the young to recognize
each other in a very limited period where the brain and neuroendocrine pathways can form
the bonding. Table 1 compares key factors associated to maternal–fetal bonding in altricial
and precocial species.

Table 1. Summary and comparison of maternal bonding in altricial and precocial species.

Species
Pre-Natal

Development
PostNatal

Development
Functional Senses

Immediately after Birth
Maternal Care Bonding Reference

Altricial

• Fetal
response to
umbilical
cord
occlusion

• Lung
• Brown

adipose
tissue

• Brain
• Muscle

• Limited locomotion
• Hairless
• Limited thermoregulatory

ability
• Unable to hear and see

immediately after birth

• Require
nesting

• Require
constant
parental care

• Nursing
period within
the nest

• Mother–
infant
bonding in
the first
postnatal
weeks

[49–51]

Precocial

•
Organogenesis
in utero (lung,
liver, and
brain)

• Muscular
development

• Piloerection
• Brown

adipose
tissue

• Coordinated
locomotion

• Sight, hearing
• Fully covered in fur
• Locomotor capacity

• Do not
require
constant care.

• Do not need
nesting

• Bonding in
the first
postnatal
hours

[52–55]

3. Sensitive Period

The process of filial bonding between the mother and the neonate is triggered during
a decisive bounded interval called the sensitive (or critical) period [56–58]. In most animals,
this period occurs during the first 4 to 12 h post-parturition [59]. Failure of maternal
recognition can be due to interruptions caused by other animals or by human interventions.
When these interruptions happen, reproductive, social, or behavioral disturbances, such as
the mother’s rejection of her offspring, can occur [60]. Specifically, in rats, odor-preference
learning is achieved in the first 10 postnatal days and requires low levels of corticosterone
in pups to maintain the normal length of the period [61]. In the case of rabbits, the first

306



Animals 2023, 13, 532

post-partum week is considered the sensitive period for pups to react to the mother or
human intervention [62].

In the case of dogs, a sensitive period is considered to be established during the first
two weeks of life, when they are highly dependent on their mother, and it is known that
alteration in the maternal care or attachment during this period can negatively influence the
behavior in adult dogs [63]. For kittens, a similar amount of time is considered the critical
period, and during this time the mother is dedicated to nursing and feeding the newborns,
only spending time away from the newborns when they become three weeks old [64].

Although the activities that occur during this period trigger behavioral responses [65],
primarily, there exist neurophysiological phenomena in which the levels of neuronal plastic-
ity in the offspring and the mother are more or less sensitive to experiences or environmental
stimuli, depending on the species [66]. In the mother, the sensitive period is activated
with the Fergusson reflex, a signal that is projected to the spinal cord, hypothalamus, and
releases oxytocin (OXT) [67]. OXT stimulates uterine contractibility during parturition
but also acts on the mother’s olfactory bulb, and allows the secretion of dopamine (DA),
thereby causing the mother to identify her offspring [68].

Modifications of neuronal plasticity may involve such mechanisms as synaptic consol-
idation through molecular adhesion cells, abolition of the activation of synapses because of
the insertion of stabilizing molecules, and the construction of synapses through the growth
of axons or dendrites. During this period, the influence of neurotransmitters and hormones
is important for the establishment of the bond [69], but other factors can also alter mutual
recognition at birth.

4. Factors That Influence the Bonding Process

The success or failure of dam–offspring bonding depends on the performance of certain
behaviors, either by the mother toward her newborn, or vice versa. Primarily, communi-
cation pathways include tactile, visual [70,71], olfactory [72,73], and auditory stimuli [74],
mainly related to the genetic background of each species and prior maternal experience.

4.1. Maternal Care

For proper maternal behavior to be carried out, various hormonal changes occur
that trigger acceptance and interactions between the mother and the offspring, activating
the attraction–acceptance circuit [75]. Maternal behavior includes feeding and defensive
reactions such as increased vocalizations and locomotor activity when separated from their
offspring [76]. The mother’s brain is ‘maternalized’ by the hormones that provide emotional
rewards for suckling, huddling, and grooming. At this point, the posterior pituitary gland
releases (through neurological stimulation) the neuropeptide OXT [77–80], a nonapeptide
that is critical for the neural processing of olfactory and social cues [81], increasing maternal
interest in newborns because it helps reduce anxiety and stimulates maternal care [75,82].
This release of oxytocin occurs through two pathways: the Ferguson reflex, which consists
of the pressure of the fetal head on the cervix at the time of parturition [83], and the
stimulation of the newborns in the mammary gland at the time of suckling [77].

Studies of various mammal species have demonstrated that maternal care participates
in the development of social skills, the brain, emotions, and certain behaviors [13]. For
instance, in dogs, the amount of maternal care received during early life was associated
with different patterns of behavioral responses and the coping strategies of puppies at two
months of age [13]. Maternal care was also shown to influence hippocampal plasticity and
cognitive functioning in rats, as well as decrease rodent pups’ fear responses [10].

These long-term effects of maternal care on the offspring’s behavior, emotional func-
tion, learning, memory, and neuroplasticity are notably mediated by epigenetic mechanisms
that influence the transcriptional activity of many genes in the mammalian brain [84]. More
precisely, some authors showed that early life experience (i.e., amount of parental care re-
ceived) affected DNA methylation of oxytocin receptors (OXTR) in the nucleus accumbens
of prairie voles offspring, hence altering the OXTR expression in this brain region [85,86].

307



Animals 2023, 13, 532

Moreover, Champagne et al. [87] deciphered the mechanism of OXTR expression involve-
ment in the “transmission of maternal behavior” between the mother and her offspring,
which is mediated by the estrogen receptor genes’ epigenetic modification in the MPOA in
the hypothalamus; estrogen receptor activation acts to induce oxytocin receptor expression,
hence, higher estrogen receptor expression causes higher oxytocin receptor expression.
In turn, the oxytocin system in the MPOA is associated with the induction of maternal
behavior. Thus, these epigenetic modulations might result in individual differences in
maternal behavior [88].

The degree of maternal experience in females is also enhanced in multiparous animals,
particularly in precocial species [89]. However, in virgin animals, such as rats, physiological
and sensory signaling from their environment can induce maternal behavior. For example,
low levels of corticosterone increase licking in virgin rats [90], and this maternal behavior
is associated with the cell proliferation of the subventricular zones of the nulliparous rat
brain [91]. Although maternal behavior can be induced with the use of hormones, such as
estradiol or progesterone, maternal experience also depends on learning during the rearing
of the pups, where offspring raised by their mothers become maternal more quickly and
have high-licking behavior without the need of external hormones [92].

4.2. Importance of Nest-Building in Altricial Species

Nest-building provides shelter and comfort to the newborns and serves as a microcli-
mate refuge station to prevent heat loss [93], to retrieve and transport the newborns there to
have protection from predators and lick or nurse the offspring [29,30], particularly in altri-
cial neonates that are born naked and with limited energy resources to thermoregulate [52].
Building the nest is an important action in most primates and rodents. Ungulate dams do
not require building a nest since the newborns can actively move after the first hours of life
and can respond to vocalizations calling them. Therefore, the predisposition of the mother
to nest-building depends on the degree of the physical development of the offspring [24].

In rabbits, mice, and rats, nesting is the center where mother–young interactions
take place [27]. For example, rats emerge from the nest by Days 19 and 20 [31], and mice
spent at least 50% of their time with the mother in the nest within the first 21 days [94].
Long–Evans rat pups display motor activity to reach and huddle in the central positions of
the nest at the first two postnatal days, an effect that is also influenced by the body mass
of the animals, where light pups need to compensate for their high mass-to-volume ratio
of heat loss [95]. This behavior and burrowing are considered indicators of well-being
in rodents [96], but also a way to evaluate the influence of chemical signals that impede
maternal care. Regarding this, mice lacking 2 adenylyl cyclase failed to construct a nest
and did not retrieve pups during postpartum, which shows the importance of the main
olfactory system to detect odorants or pheromones to start maternal behaviors [97].

For newborn rabbits, the nest is essential to survival during the first weeks of life due
to the limited assistance of the mother at birth. The doe only feeds the pups once or twice
per day for 4 to 5 weeks [98]. The suckling sessions have a duration of about 3 to 4 min.
Therefore, the rest of the time the newborns huddle into the insulated nest material to save
energy and prevent hypothermia [99].

Other species, such as marsupials, are born in an embryonic stage and immediately
after birth reach the pouch and nipple of the mother to fully develop outside the uterus [27].
For these species, the role of a nest can seem less important; however, as Rowland et al. [100]
studied in arboreal marsupials, tree hollows, instead of nest boxes, aid in the thermostability
of neonate marsupials. According to the results, microclimates inside tree hollows provide
a consistent thermal environment with temperatures no higher than 38 ◦C, in comparison
to the nest boxes where the highest recorded temperature was 52 ◦C, a value that can trigger
heat stress in the newborn.

In sows, nest-building is a natural behavior that permits piglets to be protected for
long periods (up to seven days post-farrowing) and starts with foraging, rooting, and
pawing [93]. This process starts three days before parturition, and studies conducted by Yun
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et al. [101] have demonstrated that high OXT concentrations (between 7.5 and 23.5 pg/mL)
are associated with this behavior before farrowing, and that prolactin (between 23.9 and
27.0 pg/mL) and oxytocin participate in nesting after farrowing, on Days 1 to 7 of lactation.
Domestication has altered the presentation of this behavior, and in intensive production
systems, the animals are not able to perform it inside farrowing crates [102]. However, if
given the required material, such as straw and non-confined environments, sows engage in
this pre-farrowing behavior [103].

As has been mentioned, maternal behavior is triggered by the parturition process, the
presence of the newborn, and by distinctive neural and endocrine signaling—being tactile,
auditory, olfactory, and visual—that promotes the bonding and selective recognition of the
filial offspring.

5. Neural Pathways Involved in the Bonding Process of Altricial Species

Maternal care and the attachment system in the mother–offspring binomial differ
among species and depend on several factors: the newborn’s condition at birth, postnatal
development, and numerous neural circuits [104]. The cognitive, sensory, and locomotor
capacities of both precocial and altricial species are associated with prenatal neurogenesis
and degrees of brain maturation. Consequently, the maternal behavior towards the new-
born (altricial and precocial) animals is an important way of promoting the survival of
the offspring [14].

At birth, the neonate’s mother is the first social contact and the main source of
learning [28,39,104]. In altricial species, communication is practically unidirectional with
multimodal signals being sent from the mother to her newborn but few going in the
other direction [38].

Mother–young bonding involves structural changes in cortical regions and the continu-
ous release of neurotransmitters [105] that respond to visual, auditory, tactile, and olfactory
sensory stimuli [106]. Brain structures, such as the medial preoptic area (MPOA), ventral
tegmental area (VTA), medial prefrontal cortex (MPC), and anterior cingulate subregions,
dictate maternal motivation in the post-parturition period (on Day 8), while the medial
prefrontal cortex prelimbic subregion contributes to late post-parturition maternal care (at
day 16) [107].

The neuroendocrine response induces changes in the expression of a range of neu-
ropeptides (e.g., b-endorphin, corticotrophin-releasing factor (CRF), OXT and arginine
vasopressin (AVP)), substances that mediate maternal and other social behaviors according
to the nature of the received stimuli [15,23]. For example, in the case of rodents, licking,
nursing, nest-building, retrieving pups, and feeding the offspring are a group of behavioral
responses triggered by a sensorial and endocrine stimulus. It requires the activation of
maternal recognition systems and the suppression of responses such as defensive or aver-
sive reactions to the newborn. To achieve this, the hormonal changes involving estradiol,
OXT, prolactin, and progesterone during parturition act on specific receptors located in the
hypothalamus (MPOA) and the bed nucleus of the stria terminalis (BNST) to activate ma-
ternal motivational systems. Simultaneously, the suppressed projections to the amygdala
and other structures prevent fear and avoidance behaviors, resulting in proactive voluntary
responses to nurse and care for the newborn (Figure 2) [63].
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Figure 2. Neurobiology of maternal behavior in altricial species. To develop a maternal response in
females, a series of neuroendocrine and sensorial stimuli need a dual interaction in cerebral structures,
such as the MPOA, BNST, VTA, AMY, VNO, and OB, among others, to suppress aggressive and
avoidance behaviors, while activating appetitive and motivational maternal pathways. AHN: anterior
hypothalamic nucleus; BNST: bed nucleus of the stria terminalis; cFos: transcription factor and marker
of neuronal activity; DA: dopamine; GABA: gamma-aminobutyric acid; FosB: Fos protein; MeA:
medial amygdala; MOE: main olfactory epithelium; MPOA: Medial PreOptic Area; OB: olfactory
bulb; PAG: periaqueductal gray; VNO: vomeronasal organ; VP: ventral pallidum.

5.1. Licking and Tactile Sensitivity of the Brain

Numerous studies have highlighted the importance of licking the newborn during
parturition, not only because it provides benefits to the offspring but because it can also
reduce the mother’s stress [108–110].

In species such as horses, dogs, cats, and rats, among others, the hippocampus was ob-
served while licking the newborn and an increase in glucocorticoid receptors was observed,
thus conditioning the functioning of the hypothalamic–pituitary–adrenal (HHA) axis, a key
system for the development of an autonomic/endocrine response, unconscious memory,
and the regulation of emotional states in the face of external stressors [111,112]. For kittens,
the mother is the one who initiates maternal nursing by tactile stimuli to the newborn, such
as nuzzling and licking them, to guide them to the nipples to start suckling [64].

During parturition, the rabbit does constantly lick their hind limbs or the genital region
of the recently born pup. However, contrary to rats, rabbits spend more time licking the
blood, amniotic fluids, or eating the placental membranes than licking the newborn [113].
This reaction is associated with the limited interaction between the doe and the pups,
with an average duration of 2 to 4 min [114]. Therefore, in these species, the thermal
and olfactory cues emanating from the female are also the main signaling channel of the
mother–young recognition [115]. Although it may be limited, rabbit pups can actively
crawl and search for the nipple to suckle [114].
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5.2. Olfactory Stimuli

Olfactory and odor stimuli are some of the most selective pathways for mother–young
bonding [116]. The maternal brain undergoes neurogenesis, a type of adaptative plasticity
of neurons, especially in olfactory structures, to facilitate olfactory memory [117]. Therefore,
interneurons participate in the recognition of the offspring during the sensitive period [118].

Research has shown that non-lactating females are aversive to neonatal odors [119].
However, during postpartum, olfactory cues are partially inhibited to prevent neopho-
bia [120], and these signals are a key stimulus to activate the maternal motivation sys-
tem [119]. Mothers often recognize their offspring by smell, related to the release of OXT in
the brain [121–123].

Odor stimuli from pups activate regions in the MPOA, BNST, or the lateral habenula
and ventral tegmental area (VTA, through the action of OXT and prolactin [105]. Further-
more, norepinephrine in the brainstem projects on the paraventricular nucleus (PVN) in
the hypothalamus and olfactory bulb. In turn, OXT neurons are activated in the PVN.
They are responsible for promoting three mechanisms associated with maternal behavior:
(1) OXT stimulation of the OB promotes maternal behaviors and reduces aggressiveness
towards newborns; (2) Its action on the hypothalamus inhibits postpartum estrus; (3) It
promotes behaviors associated with brood care in the VTA [105]. The birthing process
triggers the Fergusson reflex through vaginocervical stimulation, increasing the oxytocin
concentrations in the PVN.

In the case of rodents, the recognition of newborns and the development of social
behaviors mainly depend on the detection of olfactory signals by the dam’s main and acces-
sory olfactory system [15]. In rats, the cortex receives olfactory inputs via the mediodorsal
thalamic nucleus, and lesions to this system decrease the frequency of mother protection
against cannibalism [124]. The amygdala also participates in the bonding process since
lesions in that region alter the process of olfactory preference [125]. Detection of chemical
signals induces maternal behavior in virgin females, such as retrieving isolated young [126].
Other studies have discovered that dodecyl propionate (DP), a pheromone released by
the preputial gland of rodent pups, is associated with the mother’s licking [9]. Contrarily,
Morgan et al. [127] reported that maternal behavior is not affected if the vomeronasal organ
is extirped in rats. Moreover, Brouette-Lahlou et al. [128] described that the pups’ survival
rate is not related to the vomeronasal activity.

In mice, the removal of the olfactory bulb eliminates maternal aspects in females [129].
A study by Liang et al. [130] concluded that the mother Tylonycteris pachypus bats recognize
their young by scent. Although pheromones and olfactory stimuli are important for altricial
species, in rabbit pups it has been reported that they search for the nipple with or without
the association of suckling with odors [131].

5.3. Auditory Stimuli

Auditory cues have been described in bird species like penguins [132–134] and swal-
lows [135], but are still little studied in mammals. In the case of dog puppies, maternal
separation induces vocalizations in newborns from 6 to 8 weeks old, while high maternal
care reduces whining and yelping emission, a sign of reduced distress [13]. In cats, vocal-
ization from kittens elicits postural changes (e.g., lactation position) in the mother, and is
also an exploratory approach to retrieving the offspring [136].

In rats and mice, pup vocalization highly influences the mother–pup bond. In this
sense, the pups’ ultrasonic vocalizations play an ethologically important role in mother–
offspring communication by stimulating specific maternal behavioral responses [137]. Pups
can emit vocalizations that reach intensities of 30–90 kHz. Ultrasonic vocalizations of
rat pups have been recorded at 44 kHz in response to stressful environments such as
maternal separation, unfamiliar odors, and thermal or tactile stimulus during birth, and
their function is to call the mother to promote retrieval, grooming, and maternal care [138].

Maternal responsiveness can be modulated by the vocalization emitted by pups. For
example, D’Amato et al. [139] reported that on the eighth postnatal day, female mice
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respond to calls from filial pups more frequently than those coming from alien individuals
(latency time of 44.3 vs. 93.1 s, respectively). This response is also mediated by prolactin,
according to Hashimoto et al. [140]; in 19 lactating rats, an increase in prolactin levels was
registered after pup vocalization, eliciting retrieving and nest-building for the newborns.
Conversely, in pups, maternal separation alters ultrasonic vocalization, producing low-
frequency calls during isolation (around 40 kHz), but high maternal care was associated
with more low-frequency vocalizations [141].

As observed in rodents—but also other species—maternal interaction and the respon-
siveness of the brain to neonatal cues highly depend on the participation of hormones
and other neurochemicals that initiate and activate the cerebral structures involved in
mother–young bonding.

5.4. Visual Stimuli

The cerebral hemispheres and roof of the forebrain are the main sites of visual recogni-
tion, as well as the prefrontal and cingulate areas of the cortex in mammals [142].

For canines and felines, the visual system, composed of the retina and axons from the
optic nerve that project on the lateral geniculate nucleus, is essential for the perception of
the environment [143] and, therefore, to recognize the offspring at birth. Although eyesight
is important, in rabbits there was no behavioral difference in maternal care between normal
and genetically blind individuals, showing that 98% and 97% of the animals in each group,
respectively, developed expected newborn care, suggesting that other signaling pathways,
such as auditory and olfaction, can compensate for this impairment [144].

Similarly, in mice, visual impairments due to albinism have not been associated
with altered maternal behavior [145]. The same was reported by Sturman-Hulbe [146] in
15 female albino rats, for whom conditions such as blindness and anosmia did not result
in altered maternal fitness, and other activities (e.g., nesting, suckling, and cleaning) were
similar to those observed in healthy animals.

These findings show that, although visual signaling aids in the development of mother–
young bonding, it does not directly trigger maternal behavior since animals require or use
other neuroendocrine pathways to respond after parturition.

6. The Role of Neurobiological Systems for Mother–Young Recognition and Bonding

6.1. Neurotransmitters and Neurohormones

OXT is the main neurohormone associated with social recognition, maternal behavior,
parturition, and milk ejection [14,81,88,104,147–149]. It is synthesized in the magnocellular
neurons of the paraventricular (PVN) and supraoptic (SON) nuclei of the hypothalamus
and is projected towards the posterior pituitary for further release into the peripheral
circulation. Differences in individual maternal attachment are associated with the evolution
of the dopaminergic and oxytocinergic neuroendocrine system, where OXT activates the
mesocorticolimbic dopaminergic system in response to social signals. This is crucial for the
expression of affiliative behaviors [148,150,151].

The perinatal role of the OXT system in animals is associated with dysfunctional
maternal behaviors [152]. For example, in rats, OXT mediates the initiation of maternal
behavior [153], even in virgin rats receiving intracerebroventricular doses [154], and OXT
knockout mice have a low prevalence of pup retrieving and licking in comparison to nulli-
parous females [155]. Likewise, the administration of OXT antagonists inhibits maternal
behaviors and interferes with the bonding process in the same species [152]. Aggression
and maternal defensive behavior on Wistar rats also elicit a higher OXT release in the
central nucleus of the amygdala and the PVN [156].

Maternal care such as licking is also related to OXT levels and OXT receptors in the
central nervous system, with less expression of these in the hippocampus and OB in dams
that lick the pups constantly [157], a trait considered to measure maternal care in this
species. Likewise, the same kind of dam has high levels of dopamine (DA) receptors in
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the nucleus accumbens [158], estrogen receptors in the MPOA, and OXT receptors in the
amygdala and the bed nucleus of the stria terminalis [157].

The interaction of OXT with other substances that might be secreted by the organism
during the peripartum also dictates the maternal patterns that mothers elicit. In this sense,
in rodents, prenatal stress activates the hypothalamic–pituitary–adrenocortical (HPA) axis,
decreasing motor development and social and learning skills in the early stages, while OXT
in the postpartum period can lower anxiety and depression [159]. It is important to decrease
anxiety during the days after parturition [82] so the dam can easily accept the newborn,
facilitating social bonding [160]. Specifically, it stimulates maternal behavior in dams and
increases maternal care toward the offspring that decreases anxiety [75]. Additionally,
Sohlstrom et al. [161] found that exogenous administration of OXT to rat pups in the first
days of life results in lower corticosterone concentrations, low blood pressure, and greater
weight gain in adults.

Prolactin is another important neuropeptide. Its main role is for milk production
and ejections. However, it also participates during maternal care and parental behav-
ior in birds and mammals [162–164]. In mice, prolactin promotes neurogenesis in the
forebrain and the olfactory bulb, directly participating in the olfactory recognition and
acceptance of the newborn [165]. Additionally, it regulates offspring-oriented care not
only in females by promoting paternal behavior, shifting the endocrine response from
one aimed at fertility to one focused on childcare [166]. Other substances secreted by
neurons at this stage and that stimulate the limbic system are gamma-aminobutyric acid
(GABA), glutamic acid (GLU), monoamines such as DA and serotonin (5-HT), as well as
N-methyl-D-aspartate (NMDA) [167,168].

Additionally, the main function of GABA is to inhibit the signal transmission to cere-
bral structures such as the amygdala, thalamus, prefrontal cortex, and hippocampus [169],
altering the affective aspect through inhibitory GABAergic connections [170]. In the MPOA
and BNST, the administration of the GABA receptor agonist in lactating rats causes dose-
dependent behavioral deficits such as lack of pup retrieving and maternal aggression, but
does not affect licking [171]. In rat pups, catecholamines, such as DA and noradrenaline,
have an influence on cardiac, respiratory, and motor activity in the first post-birth days [172].
The release of DA in nulliparous and multiparous female rats when exposed to pup stim-
uli was studied by Afonso et al. [173]. The researchers found that multiparous females
had greater concentrations of DA in the nucleus accumbens, so it can be concluded that
maternal experience is mediated by this neurotransmitter.

In the case of 5-HT, authors such as Angoa-Pérez et al. [174] found that female mice
with mutations that cause 5-HT depletion have poor maternal performance (e.g., lack
of pup retrieving, huddling, nest construction, and high-arched bac nursing), and also
affected the survival rate of their offspring. The interaction of 5-HT with nitric oxide (NO)
influences aggressive behavior toward the newborn due to diminished 5-HT concentration
and lack of NO synthase [175]. Table 2 summarizes the mentioned neurotransmitters and
their role in maternal recognition.

Table 2. Main neurotransmitters involved in mother–young recognition.

Neurotransmitter Synthesis Status Role Reference

OXT PVN, SOP
↑ Maternal

behavior [153]

↓
Lack of newborn

retrieving and
licking.

[155]

GABA Presynaptic
neuron ↑ Maternal

defense [176]
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Table 2. Cont.

Neurotransmitter Synthesis Status Role Reference

GLU Presynaptic
neuron ↑

Long-term
maternal

experience.
[177]

DA
Dopaminergic

neurons
↑

Maternal care,
bonding, reward

system. [178]

↓
Impaired
maternal

recognition.

PRL
Lactotrophs in

the anterior
pituitary gland

↑ Maternal care. [179]

↓ Litter
abandonment. [180]

5-HT
Enteric nervous

system, CNS,
Merkel and

pulmonary cells

↑ Modulates DA
maternal effects. [181]

↓
Reduces pup
survival and

nursing
behavior.

[182]

NMDA Ionotropic
neurons ↓ Impaired

retrieval. [183]

5-HT: serotonin; CNS: central nervous system; DA: dopamine; GABA: gamma-aminobutyric acid; GLU: glutamate;
NMDA: N-methyl-D-aspartate; PVN: paraventricular nuclei; SON: supraoptic nuclei.

Interestingly, these neurohormonal/neurotransmitter parameters can be assessed to
investigate the quality and development of mother–young bonding. In this context, the
most studied neuromodulator is OXT [87,88,184–186]. Unfortunately, the methods used
to measure OXT face several pitfalls, notably because there is no methodological consen-
sus about the different OXT assays and pre-analytical treatments used: enzyme-linked
immunosorbent assay, radioimmunoassay, liquid chromatography-based methods, with or
without pre-analytical treatment steps, such as solid-phase extraction, reduction-alkylation,
among others [187–191]. This leads to measurement discrepancies and inconsistent re-
sults [189,192,193] and raises the question of the existence of various molecular forms of
OXT and their respective biological relevancy [192,194,195]. Additionally, another issue
revolves around the matter of the sample volume and availability: OXT levels can be mea-
sured in excretory fluids (urine and saliva), blood, or cerebrospinal fluid, these two latter
being more invasive but providing more consistent and robust results [189]. However, pe-
ripheral measures of OXT may not reflect the central nervous system activity. Cerebrospinal
fluid, or even brain microdialysates, are the ideal samples to study the effects of OXT at the
central level [196,197], hence, on the regulation of maternal behavior and young bonding.
However, the sample collection methods are complicated and often provide only small vol-
umes for the subsequent analyses; this constitutes substantial technical limitations, which
could impact the quality of the final measures and the robustness of the findings [197,198].

6.2. Hypothalamic–Pituitary–Adrenal (HPA) and Hypothalamic –Pituitary–Thyroid (HPT) Axes

The endocrine response, because of bonding and maternal stimulation by the newborn
and their signaling, is largely influenced by the hypothalamic–pituitary–adrenal axis (HPA)
and the hypothalamic–pituitary–thyroid (HPT) axis.

The HPA axis is a complex system that regulates the body’s response to stress. It
involves interactions between the hypothalamus, pituitary gland, and adrenal glands,
which together control the release of stress hormones such as glucocorticoids (GC: cortisol
and/or corticosterone). During pregnancy and parturition, the HPA axis is activated, which
leads to an increase in GC levels. This increase in glucocorticoids is thought to help the
mother adapt to the physical and emotional demands of parturition and motherhood [199].
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The activation of the HPA axis and the increase in GC also stimulates the release of OXT, a
hormone that is important for maternal bonding and lactation as stated earlier, as a reaction
to dampen the HPA axis and downregulate the GC stress response [200]. After parturition,
GC levels typically decrease, and OXT levels increase, which is thought to promote maternal
bonding and attachment to the young. The HPA axis also plays a role in regulating the
mother’s emotional state since it may be affected by dramatic hormonal shifts, which occur
during pregnancy, parturition, and the postpartum period and influence her ability to bond
with her offspring [201]. Additionally, studies have shown that exposure to stressors during
pregnancy may negatively impact the HPA axis, maternal behavior, and mother–young
bonding, in link with the oxytocinergic system [201,202]. In turn, maternal behavior serves
to “program” HPA responses to stress in the offspring in rodents, the expression of GC
receptors in the newborns’ hippocampus is affected by dam licking [19] and pups receiving
high tactile stimulation secrete low amounts of corticosterone, representing a least marked
stress response [148]. In addition, it has been shown in rodent pups that a hypo-functioning
HPA axis is necessary to prevent pups from learning an odor aversion to their mother in the
nest, thus allowing the recognition of the mother and the bond formation with her [149].

Overall, the HPA axis is thought to play a role in mother–young recognition and
bonding by regulating the release of hormones such as GC and OXT and influencing the
young’s brain activation and development.

The hypothalamic–pituitary–thyroid (HPT) axis plays a role in regulating the pro-
duction and release of thyroid hormones, which exert broad effects on development and
physiology. The two main hormones secreted by the thyroid gland are thyroxine (T4)
and 3,5,3′-triiodothyronine (T3). While thyroid hormone status is associated with mood
dis-orders, limited information is available about their involvement in social behaviors,
including maternal behavior [203]. However, several studies have shown that thyroid
hormones are implicated in the regulation of OXT and its signaling, acting on OXT plasma
levels and OXT receptors’ transcriptional regulation [204–206]. Hence, via their impact
on OXT, maternal thyroid hormones could play a part in maternal behavior development
and the establishment of mother–young bonds. Additionally, Stohn et al. [203] showed
that an abnormal local regulation of thyroid hormone action in the mice brain due to type
3 deiodinase deficiency is related to abnormalities in the OXT system (low adult serum
levels of OXT and an abnormal expression of the OXT gene and its receptor in the neona-
tal and adult hypothalamus). In addition, research on rodents has shown that maternal
thyroid hormones influence the development of the brain regions that are necessary for
offspring recognition, maternal behavior, and bonding, like the neurogenesis process in the
maternal hippocampus [207,208].

Finally, it is noteworthy that the link between the HPT axis and mother–young recogni-
tion and bonding is not totally understood; more research is necessary to fully understand
the relationship.

6.3. Brain–Gut–Microbiome Axis

The brain–gut axis refers to the communication pathway between the brain and the
digestive system. This pathway is bidirectional, meaning that signals can travel from
the brain to the gut, and from the gut to the brain. Additionally, the gut microbiome,
which is the collection of microorganisms that live in the gut, also plays a part in the
biochemical signaling events that take place between the gastrointestinal tract and the
central nervous system [209,210].

Through the activation of the HPA axis, stress occurring at an early age and involving
the bonding with the mother can impact the gut microbiota and the brain–gut axis function
of the offspring [209,211]. It was shown that the intestinal permeability and the develop-
ment of the HPA axis in the offspring were altered by limited nesting stress in Sprague
Dawley rats [212]. In the same species, prevention of weaning results in changes in gut
health and microbiome [213]. Early life stressful events such as maternal separation have
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also been implicated in the alteration of the intestinal microflora and the presentation of
adult life disorders in the offspring (e.g., irritable bowel disease) [214,215].

The link between the gut–brain axis and the development of bonding between a
mother and her offspring is also thought to be related to the role of certain hormones and
neurotransmitters in both the gut and the brain. Indeed, the gut microbiome has been
shown to play a role in regulating the production of certain neurotransmitters, such as
serotonin, that are involved in maternal behavior [181,182,216]. These neurotransmitters
and neurohormones can affect the mother’s ability to bond with her child (see Table 2).
Additionally, the mother’s gut microbiome can influence her emotional state, which can
benefit the bond development between the mother and her offspring [217,218].

7. Factors That Affect Maternal Recognition and Performance

The acceptance of the newborn in the first hours of life and the activation of the afore-
mentioned neural pathways can be interrupted by a series of events that impede bonding.
These events can be included in physiological and behavioral aspects. Regarding physio-
logical elements, parturition pain is part of the normal process due to cervical dilatation
and the activation of uterine pain receptors [219] (Figure 3). However, it is known to have
a detrimental effect on the degree of maternal behavior [220], particularly during dysto-
cia [221]. This has been reported in semi-altricial species such as pigs, whose peripartum
pain causes consequences such as reduced food intake (hyporexia), reduced milk letdown, a
lower ability to care for the newborn [222,223], and the use of anti-inflammatory drugs can
decrease the presentation of peripartum fever, a disorder present in 40 to 100% of farrowing
with a duration of 4 to 8 h [224]. For example, Kuller et al. [222] showed that pain and
fever relief using paracetamol during peripartum improved the performance of the mother
and reduced the variation of weight within litters and back fat loss during lactation. Pain
can also be accompanied by cortisol and tumor necrosis factor α increase in multiparous
sows, a stress-related response [223]. The use of analgesics has also shown a beneficial
effect on mastitis-metritis-agalactia syndrome in sows, where Hirsch et al. [225] found
that meloxicam and flunixin have similar efficiency when considering rectal temperature,
inflammation of mammary glands, milk letdown, and nursing behavior (p < 0.05), but
lower mortality rates were observed in litters from meloxicam group.

Another factor that can result in nest abandonment and even cannibalism is ner-
vousness and fear-related responses in altricial species. Contrary to pregnant animals,
whose fear and defensive behaviors are suppressed due to hormonal stimulation [226],
in nulliparous or virgin rodents, avoidance is the first reaction to pups when exposed to
newborns, and timidity and fearfulness are traits present in these animals [227]. However,
maternal motivation can be induced in virgin rats and mice after only 5 to 21 days of
exposure to pups [228,229], and even within the first 15 to 30 min [230]. The induced
responsiveness, similar to parturient females retrieving pups and crouching over the off-
spring, shows that females can activate social mother–young bonding pathways even with
foster offspring [88].

Nonetheless, when aversion to neonatal stimuli persists, nest abandonment and
neonate mortality by a lack of nursing are observed in species such as altricial birds [231].
In them, the presence of predators such as mice can cause an up to a 10-fold increase in
the rate of nest abandonment and, therefore, consequences to offspring survival [232]. In
the case of mammals, together with the abandonment of the offspring, events such as
cannibalism have been reported. Altered maternal responses such as cannibalism and
rejection of puppies can be found in at least 10.7% of breeders [233]. In Kangal dogs, several
studies reported maternal cannibalism occurring during the first 24 h after birth, and
an association with high levels of adenosine deaminase and xanthine oxidase, metabolic
enzymes that can be studied since cannibalism is associated with nutritional deficiencies
and environmental stressors [234].
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Figure 3. Influence of pain and aversion on maternal behavior in altricial species. Although pain is a
physiological trait in the parturition process, if dystocia occurs and the pain is prolonged in the mother,
the activation of nociceptors (A-delta and C fibers) activates the sympathetic nervous system, and the
consequent release of catecholamines and glucocorticoids. Moreover, the conscious recognition of
pain in the somatosensorial cortex alters maternal behavior and reduces milk production, resulting
in a negative trait for both the mother and the offspring. On the other hand, the activation of
aversion pathways in non-parturient females prevents them from maternal responsiveness. However,
in species such as rodents, short periods of pup exposure elicit similar responses in multiparous,
parturient, and lactating animals. EPN: entopeduncular nucleus; LH: lateral hypothalamus; LHb:
lateral habenula; LPO: lateral preoptic area; MS: medial septal nucleus; PFC: prefrontal cortex; VP:
ventral pallidum; VTA: ventral tegmental area.

Regarding the nutritional state of the mother before and during parturition, low lipid
levels (high-density and low-density lipoprotein, as well as cholesterol) were found by
Kockaya et al. [235] in Kangal dogs with a history of cannibalism (p < 0.05), as well as low
OXT concentration. However, cannibalism is not only related to a detrimental mother–
young interaction. It can also be caused by the high population density of a species within
an area, as reported in dingoes in Australia [236].

Moreover, human–animal interaction can potentially alter the degree of acceptance
of the newborn by the mother, as well as the social behavior and human-related response
of the offspring when reaching adulthood [237]. Additionally, it is relevant to mention
that performing ethological studies regarding maternal behavior requires special attention
to sample size and reliable methods to obtain robust results. For example, it has been
observed in ewes that human intervention alters the parturition process and, consequently,
could affect the bonding period with bad-quality maternal care [238]. Therefore, the aspects
that need to be considered during parturition and the sensitive period are the physiological
and emotional states of the mother, as well as the intervention in the process.

8. Future Directions

Understanding the neurobiological pathways in mothers during the bonding process
can help to avoid situations that cause discomfort or anxiety in females, and thereby
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improve their productivity. Many studies showed a correlation between the anxiety of
primiparous mothers and the amount of maternal care in mammals [239–241], including
dogs [242]. In the same way, by improving the facilities so that there is no stress on the
mothers and the offspring, the imprinting process will develop without failure.

An important factor is recognizing the importance of nesting behavior in altricial
species in commercial breeding units. In some cases, such as with fattening rabbits, not
providing the mother with material to nest could affect the survival of the newborns,
making them vulnerable to environmental factors [99]. To assess these behaviors, more
studies focusing on precision livestock farming, such as Oczak et al.’s [243] work, could
help evaluate the presence of this behavior with a sensitivity of 87% and specificity of
85%, an alternative that can be applied to other species to improve their welfare and the
newborn survival.

Likewise, knowing the interaction between neurochemicals, brain structures, and
behavior during and after parturition could help to propose protocols in cases of maternal
cannibalism in species such as dogs [244] or piglets. This could be an approach that would
also represent an advantage for the newborn and future gestation periods.

9. Conclusions

Bonding is an essential process for dams and newborns, where several factors play
a key role in its development. Inherent characteristics of the animals such as the type
of species (e.g., altricial and precocial) contribute to the degree of maternal care that the
newborn requires during the first days of life. For example, altricial offspring born with
limited motor capacities and immature sensorial systems often require prolonged nursing
inside a nest or near the mother to obtain energy resources and protection.

The signaling of this interaction is triggered by brain pathways activated by external
stimuli and neurotransmitters and hormones present at parturition. The presence of the
newborn, their odor, vocalization, and tactile stimuli are processed by brain structures such
as the MPOA, amygdala, visual and auditory cortex, as well as the olfactory main system,
causing the release of dopamine, OXT, and prolactin, among others, to develop maternal
motivation and a selective bond with the offspring.

A mother–young recognition represents a beneficial trait for the newborn and its
survival, and contributes to the maternal experience for future litters. Thus, considering
the necessary elements for this process to start (e.g., a sensitive period) is a way of avoiding
elements that may interfere with bonding. Particularly, in productive units, strategies aimed
to protect this period are relevant in the improvement of the welfare and commercial value
of the animals, preventing neonatal losses, and gaining mothers with previous experience
to raise their offspring.
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Simple Summary: After a brief introduction establishing the importance of parturition and the
establishment of the mother-young bond, this review summarizes knowledge on the maternal
behavior of Zebu type cows, including maternal and young behavioral patterns, the protective
behavior of the mother and how maternal behavior might be influenced by experience and weather
conditions. In addition, the effect of some nutrition, heat stress, calf presence around parturition
and its effects on cattle reproductive performance, welfare issues on reproductive behavior and calf
performance are reviewed. Finally, some conclusions and practical implications are established.

Abstract: The behaviors associated with domestic cattle such as maternal care are quite similar to
those behaviors observed in wild ungulates. These behaviors allow the cow to bond with her calf,
protect and provide it with nourishment and ultimately reduce the bond at weaning. Although
maternal behavior is an important factor influencing the survival and early development of the
newborn calf, Zebu type cows around calving have not been studied extensively. Herein, we consider
the four main aspects of maternal behavior in cattle and particularly Bos indicus cows and calves.
Firstly, we provide a brief description of the behavior of cows around parturition and the behavior
of the first stages of the calves’ lives. In the second part, the protective behavior of the mother is
analyzed. Subsequently, examples of animal welfare implications followed by an analysis of some
factors that affect calf survival, including mother experience and weather conditions, are discussed,
and in the last part, reproduction along with some peculiarities of reproductive behavior, and the
wellbeing of mother and calves are examined. We concluded that knowledge of maternal behavior
of Zebu type cows around calving and interactions with calves might contribute to an enhanced
reproductive efficiency of the mother and the welfare of the calf.

Keywords: welfare; cow-calf bond; peripartum; Bos indicus; tropics

1. Introduction

Once a Zebu cow becomes pregnant, she carries, in most of the cases, a single calf for
about 283 days. Male calves are carried for 4 to 5 days longer, resulting in a higher birth
weight. It has been estimated that each day longer in gestation results in a 1.4 kg increase
in the birth weight [1].

Calves stand and walk shortly after birth, and cows nurse their offspring for about six
to eight months, with other members of the herd playing a critical role in the protection of
the calves. However, the attention for the calves is provided primarily by their mothers [2].
Parental care entails how much energy is necessary to invest in a neonate at the cost
of the reserves of the cow’s resources for her calf [3], besides for her own reproductive
performance. The cow after parturition is the most important social individual for the
calf, providing protection against predators, food, warmth, shelter and immunological
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defense [4,5]; thus, important information concerning the physical and social environment
is essential for the calf´s survival. At the same time, the presence and nursing behavior of
the calf coupled with other environmental conditions including the body reserves of the
mother, affect the interval from parturition to the resumption of the ovarian activity.

2. Maternal Behavior

2.1. Behavioral Patterns

When cattle are kept free under extensive conditions, it has been observed that there
is a certain organization among the members of the herd according to their physiological
state. Pregnant cows tend to form more cohesive groups that walk greater distances, away
from calves and other cows [6].

Pregnant cows usually isolate themselves from the herd when near calving [7]. Arch-
ing of the back and an elevated tail occur for 1 to 3 h before the chorioallantoic membranes
rupture. During this period, many cows licked or kicked their flanks. Some of the signs of
imminent parturition are relaxation of the sacrosciatic ligament, slackening of the tissue
of the perineum and vulva, distention of the udder and teats and mucous discharge from
the vulva.

Labor onset occurs about 2.5 h before calving. During the birthing process, it is
common for pregnant cows to lie down and stand frequently [8]. The identification of this
type of behavior may have practical relevance, since the risk of a calf dying at birth is higher
when the cow calves in a standing position (16%) compared to lying down (4.2%) [9]. This
feature is particularly important in cattle calving at pasture. When membranes rupture,
the cow often licks the fluid and tends to stay near the spot, now attractive to the cow,
where the fluid fell. The discharge is followed by the appearance of the calf’s feet. The
calf is completely delivered during a period of 45 to 290 min, and time is often used as
a measure of labor difficulty. Most calves are delivered in an extended posture, dorsal
position and anterior presentation. Zebu calves weigh an average of about 25 kg, with
variations between breeds.

Placenta expulsion can take place immediately after parturition or up to five hours
later, with a tendency to involve more time in male calves. The placenta weights between
2 and 4.5 kg with 41 to 112 placentomes per placenta [1,10]. The placenta is eaten by about
82% of cows [11].

The newborn calf shakes its head, snuffles and sneezes. This behavior may begin
during parturition as soon as the calf´s shoulders are free of the mother´s vulva. Some
calves will remain motionless for up to 30 min after birth, but within an hour most calves
can stand. It may take 30 min to an hour before the teats are located, and the cow´s
conformation may not provide the higher recess that the calf appears to seek. Most calves
suckle within 3 h (Figure 1).

Some previous studies described the occurrence of allosuckling in cattle, ranging from
3.0 [12] to 19.02% of the total suckling events [13], but it seems to be rare in Zebu cattle [14].
In general, ungulates have been classified as hiders and followers [15]. Bovines, including
Bos indicus cows, are species where the young remain at or near the birth site for 3 to 7 days
after parturition, whilst the mother may be away for long periods of time [16]. The
young of this kind of animal can afford to have a low degree of social responsiveness,
since the mothers actively seek them out at feeding times [17]. After this hiding period,
Orihuela et al. [18] demonstrated that newborn Zebu calves frequently form groups with
one or more cows. These researchers observed 142 groups, where most of them were
formed by 1 to 3 cows and 2 to 32 calves between 4 and 32 days old. This kind of communal
rearing may be a strategy developed to allow different cows to move for better access to
feeding while their calves remain in larger groups and are cared by other adult cows [19].
Additionally, this feature indirectly improves maternal energy budgets [20]. This may
also be an anti-predatory behavior [21,22], facilitating calves’ socialization [23]. These
communal groups of several calves with some cows might be favored by the fact that cows
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group according to their physiological state, affecting the way herd members interact with
each other [6].

Similarly, Reinhardt and Reinhardt [24] studied the cohesive relationships in a B. indicus
cattle herd over a 3–5-year period and concluded that the social structure is based on
matriarchal families that are interconnected by means of friendship relationships between
non-kin partners. In addition, Enriquez et al. [25] demonstrated that 33% of 25-day post-
partum Brahman cows, during a maternal protective test, reacted when their calves or
calves from other cows individually walked freely for 30 s in front of the continuous pen
where the cows were held.

Figure 1. Postpartum cows allow their calves to suckle, which they identify through opposing signals favored by the calf’s
normal suckling position.

In cattle, the suckling bout lasts for some time and includes additional communication.
Before milk ejection, there is about one minute of suckling and butting; afterwards, there is
a period of several minutes of continued nursing from different teats and some butting, that
might partly be a way for the calf to stimulate further milk production [26], and thereby,
communicate nutritive needs to the dam [17]. Particularly in Zebu type cattle, it has been
demonstrated that the tactile stimulation provided by the calf improves milk ejection and
milk yield [27]. Some early studies showed that in Zebu breeds of cattle, milk ejection
cannot be activated in the absence of a suckling calf [27] and, if the calf dies, blowing in the
cow´s vagina [28] or presenting a dummy of a calf´s head [29] is necessary to obtain milk.
For this reason, many herdsmen of Zebu cattle allow the calf to suckle first, to induce the
milk let-down reflex [30].

2.2. Protective Behavior

In general, recently calved cows are considered dangerous and aggressive animals,
especially B. indicus breeds [31,32], where the maternal aggression of mothers protecting
their newborns is considered one of the main causes of accidents with cattle [33–35]. It has
been proposed that this may be a consequence of an increase in their maternal protective
behavior or a modification of their temperament triggering nervous responses, as well as
the maintenance of an alertness attitude [4]. Orihuela et al. [36] found that the temperament
of the cows did not affect their reaction to people handling their calves during the first days
postpartum. This finding suggests that temperament measures cannot be used to predict
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the aggressiveness of the cows; however, there seems to be a genetic reason that explains
the difference in aggressiveness at parturition within several beef cattle breeds [37].

Aggressive cows can be a high risk to handlers. Sometimes it is necessary to approach
cows during parturition to intervene in some dystocia problems, and in general, newborn
calves require care soon after delivery to treat navels and apply some identification proce-
dure, which is essential to ensure good health and reduce the mortality rate of the newborns.
It is during these last approaches that some cows, and in general those that give birth for
the first time, might become nervous and sometimes show aggressive behavior towards the
handlers. This reaction could be interpreted as a natural response to a potential predator
that threatens her young. Aggressive cows can be a real problem. Costa [38] evaluated
4385 Nelore cows, finding this behavior in 13.2% of the cases, where 11.4% threatened and
1.8% attacked their handlers, which can be potentially risky in poor installations when
working under extensive conditions. Negative interactions between animals and handlers
lead to situations of stress and fear, increasing the risk of aggressions. Thus, de Oliveira
Costa et al. [39] propose training handlers to improve the human-animal relationships, the
use of adequate facilities and the slaughter of dangerous animals to solve this problem.

The possible presence of predators at the parturition place also affects the cow–calf
relationship. Toledo [40] has given special attention to species such as the black vulture
(Coragyps atratus) because in some countries the presence of these animals increases around
the calving sites, interfering with the normal establishment of the cow–calf bond, in
addition to direct attacks on the calves. The main effect that has been caused is a reduction
in the time that the mother spends in contact with her offspring. This ends up negatively
affecting the difficulties that newborns might have to stand up and suckle [40].

In cattle production systems, handling the calf at an early age is necessary for rou-
tine management procedures [41]. It is possible that cattle perceive humans as potential
predators, and thus, cows may exacerbate their reactions [42].

2.3. Mother Experience and Weather Conditions

Some of the factors that affect the position of the cow at calving are the lack of calving
experience, and the presence of potential predators around the calving site [7,40]. Episodes
of aggressive behavior toward the newborn calf are also important. In accordance with
Schmidek et al. [43], these events are more frequent in primiparous than multiparous cows
(55.7 and 22.0%, respectively), resulting in a higher percentage of calves that do not achieve
their first suckling within the first 3 h postpartum (15.7 and 5.7%, respectively) and in
greater latencies for a first successful suckling (102.6 and 76.0 min, respectively). The risk
of mortality in the neonate also increases with the delay of a first postpartum suckling for
more than 3 h [43]. Weather conditions [44], calf weight at birth, udder shape and teat
size [43] are other factors that could also result in a failure or delay of the first postpartum
suckling. Up to a third of calves may not suckle within 6 h of birth. This is particularly apt
to be the case when the cow has a pendulous udder or thicker teats, such as the Indobrasil
breed [45,46].

In research carried out with 1527 calves born between 1992 and 2004, it was found
that 279 (18.3%) failed to achieve their first suckling and required assistance to be able to
suckle after 6 h of being born. Hanging udders and large teats, as well as calves weighing
less than 25 kg at birth, were the two factors identified as the main causes of failure to
achieve the first postpartum suckling [47]. Therefore, in practice, the conformation of the
udder of the cows and the weight at birth of the calves become possible indicators that
these animals will require help for the survival of the calf.

As mentioned above, Zebu calves congregate in newborn groups that also integrate at
least one adult cow, preferably higher parity cows [18]. Older cows have more experience
in calf care, which could influence some alloparent behavior, along with other physiological
differences such as increased milk production and a higher number of antibodies in their
colostrum than younger mothers [48].
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In general, younger parents seem to have a higher residual fitness cost for reproduction
and a poorer probability of raising young successfully and tend to show less parental
care [49]. In a recent study, Enriquez et al. [25] found that during a maternal protective test,
cows with slight follicular development reacted to a greater number of calves displaying
a higher intensity of reaction. In addition, these cows did not display estrous behavior,
suggesting a relationship between protective maternal behavior and some reproductive
variables in Zebu-type cows (B. indicus). This seems to be in accord with the theory of
terminal investment, where animals with a favorable potential to reproduce, would do
so [49].

3. Reproductive Performance

Rust [50] suggested that extensive production systems will be under considerable
pressure because of land availability and predicted climatic changes. Thus, there is a need to
intensify production systems in the cattle industry [51]. This scenario has moved producers
and scientists alike to find methods to change the traditional strategy, to leave the cows
at pasture and collect the offspring at defined periods. Consequently, the economic and
reproductive efficiency of the cows are influenced by the survival of their calves, as their
livelihood and performance are the main source of income for beef cattle producers [52].
Knowledge about maternal and filial behavior is important to identify those situations
that could increase the risk of weak, abandoned or stillborn newborns, since it offers the
opportunity to reduce these types of problems, thereby reducing economic losses [47,53].

Orihuela and Galina [54] concluded that any method of calf separation should consider
factors such as the time when the event is performed, the nutritional status of the cow
and the effect of stress on the dam and the offspring. Breaking the cow–calf bond in the
different methods utilized need to be reviewed, not only from the reproductive viewpoint
but also from the welfare of the animals [55].

3.1. Nutrition and Onset of Ovarian Activity

Animals raised under pasture conditions depend on adequate fodder to gain weight
after calving and have enough milk for their young [52]. This is not an easy feat considering
that animals tend to calve in the spring, usually prior to the rainy season, where the fodder
available in the last trimester of pregnancy could affect the onset of ovarian activity [56,57].
In effect, in a comparative study between two locations in the tropics of México and Costa
Rica where the onset of the rainy season could vary, it was found that the pattern of
body loss in the last trimester of gestation was directly related to the onset of the rainy
season [58]. In fact, in a further experiment, when two groups of cows with different
postpartum periods were subjected to a synchronization program, monitoring body fat
change via ultrasound, it was found that the driving force for a prompt restoration of
ovarian activity and pregnancy were the changes in body reserves rather than the time
postpartum [56,57]. These examples illustrate the need for farmers and technicians alike
to join resources to avoid body loss during the last trimester of gestation catering for the
wellbeing of the dam and later for their offspring. This principle is hardly dependent on
having an adequate use of the pasture available to avoid an unfair competition between
animals of different weights and calving. First calf heifers are usually at a higher risk [59,60].
Burns et al. [61], in an extensive review about factors affecting the reproductive efficiency
of beef cows in Northern Australia, underline the importance of nutrition as a key player
for a prompt restoration of ovarian activity. A failure to meet nutritional requirements
would cause, in those cows, calving intervals longer than 15 months.

There are alternatives to improve pasture availability and animal welfare in the tropics.
For example, the use of native trees and shrubs [62] facilitating the shading area and soil
restoration; therefore, pastures will be available and not dried out to direct solar radiation
for longer periods of time [63].

Amendola et al. [64] performed an interesting experiment comparing a group of
heifers grazing in a silvopastoral scheme as opposed to a monoculture system during two
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distinct seasons of the year in the dry tropics of Mexico, concluding that the hierarchy in
the silvopastoral system was more constant and stable between seasons compared to the
monoculture system. The same group [65] compared the effect of improved pastures and
shaded areas in the hottest months of the year, as opposed to the traditional system of
monoculture, suggesting that forage availability and access to shade allow cattle to have
longer periods of rest, permitting a better rumination and general performance. These
experiments were carried out in heifers; therefore, how such factors affect mother and
offspring relationships remains to be elucidated.

This is particularly important in dams recently calving. The stress produced by
parturition, suckling of the newborn, plus the need to search for a calving site and protect
their calves from predators, are monumental tasks for the dam, still needing to search for
adequate pastures to sustain their body metabolism.

A different story is the situation of cattle known as dual purpose, which is estimated
to be present in 70% of the livestock living in the tropical and sub-tropical regions of
the world [66]. This system started with crossbreeding Holstein or Brown Swiss with
Zebu breeds, mainly Brahman, Guzerat and Gyr plus other local undefined Zebu type of
cattle. This mélange of breeds has caused difficulties in characterizing their reproductive
capacity, as the feeding regimens consisted of local or improved grasslands and various
combinations of feeding supplementation [67].

This system is popular due to several factors related to their adaptation to the harsh
environmental conditions in the tropics. There is less capital investment and technical
support [66]; thus, it is not surprising that their level of technology adoption is so varied
and heavily dependent on their location [68]. All these factors make it quite complicated to
draw conclusions to the wellbeing of the calf and dam either by judging their nutritional
requirements or reproductive efficiency.

3.2. Heat Stress

Breaking the mother–offspring bond can affect the welfare of both. Although, there is
abundant information on the different methods to separate the calves from their dams (for
an early review see [69]). In comparison, few control studies are available on the stress and
their ultimate welfare. It has been shown that rising levels of cortisol have an important
effect on the reproductive performance of the dams [70]. Additionally, raising animals
under extreme heat environments affects their reproductive performance, influencing the
wellbeing of livestock in general. Bernabucci et al. [71] have postulated that heat stress
is caused when the body temperature of an animal is beyond its normal range, creating
a difficulty in heat dissipation and finally reducing physiological as well as behavioral
responses. Bearing in mind that beef cattle in the tropics are usually exposed to a high
number of hours, and in many enterprises, without shelters for the animals, Diaz et al. [72]
studied the effect of higher temperature indexes (THI) and found a negative effect on
the resumption of ovarian activity, especially if these higher THI occurred during the last
trimester of pregnancy. This study also underlined the importance of some animals being
able to restore ovarian activity despite a hostile environment. How do high temperatures
affect the performance of cattle during calf separation? A question in need of answers.

What is certainly known, is that B. indicus cattle are more resistant to high temperatures
than B. taurus. Beatty et al. [73] suggested that B. taurus breeds have less resistance to
heat stress, a subsequent reduced feed intake and raised plasma non-esterified fatty acids
compared to B. indicus. The ability to tolerate heat in B. indicus is manifested in their
reproductive ability to raise follicles capable of fertilization [74]. Even more, Blackshaw
and Blakshaw [75], in a detailed review, point out that the advantages of B. indicus cattle
over B. taurus are related to physiological events, such as the ability to disperse heat due to
the coat color of their skin, food and water intake and sweating intensity. Most of these
research communications are related to a comparison between B. taurus and B. indicus. It
would be commendable to compare different breeds of B. indicus to find out if effectively
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all the breeds are similar in their behavior, particularly if the management system relies on
allowing the calf to suckle at will.

3.3. Presence of the Calf

There seems to be a common agreement that suckling and the presence of the calf
impaired the adequate growth of a follicle capable of producing a viable zygote [76]. This
shortcoming is even more evident when the animals are under stress [77]. Nonetheless,
calf separation remains the single most important tool to restore ovarian activity after
calving [78] (Figure 2).

Figure 2. Two lactating cows display sexual behavior. The cow in the bottom shows sexual receptivity even while nursing.
Reproductive activity in Zebu cows can be induced after a period of separation between the mother and her calf, inhibiting
the negative effect of suckling and the presence of the offspring on the resumption of postpartum ovarian activity.

Whatever the method used to break the bond between the dam and the offspring, it
can be strengthened with the use of hormonal therapies to promote follicular growth [79].
Mondragon et al. [80], in a detailed study of the follicular dynamics comparing animals
under a regimen of restricted suckling (RS) with the continuous presence of the calf,
observed that cows in the RS treatment had a larger follicle than the control cows. The
authors concluded that interrupting suckling will favor the development of healthier
follicles. Furthermore, Álvarez-Rodriguez et al. [81] found that the management practices
limiting suckling must also avoid a close cow–calf association to reduce long postpartum
intervals to first ovulation.
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A different issue in need of research relates to the diverse systems utilized in dual
purpose cattle, starting from having the calf present, allowing the milk let down from the
cow, to allowing the calf to suckle one teat or other combinations. In recent years, the
introduction of more elaborate procedures, such as extracting the milk without the presence
of the calf either by hand or machine are more common. No matter what system is used, it is
not surprising to find calving intervals wider than 14 months in the literature [82,83]. More
research is obviously in demand for human interventions [84]. One of these procedures is
related to the beneficial effect of calf separation. Recent evidence suggests that neither calf
separation nor hormonal therapies are strictly necessary to restore ovarian activity, since
techniques such as restricted suckling have proven to be effective [85].

3.4. Sexual Behavior

The sexual behavior of Zebu cows offers certain specific characteristics, which must
be taken into account when conducting heat detection programs, since on many occasions
the manifestation of external signs of estrus can be affected by many factors [86,87]. Some
of these factors are the complex social order and dominance characteristics in cows. For
example, not all heifers in a herd mount cows in estrus [88]. Orihuela et al. [89] found
that 60% of the mounts among females were performed by a heavier and larger cow than
the one being mounted. Similarly, when evaluating a herd composed of Charolais and
Brahman cows, it was observed that most of the mounts were carried out by Charolais
cows on Brahman cows, which were comparatively larger and heavier than the latter,
while Brahman cows rarely rode Charolais cows [90]. On the other hand, the larger,
dominant cows inhibit the riding activity of the smaller, subordinate ones, sometimes even
of young or inexperienced males [91]. However, a correlation between the dominance
rank of the females in a herd and the number of mounts given or received, has not been
demonstrated [92]. Other factors that affect the manifestation of estrus are breed, age,
weight, presence of horns and the number of cows in the sexually active group [86,93].
Sexual receptivity, or allowing oneself to ride, remains the most unequivocal sign of estrus,
and homosexual interactions are very common in Zebu cattle, coupled with the fact that
mounting between Zebu females occurs almost exclusively when both animals are in
estrus [94].

When the estrus of Zebu cows is synchronized artificially, either through the use of
drugs or by separating the calf from her mother, or both, a high percentage of animals
participate in sexually active groups, leading to a greater number of animals in estrus,
with longer and more intense estruses, due to social facilitation and sexual stimulation.
Orihuela et al. [95] found that by staying together, about 80% of the unsynchronized cattle
showed signs of heat similar to those of their progestin-treated herd mates. Similar studies
have programmed the induction of estrus in Zebu cows so that they display behavioral
signs of estrus, one after another, every third day. In response, the cows grouped their riding
behavior on the days for which they were scheduled [96]. Natural heat synchronization
appears to be common in Zebu cattle against artificially synchronized herd mates [97].
Medrano et al. [96] found that 85% of the mounts detected after an estrous synchronization
program are received and given by cows in estrus, although, due to imitation behavior,
some of them exhibit active mounts in the absence of follicles capable of ovulating, affecting
the final results of artificial insemination. The type of heat could be affecting the duration
of estrus. However, researchers generally agree that the duration of estrus in B. indicus
cattle is shorter than in B. taurus cattle [98,99].

Handling can also affect when estrus is displayed. Vaca et al. [100] kept Zebu cattle
reared under extensive conditions in a pen to facilitate the detection of estrus and found that
50% of the animals did not show estrous signs until they were released to the pasture again.
Likewise, during strong tropical storms, the Zebu cow can suspend the manifestation of
sexual behavior.

Environmental temperature is also a factor, and in general, B. indicus cattle show sexual
behavior more frequently during the hot summer months [101], compared to European
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cattle that manifest more in cold climates [102]. However, although Zebu cattle are better
adapted to the heat, most of the sexual activity seems to take place during the cooler hours
of the night [89,95].

The presence of the male is another factor that affects the sexual behavior of the Zebu
cow. The bull must be dominant enough to prevent cow–cow riding as well as younger
bulls mounting. When a bull is used in breeding cows with synchronized estrus, the sexual
behavior is grouped in a shorter period and the proportion of estruses with a shorter
duration increases than in groups without a bull [95]. In addition, the male affects the start
time of estrus [103].

4. Conclusions

Parturition is a very important moment, a determinant in the young´s life through
the establishment of the cow–calf bond, which allows food and protection from the mother.
In addition, the reproduction performance of the cow is also impacted at this time, as the
period between parturition and the restart of ovarian activity is affected by the presence
of the calf, the suckling events and the reserves of the cow, among others. Both the life of
the calves and the reproductive activity of the cows are factors that can mean considerable
economic losses for the producer. The knowledge of how the behavior and physiology
of the animals affect these aspects is very important, without neglecting the aspects of
wellbeing, both in the mother and in the offspring.
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Simple Summary: One of the major challenges of spring calving pasture-based systems in temperate
regions is the exposure of periparturient dairy cows and their newborn calves to cold and wet
winter conditions. We investigated whether moving precalving cows from an outdoor paddock
to an indoor maternity pen affects the behavior of the cow and her newborn during winter and if
this was influenced by the timing relative to calving. Our results indicated that cows housed in
a maternity pen spent more time lying and ruminating compared with cows kept in an outdoor
paddock. Moreover, newborn calf vitality improved when cows were moved to a maternity pen
3 weeks before calving when compared with those moved during the week before calving or those
that remained in an outdoor paddock precalving. This information may aid in the design of calving
management systems that can minimize any negative effects of inclement winter weather on cow
and calf welfare in seasonal, year-round pasture-based systems.

Abstract: Our study compared the behavior of prepartum dairy cows that either remained in an
outdoor paddock until calving (OP) during winter or were moved to an indoor maternity pen either
early (EM) or late (LM) relative to calving. Forty-two multiparous Holstein cows were divided into
three treatments (OP, EM, or LM) and monitored from 3 weeks before to 1.5 h after calving. Cows in
EM and LM were moved to a maternity pen starting at week three and week one before the expected
calving date, respectively. We assessed the cleanliness of the cows at calving, immunoglobulin G
concentration in colostrum, and the behavior and vitality of calves across treatments. Cows spent
more time lying in EM compared to OP and LM during the weeks −3 and −2 relative to calving, but
lying time was increased in LM cows compared with OP cows during the week −1 relative to calving.
Prepartum rumination time was lowest in OP cows but not different between EM or LM. Calves from
OP cows spent more time lying and had lower vitality after calving than those from LM and EM cows,
respectively; calves from EM and LM cows were intermediate for lying and vitality, respectively, but
did not differ from either group. The cleanliness was greatest in cows that calved indoors (EM or LM);
nevertheless, precalving management did not affect the IgG concentration in colostrum. Our study
demonstrates that, in comparison with OP, EM and LM have positive implications for the welfare of
the dam and its newborn calf during winter.

Keywords: calving management; welfare; cattle; pasture-based systems; winter

1. Introduction

The time around calving has been recognized as a critical period for the life and
welfare of the dam [1,2] and its newborn calf [3,4]. In pasture-based systems located in
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temperate regions, such as southern Chile or New Zealand, parturition management aims
to ensure that most cows calve during the spring calving season (from late winter to early
spring) to allow for maximum pasture utilization to support lactation and thus minimize
feeding costs [5]. In this type of dairy production system, during the prepartum period
(i.e., three weeks before the expected calving date), cows are commonly located in outdoor
paddocks with or without access to pasture, where they remain until calving [6,7]. Because
the calving season typically coincides with cold and wet weather conditions [8], it has
been recommended that outdoor calving paddocks should provide dry ground, shelter,
and protection to dairy cattle during periods of winter weather [9]. However, despite
these recommendations, shelter (natural or artificial) is rarely provided in practice [10]. For
instance, a survey restricted to pasture-based dairy farms in southern Chile found that
about half of the farms did not have indoor maternity areas and left the prepartum cows in
small “sacrifice” outdoor paddocks without shelter during winter months [7].

The accumulated body of evidence indicates that clean, dry, well-bedded, and comfort-
able resting surfaces are important to dairy cows, particularly during the prepartum and
calving periods, as they increase lying time, ensure hygiene, facilitate the calving process,
and decrease the risk of illness after calving for both the cow and calf [11]. Thus, the use
of maternity facilities in pasture-based systems could be an attractive option for farmers
because it provides a clean and dry environment that minimizes stress and ensures the
comfort of the cow and its newborn calf [12,13]. Moreover, it could promote better calving
supervision to ensure assistance at calving if needed [14,15]. This could be particularly
important because problems related to parturition may increase the risk of stillbirth, low
calf vitality, and lower passive transfer of immunity [16,17]. However, the use of calving
facilities has received less research in pasture-based systems than in confinement systems.

It has been recommended that cows should be moved to a calving facility within 1 or
2 days before calving to allow animals to adapt to their new environment [14,18]. Because
environmental winter factors in temperate areas, such as rain and low temperatures, can
reduce lying time [8,19–21], it may be beneficial to move prepartum cows from an outdoor
paddock to an indoor calving area before calving to ensure the protection from adverse
weather. A previous study has shown that when managed in outdoor paddocks without
access to shelter during winter, cows spend less time lying, body cleanliness is impacted,
and their blood NEFA concentrations increase prepartum [22]; these results are of interest
provided that decreased lying times in prepartum dairy cows is associated with lower calf
survival at parturition [23]. Moreover, elevated prepartum serum NEFA concentrations are
associated with dystocia [24] and stillborn calf [23]. To our knowledge, there have been no
studies directly evaluating the timing of access to a maternity pen on the behavior of dairy
cows and their offspring exposed to winter weather in a temperate climate.

This study has two main objectives: (1) to investigate differences in lying, rumination,
and activity behavior of prepartum dairy cows that remain in an outdoor paddock until
calving (OP) or were moved indoors to a maternity pen either 3 (EM) or 1 week (LM) before
calving during winter, and (2) to assess the effect of these different treatments on both dam
and calf behavior immediately after calving. In addition, we assessed the cleanliness of the
cows at calving and IgG concentration in colostrum.

2. Materials and Methods

2.1. Animals, Management, and Experimental Design

The study was carried out at the Austral Agricultural Experimental Station of the
Universidad Austral de Chile in Valdivia, Chile (39◦47′46” S, 73◦13′13” W) between June to
September 2019 (Southern Hemisphere winter). Valdivia has a Temperate Oceanic Climate
(Cfb: temperate rainy climate in winter) according to Köppen–Geiger classification, as
described by Sarricolea et al. [25].

A total of 42 clinically healthy multiparous late pregnant Holstein cows (mean ± SD
parity = 3.1 ± 1.6; BW = 624 ± 72 kg; BCS = 2.7 ± 0.3 (5—point scale, [26]) were used.
Cows were selected from a group of dry cows based on expected calving dates. Cows
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were managed according to the standard operating procedures for this facility, which
included a typical herd of grazing cows under a seasonal spring calving system. Cows were
dried-off approximately 8 weeks before their expected calving date. At the beginning of the
dry-off period, as a preventive measure for lameness, cow’s feet were trimmed by a trained
veterinarian. From the beginning of the dry period until approximately three weeks before
the expected calving date (far-off period), cows were maintained in outdoor paddocks with
pasture (mixture of grasses and legumes) and fresh water ad libitum. The stocking rate
in these outdoor paddocks was maintained at approximately 20 to 25 cows/ha, but this
was dynamic as cows came and left the outdoor paddock depending on their expected
calving date. One week before enrolment, a trained veterinarian performed a general
clinical examination of all cows. Cows clinically healthy pre-, during, and post-calving
were used in this study, whereby no clinical signs indicative of illness or lameness were
observed, and no cows required assisted calving. The cows selected for the study were
marked with numbers using hair dye (White Bleach and Oxi-Cream, Elgon, Italy). After
calving, cows remained with their newborn calf for at least 1.5 h (range: 1.5 to 12 h). Then,
the calf was moved to the calf barn by the farm personnel, and the cow was integrated into
the lactating group.

Cows were enrolled in the study three weeks before their expected calving date
and allocated to 1 of 3 treatments based on the expected calving date. Provided the
limited availability of maternity pens, the sample size was restricted to a total of 14 cows
per treatment.

The treatments were as follows (Figure 1):

1. Outdoor paddock (OP): Cows were individually kept in an outdoor paddock for the
last three weeks before their expected calving date until calving day and exposed to
natural winter weather conditions (i.e., rain, wind, and cold).

2. Early Movement (EM): Cows were individually housed in a maternity pen for the last
three weeks before their expected calving date until calving day.

3. Late Movement (LM): Cows were individually kept in an outdoor paddock during
weeks −3 and −2 and moved to individual indoor maternity pens during the week
−1 relative to calving until the day of calving.

Figure 1. Diagram of the study design. During the far-off period, cows were grouped together in an
outdoor paddock with pasture. Three weeks before the expected calving date, cows were individually
allocated to 1 of 3 treatments: Outdoor paddock (OP; black bar), where cows were individually kept
in an outdoor paddock from 3 weeks before until the day of calving; Early movement (EM; grey
bar), where cows were individually housed in a maternity pen from 3 weeks before until the day
of calving; and, Late movement (LM; white bar), where cows were individually kept in an outdoor
paddock during weeks −3 and −2 and moved to individual indoor maternity pens during week
−1 relative to calving until the day of calving.
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Each outdoor paddock measured 3.5 × 5 m and had a bare soil surface with no grass
cover, reduced water infiltration, and moderate mud content. Outdoor paddock set-up
allowed for visual, auditory, olfactory, and limited tactile contact between cows because
an electric fence separated the experimental outdoor paddocks. The amount of mud was
controlled through a boot test used previously by our research group [22] and adapted
from Chen et al. [27]. To do this, the researcher stands on 2 spots inside of each outdoor
paddock, and the marks left on the boots indicate how far mud comes up. The boot test
consists of a three-point scale: 1 = dry soil (mud does not cover the boots); 2 = muddy soil
(boots covered with mud below ankle level); and 3 = very muddy soil (mud-covered boots
above ankle level).

Each indoor maternity pen used measured 3.5 × 5 m and consisted of an aluminum
roof, wood walls, and a thick layer of sawdust (10 cm deep approximately) on concrete
flooring. In this area, manure and urine were raked and removed daily after the morning
feeding. Sawdust was changed or added daily or when necessary to ensure that each lying
space was clean and dry.

Cows were individually fed twice daily at approximately 09:00 and 15:00 h; the rations
were provided in a feed bin placed in the corner of the outdoor paddock or maternity
pen. The ration was formulated following NRC [28] guidelines and consisted of approxi-
mately 26 kg of grass silage per day on an as-fed basis (27% DM, 14% CP, 49% NDF, and
2.4 Mcal/kg; reported on a DM basis) and approximately 3 kg of commercial concentrates
per day on an as-fed basis (87% DM, 22.5% CP, 12.0% NDF, and 11.56 Mcal/kg; reported
on a DM basis) with anionic mineral mix (Mg 4.0%, Cl 33.0%, S 2.6%, Ca 0.7%, K 0.3%,
2 mg/kg Na, 1050 mg/kg Cu, 2100 mg/kg Mn, 3500 mg/kg Zn, 140 mg/kg I, 13 mg/kg
Co, 10 mg/kg Se). Clean, fresh water was provided ad libitum in a water trough (600 L
water trough).

2.2. Weather Conditions Measurements

The daily measurements of rainfall (mm), air temperature (◦C), relative humidity (%),
and wind speed (m/s) were obtained from a weather station (A720, ADCON Telemetry
GMBH, Klosterneuburg, Austria) located 1 km from the research location. The daily
measurements of ambient temperature and relative humidity inside the maternity pen
were recorded using electronic data loggers (RC-4HC, Elitech Technology, Inc., Milpitas,
San Jose, CA, USA). All measures of weather conditions were included to describe the
weather conditions in this study.

2.3. Behavioral Measurements

Prepartum lying behavior was recorded using electronic data loggers (HOBO Pendant
G Acceleration Data Logger; Onset Computer Corp, Bourne, MA, USA) attached to the
hind leg of each cow using a flexible bandage. The loggers were removed weekly from the
animals for data download and then reattached to the leg. The data logger was set to record
the y-axis at 1 min intervals for consecutive hours, and lying data were processed using the
cutoff point validated by Ledgerwood et al. [29]. This information was used to determine
whether the cow was standing or lying and subsequently was used to calculate daily lying
time, number of lying bouts (i.e., frequency of transitions from lying to standing positions),
and duration of lying bouts (minutes lying per day/the number of lying bouts per day).
Lying down events shorter than two minutes were removed from the data following the
recommendation of Mattachini et al. [30].

Prepartum rumination and neck activity behavior were measured using the Hr-Tag col-
lars (SCR Engineers Ltd., Netanya, Israel) as described and validated by Schirmann et al. [31].
These collars consisted of a microphone to monitor rumination time and an accelerometer
that quantifies neck activity. Rumination time was recorded in minutes per 2 h interval, and
neck activity data were also recorded every 2 h as an arbitrary number. Data were transferred
and stored in the control unit via radio frequency and downloaded daily to the database. This
information was used to determine total rumination time and neck activity per cow per day.
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Calving time was defined as the time when the calf was fully expelled from the
cow [32]. The individual behavior of the cows and their calves during the first 1.5 h
after calving were video recorded. Outdoor paddocks and maternity pens were equipped
with one camera each (Ezviz; Model CS-CV310-A0-1B2WFR, City of Industry, CA, USA)
that were mounted on wooden poles 2.2 m above the ground to visualize the complete
individual area in the outdoor paddock or pen. The area under observation was naturally
lit during daylight hours (08:00 to 17:59 h), and infrared lighting was used for night-time
recording (18:00 to 07:59 h). The signal from the cameras went through an NVR recorder
(Ezviz; Model Wi-Fi EZVIZ X5C). The behaviors posture, maternal behavior, comfort-
related behavior, and calf vitality are described in Table 1 were continuously monitored at
one-second intervals by one trained observer using the Behavioral Observation Research
Interactive Software (BORIS, http://www.boris.unito.it/; access date: October 2019 [33]).
Inter-observer agreement was calculated through the intraclass correlation coefficient
(ICC = 0.96).

Table 1. Description of dam and calf recorded behaviors during the first 1.5 h after calving in
all treatments.

Behavior Classification Definition

Dam

Standing Posture Standing with all four limbs fully extended and perpendicular to the
ground [34].

Lying down Posture Lying on sternal and/or lateral recumbence [34].

Grooming her calf Maternal behavior Standing dam’s muzzle or tongue is in physical contact with, or in close
proximity of the calf’s body [34].

Self-grooming Comfort related
behavior Dam licking herself [16].

Calf

Standing Posture Standing with all four limbs fully extended and perpendicular to the
ground [34].

Lying Posture Lying on sternal or lateral recumbence [34].
Lying bout Posture Transitions from lying to standing position [29].

Standing attempt Vitality behavior
Calf is partially standing upright with its four limbs placed under its body,
with the ventral part not touching the ground. Calf does not fully extends its
limbs [32].

Successful standing Vitality behavior Calf is standing upright with all limbs fully extended for longer than 5 s [32].

Suckle attempt Vitality behavior Standing calf is positioned below standing dam with its head located under
the front of the dam’s udder [32].

Successful suckling Vitality behavior Standing calf is positioned below standing cow with head located at the udder
for more than 5 s [32].

2.4. Cow Cleanliness and Immunoglobulin G Colostrum Concentration

Cow cleanliness was evaluated by a single observer at enrollment in the study (3 weeks
before expected calving date) and immediately after calving. Cleanliness scores of the
tailhead, upper leg (thigh), ventral abdomen, udder, and lower hind leg were evaluated
using a 5—point scale, where 1 = clean to 5 = dirty [35].

Colostrum samples of 50 mL were taken from each cow at first milking (between 3 to
24 h after calving) and immediately frozen at −20 ◦C until analysis. The IgG colostrum con-
centration was measured using a commercially available bovine IgG ELISA kit according to
the manufacturer’s instructions (ab205078, Abcam, Cambridge, UK). In brief, after thawing
at room temperature, colostrum samples were serially diluted in ELISA wash buffer to final
dilutions of 1:1,000,000.

2.5. Data Handling and Statistical Analyses

Statistical analyses were performed through R (version 4.0.3; https://www.r-project.
org/; access date: October 2020) with linear mixed-effects models using R packages
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lme4 [36] and using the cow as the experimental unit. Models were checked to ensure
normality of residuals, and the appropriate covariance structures were selected based on
the lowest Akaike information criterion (AIC). Significant effects were defined as p < 0.05,
p < 0.001 and tendencies were considered p < 0.10.

Descriptive statistical analyses (median and range) were performed to summarize the
weather conditions. Three cows were excluded from the analysis of prepartum behavior,
cleanliness score, and IgG colostrum concentrations because they calved before their
expected calving date (missing more than 1 week), and thus, they did not complete the
3 weeks prepartum period in their respective treatment (OP, n = 1; EM, n = 1; LM, n = 1).
Therefore, the final analysis of prepartum behavior, cleanliness score, and immunoglobulin
G concentration in colostrum included 39 cows (13 cows per treatment).

In order to evaluate prepartum behavior, the lying, rumination, and activity behavior
data were summarized into 3 periods based on week relative to calving: week −3 (days −21
to −15), week −2 (days −14 to −8), and week −1 (days −7 to −2). The data were analyzed
using linear mixed-effects models, considering the treatment (OP, EM, and LM), and period
(week −3, week −2, and week −1) as fixed effects and the cow as random effect. To
evaluate cow cleanliness, the model considered the treatment (OP, EM, and LM), and
observation period (at enrollment and after calving) as fixed effects, while the cow was
considered as random effect. A linear mixed effects model was also used for evaluating IgG
concentration in colostrum (mg/mL), considering the treatment (OP, EM, and LM) as fixed
effect, whereas the calving time (day: from 08:00 to 17:59 h; night: from 18:00 to 07:59 h),
and colostrum sampling time (>12 h and <12 h) were considered as random effects.

An additional 10 cows (and their newborn calves) were excluded from the analysis
of behavior after calving due to technical problems with the video recordings (OP, n = 4;
EM, n = 3; LM, n = 1) or having a stillborn calf (EM, n = 2). Hence, 29 cows and their calves
were included (OP, n = 9; EM, n = 8; LM, n = 12). Because all calves performed a standing
attempt, this behavior was calculated as the time from birth to the onset of this behavior
within the first 1.5 h after calving (latency). However, because other vitality behaviors
(e.g., successful standing, suckle attempt, or successful suckling) were not performed by all
calves, we decided to analyze them as behavior performed (yes/no).

To examine the effect of treatment (OP, EM, and LM) on both dam (latency to stand
after calving, latency to groom her calf, and time spent grooming her calf) and calf behaviors
(lying time, frequency lying bouts, and latency to stand attempt) linear mixed-effects models
were used. Characteristics of the calving (parity of the cow, cow body condition score at
calving, and sex of the calf) were considered random effects.

We analyzed the association between treatment (OP, EM, and LM) and performed
behaviors (dam: lying after calving and self-grooming; calf: successful standing, suckle
attempt, and successful suckling) using a Fisher’s exact test R package RVAideMemoire [34].

3. Results

3.1. Weather Conditions

During the study period, daily median precipitation was 2.4 mm (range: 0 to 62.8 mm),
the daily temperature reached 7.6 (range: 3.4 to 12.8 ◦C), and daily relative humidity was
83.4% (range: 60.8 to 96.9%), and daily wind speed was 2.9 m/s (range: 0 to 17.6 m/s). In-
side the maternity pen, daily temperature and relative humidity averaged 9.5 ◦C (range: 4.2
to 13.3 ◦C) and 85.6 ± 0.7% (range: 61.3 to 92.4%), respectively.

3.2. Prepartum Behavior

The lying time differed among treatments (Figure 2A). During week −3 and −2 before
calving, OP and LM cows spent approximately 3 h/d lesser time lying than EM cows
(week −3 = 9.4 ± 0.7 h/d, 10.3 ± 0.8, and 13.2 ± 0.8; week −2 = 9.8 ± 0.5 h/d, 9.1 ± 0.6,
and 13.3 ± 0.6, respectively; p < 0.001). During the week before calving, cows in the OP
treatment showed a decreased lying time versus LM (9.6 ± 0.5 vs. 11.9 ± 0.6 h/d; p < 0.001),
but there was no difference between EM and LM cows (12.9 ± 0.6 vs 11.9 ± 0.6 h/d; p > 0.1).
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Figure 2. Lying time (A), lying bouts (B) and lying bout duration (C) of dairy cows kept in an outdoor
paddock from 3 weeks before calving until calving day (black bar), or subjected to an early (3 weeks
before calving; gray bar) or late movement (1 week before calving; white bar) to an indoor maternity
pen where they remained until calving day (n: 13 cows per treatment). Least squares means and SE
are reported. Different letters (a, b, c) indicate a statistical difference in the same week. † p < 0.10,
* p < 0.05, ** p < 0.001.

Cows in OP and LM had lesser lying bouts compared with EM during week −3 and
−2 before calving (week −3 = 7.0 ± 0.8, 7.7 ± 0.9, and 11.7 ± 0.8; week −2 = 8.7 ± 0.6,
7.2 ± 0.9, and 12.5 ± 0.7 bouts/d, respectively; p < 0.001; Figure 2B). We observed that
for OP cows the number of lying bouts decreased in week −1 compared to LM (8.7 ± 0.7
vs. 12.3 ± 0.9 bouts/d; p < 0.001); this difference was no longer evident with EM cows
(12.3 ± 0.9 vs. 12.9 ± 0.8 bouts/d; p > 0.1).

Mean lying bout duration was longer in OP and LM cows than EM cows during
week −3 and −2 (week −3 = 93.0 ± 7.4, 101.3 ± 8.5, and 69.9 ± 9.0; week −2 = 80.3 ± 5.4,
104.0 ± 7.1, and 71.8 ± 6.4 min/d, respectively; p < 0.05; Figure 2C). During the week
before calving, we did not observed differences among treatments (OP = 76.8 ± 5.5,
EM = 67.7 ± 6.6, and LM = 76.0 ± 6.7; p > 0.1).

Cows in OP had a lower daily rumination time compared to EM cows on week −2
(546 ± 16 min/d vs. 584 ± 18; p < 0.05) and to LM cows on week −1 (536 ± 16 min/d vs.
575 ± 19; p < 0.05; Figure 3A).
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Figure 3. Rumination time (A) and neck activity (B) of dairy cows kept in an outdoor paddock from
3 weeks before calving until calving day (black bar), or subjected to an early (3 weeks before calving;
gray bar) or late movement (1 week before calving; white bar) to an indoor maternity pen were they
remained until calving day (n: 13 cows per treatment). Least squares means and SE are reported.
Different letters (a, b) indicate a statistical difference in the same week. * p < 0.05.

For daily neck activity, we found the main effects of treatment on specific weeks before
calving (Figure 3B). Cows in OP had more neck activity compared to EM cows on week −3
(525 ± 22 vs. 469 ± 25 units/d; p < 0.05), without differences among these treatments in
any other week. During week −1, LM cows showed an increase in neck activity compared
to OP and EM cows (543 ± 25, 481 ± 22, and 476 ± 24 units/d, respectively; p < 0.05).

3.3. Dam and Calf Behavior

After parturition, the latency of the dam to stand after calving or to groom her calf did
not differ among treatments (p > 0.1; Table 2). Further, there was no effect of treatment on
the time that the cow spent grooming her calf (p > 0.1; Table 2), but self-grooming behavior
was performed lesser frequently in OP dams compared to LM (p < 0.05; Table 3). There
was no difference in self-grooming behavior between OP and EM cows (p > 0.1; Table 3).
No differences in the number of cows that lay down after calving was found, regardless of
treatment (p > 0.1; Table 3).

Calves from OP cows spent more time lying during the first 1.5 h after calving com-
pared with calves from LM cows (p < 0.05; Table 2), but there was no difference between
OP and EM treatments (p > 0.1; Table 2).

The number of lying bouts and latency to stand attempt was similar among treatments
(Table 2; p > 0.1). We did not find differences in the success of calves to stand among
treatments (p > 0.1; Table 3). However, all calves (100%) in the EM treatment and most (83%)
in the LM treatment performed a suckle attempt or a successful suckling event, compared
with less than a half in OP treatment (44%; p < 0.05; Table 3).
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Table 2. Effect of housing treatment on dam and calf behaviors during the first 1.5 h after calving
(LSM ± SE).

Housing Treatment

Behavior OP 1 EM 2 LM 3

Dam
Latency to stand after calving (min) 1.4 ± 1.7 a 1.0 ± 2.3 a 2.6 ± 2.1 a

Latency to groom her calf (min) 1.5 ± 1.7 a 1.1 ± 2.3 a 2.7 ± 2.1 a

Duration to groom her calf (min) 47.1 ± 5.1 a 53.5 ± 5.8 a 50.7 ± 5.2 a

Calf

Lying time (min) 72.0 ± 8.8 a 57.7 ± 11.8 a,b 45.5 ± 10.4 b

Lying bouts (No.) 2.4 ± 0.9 a 3.4 ± 1.3 a 3.1 ± 1.2 a

Latency to stand attempt (min) 19.8 ± 4.4 a 10.8 ± 6.2 a 16.9 ± 5.4 a

1 Outdoor Paddock (OP): Cows kept individually in an outdoor paddock for the last 3 weeks before their expected
calving date until calving day (n: 9). 2 Early Movement (EM): Cows housed individually in an indoor maternity
pen for the last 3 weeks before their expected calving date until calving day (n: 8). 3 Late Movement (LM):
Cows were individually kept in an outdoor paddock during weeks −3 and −2 and moved to individual indoor
maternity pens during week −1 relative to calving until the day of calving (n: 12). a,b Indicates a statistical
difference in the same row with p < 0.05.

Table 3. Association of housing treatment on the number (and percentage) of dams and calves that
performed different behaviors during the first 1.5 h after calving.

Housing Treatment

Behavior OP 1 EM 2 LM 3

Dam
Lying after calving 3/9 (33) a 0/8 a 4/12 (33) a

Self-grooming 1/9 (11) a 4/8 (50) a,b 9/12 (75) b

Calf
Successful standing 7/9 (78) a 8/8 (100) a 11/12 (92) a

Suckle attempt 4/9 (44) a 8/8 (100) b 10/12 (83) a,b

Successful suckling 4/9 (44) a 8/8 (100) b 10/12 (83) a,b

1 Outdoor Paddock (OP): Cows kept individually in an outdoor paddock for the last 3 weeks before their expected
calving date until calving day (n: 9). 2 Early Movement (EM): Cows housed individually in an indoor maternity
pen for the last 3 weeks before their expected calving date until calving day (n: 8). 3 Late Movement (LM):
Cows were individually kept in an outdoor paddock during weeks −3 and −2 and moved to individual indoor
maternity pens during week −1 relative to calving until the day of calving (n: 12). a,b Indicates a statistical
difference in the same row with p < 0.05.

3.4. Cleanliness and Immunoglobulin G Colostrum Concentration

At enrollment, cows scored lower than three on the cleanliness score scale regardless
of the treatment (p > 0.1; Table 4). After calving, OP cows were dirtier than EM and LM
cows for all cleanliness scores (p < 0.05; Table 4). Furthermore, EM cows were cleaner on
their upper legs than LM cows (p < 0.05; Table 4).

Table 4. Effect of housing treatment on cow cleanliness scores (LSM and SE) at enrollment of the
study (3 weeks before to calving) and after calving (day 0) (n: 13 per treatment).

At Enrollment After Calving

Cleanliness Score OP 1 EM 2 LM 3 OP 1 EM 2 LM 3

Tail head 1.1 ± 0.2 a 1.1 ± 0.2 a 1.1 ± 0.2 a 2.6 ± 0.6 b 1.3 ± 0.2 a 1.3 ± 0.2 a

Upper leg 1.5 ± 0.2 a,c 2.1 ± 0.3 a,c 2.1 ± 0.3 a,c 4.3 ± 0.2 b 1.5 ± 0.3 c 2.7 ± 0.3 a

Ventral abdomen 1.8 ± 0.2 a 1.9 ± 0.3 a 2.3 ± 0.3 a 4.0 ± 0.2 b 1.2 ± 0.3 a 1.7 ± 0.3 a

Udder 1.3 ± 0.2 a 1.7 ± 0.3 a 1.8 ± 0.3 a 3.7 ± 0.2 b 1.4 ± 0.3 a 1.4 ± 0.3 a

Lower leg 1.9 ± 0.3 a 2.5 ± 0.4 a 2.6 ± 0.4 a 4.8 ± 0.3 b 2.5 ± 0.4 a 3.0 ± 0.4 a

1 Outdoor Paddock (OP): Cows kept individually in an outdoor paddock for the last 3 weeks before their expected
calving date until calving day. 2 Early Movement (EM): Cows housed individually in an indoor maternity pen
for the last 3 weeks before their expected calving date until calving day. 3 Late Movement (LM): Cows were
individually kept in an outdoor paddock during weeks −3 and −2 and moved to individual indoor maternity
pens during week −1 relative to calving until the day of calving. a,b,c Indicates a statistical difference in the same
row with p < 0.05.
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The mean IgG colostrum concentration was 22.0 ± 1.8 mg/mL (±SD; range: 1.1 to
41.4 mg/mL). The IgG colostrum concentrations were similar between OP and EM cows
(25.4 ± 3.8 mg/mL vs. 20.9 ± 3.8 mg/mL; p > 0.1), and higher than LM cows (15.4 ± 3.8;
p < 0.05).

4. Discussion

Although much research has focused on understanding the effect of the type of
housing and time spent in a maternity pen in confinement-managed housed dairy cows,
far less research has focused on dairy cows on pasture. In seasonal pasture dairy systems in
temperate regions precalving cows might be especially affected by environmental factors
such as rain, wind, or mud. For instance, in southern Chile, many farmers kept prepartum
cows during late winter in outdoor paddocks with little or no opportunity to shelter, and
stand-off surfaces are usually uncovered and can easily become wet and muddy if they
are not well managed [7]. The objective of this study was to understand the impact of
moving prepartum cows exposed to winter weather to a maternity facility at different
times before calving. In addition, we investigated the effect of prepartum housing on the
behavior of the dam and its offspring in the first hour after calving. As expected, we found
numerous behavioral differences between cows that remained in outdoor paddocks until
calving or were moved to a maternity pen in the weeks before calving. An important
feature of the current study is that we also examined the effect of housing treatments on
cow cleanliness levels, which was highest in the cows that calved indoors in the maternity
pen. This research supports a new strategy to design calving management practices in
seasonal pasture-based systems in temperate climates that minimize the effect of winter
weather on cow lying behavior and calf vitality.

4.1. Prepartum Behavior

It is well-documented that dairy cattle spend more time lying down on dry surfaces
compared with wet [37,38] or muddy ones [27]. We found that prepartum cows spent
more time lying when they were housed in an indoor maternity pen (EM: 13.1 h/d and
LM: 12.0 h/d) compared to when they were kept in the outdoor paddock (OP: 9.6 h/d).
These results are similar to findings by Black and Krawczel (2016) [39], who observed that
prepartum dairy cows spent around 10 and 13 h/d lying down when they were kept in
pasture or free stall facilities, respectively. These authors [39] argued that the lower daily
lying time of cows kept on pasture was due to the motivation of cows to graze. However,
in our study, the cows kept in outdoor paddocks were on a surface without pasture. It is
possible that the continued exposition of cows to wet, muddy and cold conditions could
explain the shorter lying time. Hendriks et al. (2019) [8] observed that prepartum dairy
cows managed in a pasture-based system in New Zealand spent 9.8 h/d lying down when
they were exposed to winter weather. An adequate amount of time lying down is often
used as an indicator of dairy cow welfare [40], and it has been described as particularly
important during the latter part of pregnancy [41]. Moreover, one study found that reduced
lying time caused by a lack of suitable resting areas with dry surfaces may also affect the
quality of the rest [38].

In this study, we observed that access to a maternity area (both EM and LM) increased
the number of transitions between standing and lying compared to the outdoor paddock
(OP). Previous work reported that the dryness of the surfaces also has a marked effect
on the postural changes; cows kept on wet and muddy surfaces had fewer lying bouts
compared to drier ones [27,42], probably caused by discomfort in the process of lying down.
Campler et al. [41] reported that soft bedding—as in our study, the sawdust bedding inside
a maternity pen—improves the cow traction and facilitates her postural change from lying
to standing, or vice versa.

It is worth noting that our management proposal of moving the pregnant cow from
an outdoor paddock to an indoor facility the last week before calving (LM) provided an
increase in lying time of 31% compared to cows that remained in the outdoor paddock
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(OP). One of the greatest barriers for a grazing dairy producer, in order to consider moving
a precalving cow to a maternity area during the calving season, is their limited indoor
accommodation and human resources [41]. An advantage of the LM management in the
present study is that it can be implemented with higher practicability than the EM strategy.
Further studies are needed to evaluate other management strategies (e.g., access to shelter
and dry surfaces to lay down) for calving cows managed in pasture-based spring calving
systems, where they are typically exposed to inclement weather.

Overall, the cows kept in outdoor paddocks (OP) ruminated ~5% less than the cows
that were moved to a calving facility (EM and LM). Rumination is a health status indicator
in dairy cows [43], and several studies have shown deviations in rumination time related
to health disorders [44,45]. Soriani et al. [44] described, in confinement systems, that cows
with reduced rumination time during the last week of pregnancy maintained a reduced
rumination time after calving and presented a higher frequency of diseases. We recommend
that our results should be interpreted with caution as this decrease in rumination time
(~5%) may not be biologically relevant.

We also found higher neck activity in cows who were moved to maternity areas the last
week before calving (LM) compared with cows that remained in their housing treatments
(OP or EM); this could be a response to new housing surroundings. However, we do not
know whether this behavioral change can be interpreted as something positive for the cow
or not.

4.2. Dam and Calf Behavior

To our knowledge, this is the first study to assess the maternal behavior of dairy cows
managed in a pasture-based system. We assessed the maternal behavior through latency
and the amount of time that the dam spent grooming her calf. We did not find differences,
among housing treatments, both in the latency of the dam to groom her calf and the time
that they spent grooming it. When considering the three treatments, dams spent an average
of ~56% of the time of study grooming their calves, a result similar to that described by
Jensen [34] in cows managed in a confinement system, suggesting that this is a behavior of
high priority for them. An early and long expression of grooming after parturition benefits
both dam and calf [46]. During the grooming, the dam obtains an important analgesic effect
with the ingestion of amniotic fluid [47], while that calf activity is stimulated [48]. More
studies are required to understand the importance of the expression of maternal behavior
in dairy cows managed in intensive production systems.

Although our study does not provide evidence to declare an association between
housing treatment and lying after calving behavior, we considered it important to highlight
that none of the cows kept in the maternity pen throughout the prepartum period (EM) laid
down after calving. It is well known that when the dam is in a standing position during
the few hours after calving, it facilitates the teat-seeking behavior of the newborn calf and,
therefore, the opportune ingestion of colostrum [49]. However, the effects on the dam still
are unknown.

Unfortunately, due to difficulties in continuously observing self-grooming behavior,
we were unable to obtain the duration of this behavior. However, we demonstrate that self-
grooming was associated with housing treatment. Only one cow that calved in the outdoor
paddock (OP) expressed self-grooming, while ≥50% of cows that calved in maternity pens
(EM and LM) expressed this behavior. Research in dairy cows has suggested that the
expression of grooming behavior is an indicator of a positive cow affective state [50,51]. In
addition, the deprivation of self-grooming after the calf is delivered has been described
in dams with assisted calving, and it has been suggested to utilize this deprivation as
an indicator of discomfort or pain [16]. This result highlights the relevance of providing
calving facilities for the improvement of the affective state of cows when calving. We
encourage more research in this area.

Calves born from cows kept in outdoor paddocks (OP) spent 80% of the time of the
study lying down after calving, whereas those born from cows housed in maternity pens
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spent 64% (EM) and 51% (LM) of time lying down. Newborn calves exposed to cold
conditions are more prone to heat loss than adult cows [52]. Likely as a thermoregulatory
response, the OP calves found more protection in lying than standing posture, which is a
situation of concern related to poor calf welfare. Although in our study all calves tried to
stand up, only the calves born from cows moved to a maternity area at the beginning of the
prepartum period (EM) achieved the behaviors “successful standing”, “suckle attempt”,
and “successful suckling”. Likewise, Campler et al. [32] found that calves with an early
start of standing behavior were the same as those with early suckling. The adequate
ingestion of colostrum (i.e., passive transfer of immunity) is essential for calf survival.
Recommendations suggest that the first ingestion of colostrum should occur within the first
4 h of life [53]. To safeguard the welfare of the calf newborn exposed to winter conditions,
we decided to remove the calves from the outdoor paddock at 1.5 h after calving. The
impact of early exposure to winter conditions could lead to negative effects on the calves’
health and performance. Although we did not investigate this topic, we suggest that future
studies do so.

Our study has some limitations. Our results are specific to cows that were kept indi-
vidually housed in indoor maternity pens or outdoor paddocks, which may not represent
the conditions in commercial grazing dairy herds. In addition, due to the reduced numbers
of indoor maternity pens, we used a small sample size which could have prevented us
from finding differences in variables such as latency to stand up after calving, latency
and duration of grooming her calf, and lying behavior in the dam and her calf. A larger
sample size decreases the type II error, and, therefore, we would have a higher probability
of finding differences in the variables that are more difficult to detect. Furthermore, a
larger sample size would allow analyzing whether any of the housing treatments is a risk
factor for the expression behavior of dam and calf. In order to evaluate the applicability of
our suggestion, further studies are needed to investigate the timing to move the cow to a
maternity pen in large commercial pasture-based systems.

4.3. Cow Cleanliness and Immunoglobulin G Colostrum Concentration

As we expected, cows moved early (EM) or late to a maternity area (LM) were cleaner
after calving than those kept in the outdoor paddocks (OP). The interest in promoting
good hygiene conditions aims to reduce the risk of exposure to pathogens that could
cause mastitis [54] and foot diseases [55]. Additionally, cleanliness conditions have been
demonstrated to be an indicator of comfort [56] and welfare in dairy cows [57]. In our study,
the cows came from outdoor paddocks provided with pasture. Investigations suggest that
cows with access to pasture have little dirt on their bodies [58,59]. This should explain the
low level of dirtiness in the cow at enrollment of study.

Beyond the effect of housing treatment, it was a matter of concern that all the cows
in our study had concentrations of IgG lower than the minimum satisfactory threshold
(50 mg/mL; [60]). Therefore, none of the cows in our study provided immunologically
satisfactory colostrum to the calves. In an observational study in pasture-based dairy
systems, Dunn et al. [61] reported that 42% of farms produced an average of <50 mg/mL
IgG; thus, we are facing a disturbing scene regarding the feeding of the newborn calf.
Calves achieve adequate immunocompetence through passive transfer of immunoglobulins
obtained from colostrum [62]. Immunoglobulin G is the most abundant isotype found in
colostrum, and it has been determined as a marker of colostrum quality [60]. Undoubtedly,
the quality of colostrum in pasture-based systems sparks many questions and challenges.
We encourage further studies aimed at investigating this topic.

5. Conclusions

We found that cows moved to a maternity pen at the beginning of the prepartum
period (EM) spent more time lying and had a higher number of lying bouts than cows kept
in outdoor paddocks (OP). However—and favorably—our proposal of moving cows to a
maternity pen one week before calving (LM) resulted in these cows promptly increasing
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their lying time and lying bouts, even resembling the cows that came from three weeks
housed in maternity pens (EM). In addition, in the LM treatment, more cows performed
self-grooming after calving. On the other hand, we observed that calves born from cows
moved early to a maternity pen (EM) had higher vitality than those calves from cows kept
in outdoor paddocks (OP). Finally, we also found that cleanliness was highest in cows that
calved in the maternity pens (EM or LM). Our findings demonstrate that moving the cow,
early or late, from a winter outdoor paddock to a maternity pen had positive effects on the
behavioral response of the cow and her newborn calf.
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Simple Summary: Allonursing and allosuckling are behaviors displayed by some females, charac-
terized by nursing and feeding non-filial offspring. Although both are costly behaviors, this type
of communal parenting is widespread in various species; however, not all animals display this
behavior, and even among species, some differences can be observed. This review aims to analyze the
biological and physiological foundations of allonursing and allosuckling in wild and farm animals. It
also summarizes some current hypotheses to explain these behaviors as a strategic approach for the
mother or the offspring, describing the individual and collective advantages and disadvantages and
their implications on an animal.

Abstract: The dams of gregarious animals must develop a close bond with their newborns to provide
them with maternal care, including protection against predators, immunological transference, and
nutrition. Even though lactation demands high energy expenditures, behaviors known as allonursing
(the nursing of non-descendant infants) and allosuckling (suckling from any female other than the
mother) have been reported in various species of wild or domestic, and terrestrial or aquatic animals.
These behaviors seem to be elements of a multifactorial strategy, since reports suggest that they
depend on the following: species, living conditions, social stability, and kinship relations, among
other group factors. Despite their potential benefits, allonursing and allosuckling can place the health
and welfare of both non-filial dams and alien offspring at risk, as it augments the probability of
pathogen transmission. This review aims to analyze the biological and physiological foundations
and bioenergetic costs of these behaviors, analyzing the individual and collective advantages and
disadvantages for the dams’ own offspring(s) and alien neonate(s). We also include information on
the animal species in which these behaviors occur and their implications on animal welfare.

Keywords: animal perinatology; non-offspring nursing; fostering; mismothering; lactation

1. Introduction

In most mammal species, attention to newborns is provided primarily by the mother [1].
Parental care entails decisions that consider the number and size of the offspring and how
much energy to invest in a neonate at the cost of the reserves of parental resources for
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present or future offspring [2]. The mother is essential for the newborn, providing protec-
tion against predators, food, warmth, shelter, and immunological defense [3,4]. In addition,
mothers aid the neonates in acquiring important information concerning their physical and
social environment. During the first minutes after birth, an exchange of sensory signals
occurs between the dam and their offspring(s) (sight, touch, smell, and hearing), allowing
the recognition of and attachment to each other [4–6]. In precocial species, including most
ungulates, ensuring the offspring’s survival requires establishing a mother–young bond as
soon as possible after birth [7,8]. Parturient females of precocial species deliver one or more
fully developed neonates that can stand and follow the mother soon after birth (around
30 min in sheep), and feeding begins as soon as this mutual recognition and attachment
takes place [9]. In contrast, in altricial species, locomotor activity, sight, audition, and
thermoregulation are restricted at birth [10], and the offspring depends entirely on parental
care for their nutrition and growth, and, in the case of rodents, calls and ultrasonic sounds
facilitate maternal bonding [11]. In these species, the newborns require constant care to
nurse, feed, and provide a warm environment, representing a maternal bond formed over
prolonged periods [12]. On the other hand, precocial animals (e.g., ungulates) achieve
rapid inter-individual recognition, thanks to the neurochemical signaling that has a central
role in the selective attachment within the first two hours after birth, to discriminate and
reject any non-filial suckling after this stage [13].

The offspring of terrestrial mammals find the mother’s udder by exploring her un-
derside from chest to teats, guided by various signals emanating from her body. Dams
usually help the newborns by arching their backs and flexing their hindlimbs to facilitate
access to their teats. Newborns quickly learn the physical characteristics of the udder by
visual, olfactory, and thermal cues [9,14]. The neonatal behavior also depends on the type
of maternal behavior. One example comes from Surti buffaloes, where neonates whose
mothers were categorized as ‘highly aggressive’ or ‘attentive’ to protecting their calves
reached the udder faster and fed longer than calves from females classified as ‘indifferent’
or ‘apathetic’ [15].

However, caring for the offspring is not an activity that is exclusive to the biological
parents [16]. Among humans and non-human animals, there are several practices in
which members of the same nest or brood care for non-filial newborns of conspecifics,
either sharing care and provisioning (communal breeders), or with assistance in protection
and feeding by a nonbreeding helper [17,18]. In these social systems, a pair of animals
perform parent-like behaviors in non-filial young [19,20]. These include feeding, grooming,
nursing, and allosuckling [20]. In perching birds, they are reported in 13% of the species
and 9% in all species of birds, mammals, and fish [17]. Because they entail consequences
for the fitness of animals, these behaviors can be observed in populations with stable
or unfavorable conditions [17]. Some of the advantages of breeding communally at the
social and group level are direct benefits, such as efficient foraging and the cooperative
detection of predators [20], while the benefits towards the mother and the newborn include
better reproductive performance and inclusive fitness of the mothers, weight gain, and
a higher survival rate in non-filial newborns, as well as thermoregulation in the critical
stage of birth [21]. Recently, Orihuela et al. [22] found some evidence of alloparental care
in zebu cattle (Bos indicus) raised under extensive conditions (Figure 1). Similarly, Pérez-
Torres et al. [23] found that zebu cows allonurse and protect non-filial calves in the first
120 days postpartum, regardless of the animal’s temperament. However, some behavioral
components of protective behavior might be related with other reproductive variables, as
Enríquez et al. [24] found an inverse association between the number of cows reacting
to more calves and the presence of follicles, and cows displaying a more intense reaction
towards their calf and estrous display.
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Figure 1. In extensive livestock production, it has recently been shown that specific cows of the herd take care of groups of
zebu (Bos indicus) calves while their mothers graze, adepted from [22].

In gregarious animals, the establishment of the mother–young bond allows the new-
born(s) to be cared for by the dam, and to establish the nursing–suckling relation [25,26].
Several studies have determined that one of the most acute senses in post-parturient
females is smell (olfactory) because in species such as buffaloes and sheep, dams are es-
pecially receptive to their offspring’s odor [3,27]. The maternal responsiveness facilitates
acceptance of their own young or even of alien young impregnated with her amniotic
fluid. In sheep, recognition of the chemical signals emitted by the lamb occurs within the
first four hours postpartum, approximately, based on the dam’s detection of the specific
olfactory signals emitted by her newborn [28]. Those signals are mainly produced by the
wool around the anal region, the area that the dam licks most often, and where she obtains
the largest amounts of chemical substances [28,29]. During the mother–young interaction,
at the cerebral level, plasticity occurs in specific areas of the mother’s brain, such as the
principal olfactory bulb [30].

In most mammals, the development of the maternal bond requires recognition of the
offspring through olfactory, visual, and hormonal signals that culminate in said behav-
ior [12]. Despite the need for such specific bonding mechanisms, during alloparental care,
it is hypothesized that, somehow, species ignore the cost of raising a non-filial offspring
and lean towards the benefits, in terms of lactation, milk synthesis, and the nutrient density
of milk, to improve the development of the newborn [31].

The vomeronasal organ (VNO) is the main structure involved in maternal behav-
ior during the olfactory recognition of the offspring, although it participates in sexual,
social, and aggressive behaviors [32–35]. After birth, the body coat of the newborn is
covered by the amniotic fluid [36,37], and pheromones are present in the anal region of
the young [38,39]. These factors are detected by the VNO and integrated into superior
and cortical structures of the brain to promote maternal bonding [40–42], social interac-
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tions [43–46], and sexual [47–56] or aggressive behaviors [48]. The VNO consists of sensory
olfactory epithelial cells that communicate the oral and nasal cavities through the inci-
sive duct in the roof of the nasal passage and the incisive papillae, respectively [57,58].
The neuronal axons in the VNO project dorsally to the margin of the olfactory bulb [59].
Subsequently, the signal is transmitted to the medial amygdala and hypothalamic centers
to generate the aforementioned behaviors [60]. Therefore, through this olfactory system,
the chemosensory mother–offspring communication is developed [61], and mammals can
identify kin or conspecifics [59]. This may facilitate the development of an olfactory mem-
ory that persists, favoring attention and the survival of the offspring. In most ungulates,
mothers develop exclusive care towards the young that they recognize during the first
hours postpartum [62,63]. The exclusive mother–young bond allows the other to ration
a valuable resource—the mother’s milk—and ensure it is consumed only by her own
offspring [64], since nursing non-filial newborns would constitute a costly behavior for the
female [65].

Colostrum is the first food that newborns receive, providing passive immunity, nu-
trition, and thermoregulation, and enhances offspring survival for several weeks or
months [66,67]. The mother’s milk is the food that fosters optimal growth and devel-
opment of the offspring. Interestingly, recent studies of diverse species of wild and farm
animals have documented different strategies of care and attention reserved exclusively
for a dam’s own offspring. One of these behaviors is denominated allonursing, which
is characterized by the nursing of another female’s offspring. The term allosuckling is
used to refer to the suckling of offspring from lactating females that are not the offspring’s
mother [18,64,68–72]. These behaviors have been reported in animals such as ungulates,
in swine, for example, where females deliver large litters, and in species where only one
neonate is born, except for goats [73]. Allonursing is less common in monotocous (primates,
cetaceans, all ungulates, except swine) than polytocous species (swine). However, in the
latter, where multiple offspring are born at the same time, the energetic demand is higher
than in females with a single newborn (monotocous) [74]. In the primate taxa, including
prosimians (Propithecus candidus), allonursing has been reported in 17 of over 620 species,
and some authors suggest that kin selection and nulliparity have a key role in non-filial
nursing [75]. Regarding this, Dušek [76] studied the differences between both types of
species and found that in monotocous animals, such as the red deer (Cervus elaphus), al-
lonursing behaviors seem to benefit the offspring’s fitness, while in politocous animals
(Mus musculus), alloparental care is performed to maximize the number of newborns [77,78].
In light of those findings, the aim of this review is to analyze the biological foundations and
bioenergetic costs of allonursing and allosuckling behaviors, analyzing the individual and
collective advantages and disadvantages for the dams’ own offspring and alien neonate(s),
while also identifying the animal species in which they occur and their implications for the
welfare of the young. In addition, some current hypotheses attempting to explain these
behaviors are also reviewed.

2. Lactation: An Energetic Costly Period

The present work provides new findings on the costs and benefits of allonurs-
ing/allosuckling during lactation; for example, in the association between reduced
maternal lactation effort and faster weaning [31], compensatory growth of the offspring,
the risks of pathogen transmission or improvement of the immune response [79], and
milk production increments in the cows [80], among others.

Progenitors invest in their offspring regardless of the energetical cost that could affect
their own survival or reproduction [81]. This is related to the principle of “assignation”,
which states that organisms have finite energy and nutrient resources to maintain all their
body functions, especially growth, maintenance, and reproduction. Because every activity
that an animal performs consumes energy, the process of sustaining life entails costs, since
circulation, respiration, excretion, and muscular contraction never cease, not even during
absolute repose [82].
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An animal’s energy requirements depend on intrinsic factors, such as its basal metabolism,
activity, physiological state, age, and sex [83]. Environmental features also influence animals’
energy requirements, such as the environmental temperature, humidity, precipitation, shelter,
and protection from severe weather. Furthermore, the amount and quality of food available,
and water consumption, affect feed intake and the possibility of animals meeting their energy
requirements. Lactation is related to an animal’s reproductive success, being a process that
demands particularly high energy expenditure and constitutes the most energetic aspect of
mammalian biology [84]. The nutritional requirements of lactating females increase, and
they maximize their food ingestion to provide the energy for satisfying their own energy
needs and those of their offspring. Females in lactation produce a nutritious liquid that is
well adapted to promote the growth and development of their young. The components
of the energy expenditure of lactating females include the resting metabolic rate and milk
energy output, both of which increase markedly during lactation [85]. This means that energy
ingestion must also increase to compensate for the energy spent [86]. Marotta and Lagreca [87]
observed that the energy requirements of lactating sows raised in fields correspond to the
sum of the maintenance needs and milk production plus the effect of climate and physical
activity. They calculated the energy required for maintenance as 110 kcal of metabolizable
energy/kg0.75/day. Additionally, the amount of energy required for milk production during the
growth of the young varied according to external environmental factors, such as confinement
(19.0) Mcal/digestible energy (DE/day) vs. open-air conditions (20.7 Mcal/DE/day for
autumn–winter vs. 19.8 Mcal/DE/day for spring–summer). In polygynous mammals, the
energy expenditure during lactation also varies with sex, with males being more energetically
demanding than females [88,89]. Furthermore, Moen [90] found that the female white-tailed
deer’s largest energy outlay occurred while lactating to nurse two fawns. The lowest cost
(1.5 times her basal metabolism) occurred during the reproductive period in winter.

Despite evidence that supports this asseveration, the gestation and lactation expenditure
of the mother does not always follow the same pattern, since lactation is commonly consistent
with intervals of food security [91]. In fact, after controlling for individual variation in a study
of wild deer (Cervus elaphus L., an ungulate), Clutton-Brock et al. [91] demonstrated that the
cost of lactation demand is higher than that for reproduction or survival.

Nursing can also generate conditions of physiological stress, reflected in weight
loss, despite greater food consumption, which could lead to susceptibility to parasitic
action, reduce fertility indices, and increase mortality rates compared to non-lactating
females [92]. Considering these costs, several questions have been raised regarding al-
lonursing or allosuckling behaviors, which are erratic in some species; for example, in
wild mammals, allonursing may increase maternal mortality due to the physiological and
energetic cost that lactation requires to feed not only their offspring, but a non-biological
individual [91]. On the contrary, in species such as chimpanzees (Pan troglodytes schwein-
furthii), Bădescu et al. [31] have reported that cooperative breeding involves some benefits
to alloparents, such as an improvement in their reproduction, and direct and indirect fitness.
This also correlates to the growth, weight gain, and early weaning of the offspring. Some
benefits, costs, and causes are included in Figure 2 [64,77,79,80,84,93–100]. However, there
have been reports in bat roosts, animal groups that practice communal reproduction—such
as lions—and in species such as seals that do not develop strong mother–infant bonds
(Figure 2). Is this a strategy that females adopt to reduce energy expenditures by not
nursing their own neonates? Is it an option that newborns seek when their nutritional
needs are unsatisfied? Or is it a group strategy that distributes energy outlays to ensure
greater success in neonate survival?

Some stressors might come at a cost in lactation; for example, high ambient temper-
atures can decrease food consumption, milk production, reproductive performance, and
growth of the young in farm animals [101]. In pigs, Black et al. [102] showed that when the
environmental temperature increased from 18 to 28 ◦C, milk production decreased by 25%,
consumption by 40%, and oxygen uptake decreased from 523 to 411 mL/min. Animals
might succumb to hyperthermia if they cannot maintain thermoneutrality, affecting not
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only the energy balance, but also water, Na, K and Cl metabolism, which are important
constituents of sweat, the most important thermoregulatory mechanism used to dissipate
excess body heat [103]. In addition, it is possible that even some stressful situations during
pregnancy might influence postpartum milk production [104] and the adaptability of the
offspring [105].

Figure 2. Allonursing and allosuckling causes, disadvantages and advantages to the mother and the offspring. While
allonursing and allosuckling respond to endocrine and social contexts, they involve difficulties to the mother, such as the
high energy demand, and to the young because of the risk of aggression of the foster mother, and the risk of pathogen
transmission to the calves. However, some benefits include the compensation of nutritional deficiencies in the calves,
and the acquisition of a wider range of immunoglobulins to enhance the immune system, as well as an enhancement in
productivity parameters, such as daily weight gain.

3. The Neurophysiology of Suckling

The mother’s milk is produced in the mammary gland, by extracting several chemical
compounds from the blood. At the histological level, the alveolae produce the milk that
accumulates and is stored in the excretory ducts and lactiferous sinuses before nursing
begins. In terms of neurophysiology, the neurohormonal stimuli generated by palpation
and suction of the teat—or any other stimulus that a dam associates with milking—are
governed by the somatic nerves of the central nervous system that pass through the spinal
cord [106]. These signals reach the hypothalamus, which releases oxytocin, principally,
though a whole cascade of hormones is involved, including vasopressin from the posterior
lobe of the hypophysis [107,108], which travels through the bloodstream to the mammary
gland. Oxytocin is directly responsible for the myoepithelial contraction that releases the
milk from the lactiferous ducts into the cistern of the gland and, from there, to the teat
or nipple where it is ingested by the infant [109]. The neurophysiology of suckling or
allosuckling is summarized in Figure 3.
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Figure 3. The neurophysiology of maternal behavior, milk let down, suckling and allosuckling. The main hormones
associated with these processes (PRL, OX and ADH) act on different cerebral structures. The OX response is mediated by the
VTA, PVN, amygdala, BNST and MPOA/AH. PRL site of action is in the MPOA/AH. The amygdala, NAc and BDNST also
have a role in the reward system and maternal memory, and the former in the olfactory recognition of the offspring. ADH:
antidiuretic hormone; BNST: bed nucleus of the stria terminalis; MPOA/AH: medial preoptic area/anterior hypothalamus;
NAc: nucleus accumbens; OX: oxytocin; PRL: prolactin; PVN: paraventricular nucleus; VTA: ventral tegmental area, adepted
from [110–114].

The mechanism of suction, or suckling, has been associated with inhibition of the
releasing of the luteinizing hormone (LH) and the return to ovarian cyclicity after birth.
In beef cows, the episodic secretion of the gonadotropin-releasing hormone (GnRH) by
the hypothalamus modulates the hypophyseal pulsatile release of LH. Although the hy-
pothalamic content of GnRH is not affected by the condition of lactation, the concentrations
of GnRH in the pituitary portal system are suppressed by the act of suckling. During
the postpartum period, the patterns of LH secretion remain at sub-optimal levels during
the development of the preovulatory follicles. The renewal of cyclicity and ovulation is
delayed until the frequency of the LH pulses increases to the threshold observed during
proestrus. Once the offspring is removed, there is a delay of 24–48 h for the frequency of
the LH pulse to increase, but inhibition is often reestablished quickly after the return of the
calf in the early puerperium period [115]. Silveira et al. [115] explored the possible role of
maternal behavior in anovulation mediated by lactation, hypothesizing that identifying the
suckling calf is a critical determinant of anovulation induced by nursing. Those researchers
randomly assigned 27 crossbreed meat cows to one of the following three study groups:
dams that nursed an alien calf (n = 11); dams that nursed their own calf (n = 8); dams
whose calves were separated for 6 days (n = 8). They observed that forced suckling by alien
calves did not attenuate the release of LH in the cows after extraction by their own calves.
In addition, the anovulatory intervals of the allonursing cows were similar to those of the
weaned, non-nursing cows (study group 3). Moreover, neither the suckling posture nor
the stimuli that resulted from contact with the udder affected LH secretion. The authors
concluded that the maternal bond is important, but not essential, for anovulation mediated
by lactation.
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On the other hand, stimulation of the sow’s teat by both filial and non-filial offspring
benefits milk production. In pigs, constant teat stimulation by the piglet has been shown
to maximize colostrum production [116,117], enhance mammary gland growth [118], and
promote better local blood circulation [119]. Therefore, although the effect of nursing
frequency, littler size, and weight, among others, can affect milk production, massaging of
the teat, and the consequent hormonal and circulatory changes increase milk production
in females [120]. This enhanced mammary gland development has also been reported
in meerkats (Suricata suricatta), in whom the parity (primiparous and multiparous) is
associated with greater tolerance to allosuckling from alien pups [121].

4. The Main Hypotheses Explaining Allonursing and Allosuckling

There are some theories that attempt to explain why females accept non-filial offspring
and why young allosuckle [80]. It may be intentional (i.e., when a dam is aware that
the newborn she nurses is not her own, but allows it to accede to her udder anyway),
or due to errors in breeding, where the dam is unaware that she is nursing an alien
newborn, perhaps because she does not recognize it or fails to identify it while nursing it
together with her own newborn [73]. Evolutionary theories on the origins of allonursing
behaviors have proposed various phenomena, as follow: reciprocal altruism, selective
parenting, poor targeting of parental care, a resource-optimizing strategy (care, food) [122],
and maintaining social stability [65]. To date, the literature includes eight hypotheses
regarding this kind of cooperative breeding, where the cost–benefit relation has a relevant
role in the decision [92]. These include genetic bases as well as social and immunological
benefits for both the offspring and the foster mother [123]. In addition, it is important
to emphasize that all hypotheses are usually related to allosuckling and allonursing, so
they are not mutually exclusive [92], with the exception of the improved nutrition and
the compensation hypotheses. The main allonursing and allosuckling hypotheses are
summarized in Figure 4 [19,22,77,80,95,124–128].

 

Figure 4. The main hypotheses explaining allonursing and allosuckling. Some of the hypotheses of these two cooperative
maternal behaviors include genetic origins of the foster mother and the non-filial young, social and health benefits for the
female, and advantages to the offspring to compensate and improve nutrition and immunocompetency.
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4.1. Allonursing: A Strategy Adopted by Dams?
4.1.1. Kin Selection or Selective Parenting

This hypothesis describes the relationship that is established between females and
offspring that share kinship, or between those who are close relatives, where dams only
allow alien offspring to suckle if they share genes of common ascendence, as this ensures
that the infants will survive to disseminate those genes in the group [73,77]. Analyses
of the association between allonursing and litter or group size suggest that this is more
common in primiparous females than multiparous species [122]. Another observation
is that allonursing occurs more often in reduced groupings with close kinship [122]. In
monotocous species, such as African elephants (Loxodonta africana), the prevalence of calves
attempting to feed on individuals within their families, or closely related individuals,
is approximately 78.9% [129]. However, this hypothesis does not apply to all species.
Banded mongoose (Mungos mungo) is a species where the collective care of the offspring is
performed by an adult who is responsible for feeding, protecting, and transmitting skills
to single young. It has been reported that allonursing in these animals does not follow
a genetic distinction between young. However, the durations of care and interaction are
longer for those with genetic heritage, and sex-specific behavior has been observed in
mongooses, where females care more for same-sex, non-filial newborns [130]. In water
buffaloes, this kinship relationship did not show influence in a herd of 30 buffaloes. Of
570 allosuckling events, 351 were from alien calves; moreover, the calves of sisters and half-
sisters had a higher success rate when requesting allosuckling from genetically unrelated
mothers [90]. In otariids, such as Arctocephalus australis that practice philopatry shared
breeding areas, allonursing has been observed to improve reproductive success [92].

In animals in which dams group according to kinship, alloparental care does not have
an association with a greater variation in kinship, but is more frequent among species with
litters [78]. In this case, the relative inversion by descendance is likely reduced, together
with the additional costs of lactation, by dividing them among various newborns. The
findings reported by MacLeod and Lukas [78] suggest that feeding alien offspring can
progress rapidly when the additional costs for all dams are reduced in relation to the
benefits it represents for their offspring. However, this distinction that some animals
can make about kin selection among offspring has also been related to a high risk of
aggression by unrelated herd members [131]. While the kin selection hypothesis can be
prevalent in rodents, in the Sinai spiny mice (Acomys dimidiatus), allonursing was attributed
to the maternal experience of the animals and to misdirected parental care [132]. Similarly,
in the domestic reindeer (Rangifer tarandus), Engelhardt et al. [133] found no support
for this hypothesis in 25 pairs of animals (mothers and calves). From 5176 successful
allosuckling events, no correlation was found between the relatedness of the reindeers and
the acceptance of non-filial calves.

The inclusive fitness/kin selection theory cannot explain how helping behavior be-
tween non-kin, and direct and indirect fitness can interact [134,135]. Alloparents are not
always related to the offspring they help [136,137]. The direct fitness of helping is likely
also important between kin [135]. Variation in relatedness explains approximately 10%
of the variation in provisioning behavior in avian and mammalian cooperative breeding
social systems [138,139]. The importance of indirect fitness is overestimated, whereas the
importance of direct fitness is underestimated [140].

4.1.2. Reciprocity Hypothesis

Reciprocity is observed when females allonurse the non-filial young of mothers who
have previously fed their offspring, which some authors considered to be some kind of
reciprocal altruism, where the animal nurses or helps other individuals at the expense of
their wellbeing [141]. This relation is proposed when free-roaming or captive dams spend
substantial amounts of time separated from their offspring, though this does not seem to
be an essential pre-condition for allonursing, since it occurs in otariids when the mother
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is absent, feeding in the sea, while her newborn is being fed on land by an alien female.
Under those circumstances, mothers cannot be sure which female is reciprocating [92].

Tendencies in reciprocity imply a benefit of group rearing, since it promotes an im-
provement in the fitness of both females who assist in any milk deficiency of the biological
female, and contributes to reinforcing the calf’s immunity, which are aspects that involve
other hypotheses that will be addressed later [80]. In a study with reindeers (Rangifer taran-
dus), by Engelhardt et al. [127], with 25 does, it was reported that females allonurse by
reciprocity among lactating females from the group. Lactating wild sows in social groups
also tend to accept suckling from alien piglets. This behavior is considered as inclusive
fitness, where the piglet benefits from the alloparental care and the sow can forage without
exposing its offspring to environmental and predator dangers [131]. Similarly, in wild
Yellowstone bison (Bison bison), Jones and Treanor [142] observed cooperative behaviors,
such as cleaning of the newborns, and even mutual consumption of the placentas, which
are activities that could be a maternal temporary relief and increase the chances of the
young’s survival. In contrast, in water buffaloes, the reciprocity hypothesis has not been
linked to allomaternal care [79].

There are other types of reciprocity, including generalized and indirect. In the first
type, there is an effect that affects the entire population and increases the probability
that all individuals will cooperate after social interaction, regardless of the recipient. In
contrast, individuals practicing indirect reciprocity decide to help and cooperate with
others despite whether they have received help from them or not [143]. The frequency
of interaction is important in this type of reciprocity and involves a certain degree of
evolutionary cooperation in the population.

4.1.3. Parenting Hypothesis

Among some terrestrial species, nursing the young of other dams in a proportion
similar to their own newborns—collective lactation—may allow mothers to improve their
reproductive performance compared to dams that do not share their milk with other
offspring in the group [73], particularly in primiparous females [80,92]. An example of this
is observed in female water buffalo, in which 97% of 30 dams allonursed alien offspring
due to the mother’s experience [90]. Additionally, studies show that dams who feed
their own calves and non-filial ones have an increased quantity of produced milk [79,80].
Furthermore, studies have determined that dams nurse alien offspring to improve their
maternal abilities. This may help explain why inexperienced dams, or females that have
yet to reproduce, perform allonursing behavior more often than experienced ones, to
learn to parent [73]. Spontaneous allonursing events were reported in dwarf mongooses
(Helogale parvula) in the work of Creel et al. [144]. In this study, females with spontaneous
lactation could nurse and suckle non-filial young. In the case of otariids, however, juvenile
or inexperienced dams have not been observed to participate in allonursing, perhaps
because they only give birth once a year, so it would be difficult for them to obtain maternal
experience by nursing or caring for two offspring at the same time [92].

This theory also includes non-breeding females or those with pseudopregnancy and
spontaneous lactation, such as carnivores, particularly canids, in whom alloparental care
has also been reported [145]. Additionally, in these taxa, allonursing is correlated with
high concentrations of prolactin and oxytocin, and low concentrations of testosterone and
glucocorticoids [145]. High concentrations of these neurochemicals have been associated
with an increase in cooperative and maternal behaviors [146], as well as milk ejection. They
bind to their respective receptors in the hypothalamus, the posterior pituitary gland, and
other structures, such as the mammary gland [145]. When a filial or alien young suckles a
female, this stimulates the receptors located in the teats and induces the secretion of pro-
lactin and oxytocin [19]. On the other hand, testosterone induces paternal behaviors [145],
while the reduction in glucocorticoids is associated with improved fitness in communally
breeding species, such as rodents [147].
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4.1.4. Social Benefits Hypothesis

Cooperative nursing and feeding of non-filial offspring are also associated with social
benefits within the group, such as a reduction in aggression by other members, a reduction
in infanticide, and the maintenance of social rank [69]. Some reports describe allonursing
as an extreme communal form of raising offspring in mammals, a phenomenon that may
be due to a herd’s social stability, since it rarely appears in unstable groups; for example,
this behavior is often observed in artiodactyls, but rarely in equines [65]. Pluhácek and
Bartosová [148] reported, for the first time, allosuckling in a common hippopotamus
herd (Hippopotamus amphibius), composed of one adult male, one male offspring, and two
multiparous females, who were the mother and grandmother of the offspring. Although
these animals were in captivity, this type of allosuckling event could be related to kin
selection and a certain type of social benefit, where the daughters preferred to stay and
rear their offspring in the same group, to protect and increase the survival rate of the
young. Similarly, in species with a strong social group structure, such as meerkats (Suricatta
suricatta), allonursing practices are common, mainly in mothers that have lost their young.
These animals do not only allosuckle non-filial young, but also engage in anti-predatory
activities, such as staying alert to protect the young, involving the entire community [149].
A similar situation was observed in wild cavies (Cavia aperea). Cavies usually live in
groups of one to four adults, where the mother–offspring bond is strong. In these animals,
alloparental care is unusual. However, it was observed in a group of one male, two females,
and four young, in which social structure, food availability, calving time, group adaptation,
and cohesiveness may be factors that contribute to the presentation of this behavior. In
contrast, in reindeers, cooperative care of animals has not been shown to provide a social
benefit for the mother [133].

Another benefit that is associated with social improvement includes the group aug-
mentation hypothesis, which is considered to be a way to enhance indirect fitness [150].
This hypothesis refers to a reproductive improvement in breeders, survival of the herd,
and keeping a large population of individuals within a group that can promote long-term
benefits [151]. It is important to consider that the group augmentation hypothesis can also
enhance direct fitness [151–153].

4.1.5. Milk Evacuation (Milk Dumping)

The milk evacuation hypothesis is related to the excess of milk and the inflammatory
consequences that this causes in the dam. This hypothesis states that allonursing helps to
evacuate milk that the dam’s own infant does not consume by offering it to alien offspring.
Among wild animals, this practice could have the advantage of reducing the female’s
weight, improving their agility when being hunted [73]. This pattern is observed more
frequently in polytocous species, due to the large litter size, where it also constitutes a
benefit by reducing the cost of milk production, since they are species with large litters by
nature [104]. In the evening bat (Nycticeius humeralis), Wilkinson [125] stated that mothers
who produce large amounts of milk allonursed alien pups to prevent mastitis development
and promote milk evacuation.

In some species, milk production has also been associated with allonursing. Allo-
suckling also increases teat stimulation, with consequent oxytocin release and increased
milk production in some cases. This observation is similar to that found in a group of 35
buffaloes of the Murrah, Jaffarabadi, and Mediterranean breeds. The buffalo females that
fed alien offspring showed higher levels of daily milk production and total production
(peak of 6.96 ± 0.3 kg/day, and 1853.0 ± 76.2 kg, respectively), especially in those who
allonursed male calves [97]. In contrast, as mentioned by Paranhos da Costa et al. [96],
the daily milk production of buffaloes suckled by female calves was higher than in those
suckled by males (4.56 ± 1.01 vs. 4.181 ± 0.60, respectively), although the bull-calves ob-
tained greater weight gains (0.49 ± 0.13) compared to the heifers (0.39 ± 0.11). Something
remarkable regarding this hypothesis is that sharing milk with non-filial young does not
imply a nutritional imbalance for the filial calf, since the milk offered represents an amount
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that the filial calf cannot consume from its mother [78]. Similarly, in females who have lost
their young, due to miscarriages or other events, alloparental care benefits the health of the
udder by promoting the expulsion of milk and preventing mastitis [129].

4.1.6. Misdirected Parental Care

In contrast to these proposals, but keeping in mind that the priority for the females of
gregarious animals is to optimize the care and feeding of their own offspring, allonursing
has also been conceived—negatively—as an erratic or misdirected behavior, attributed to
dams who fail to perceive that they are nursing an alien newborn. This hypothesis includes
the allomaternal care events in which the female nurses and feeds non-filial offspring
without recognizing it as alien young, or perhaps she is aware that an alien newborn is
stealing her milk, but does not reject it. Some authors infer that in this case, the benefit
of group rearing is greater than the cost of being vigilant and preventing an alien calf
from stealing the milk [98]. Within this hypothesis, mismothering and milk theft are also
included. Both are considered to be maladaptive processes [133]; however, although some
authors use both without distinction, the hypothesis of milk theft is often associated with a
trait linked to the newborn rather than to the mother [154].

Zapata et al. [99] reported such apparent unawareness, or lapses in attention, among
wild guanaco dams in the Parque Nacional Torres del Paine in Southern Chile. They
observed two guanaco calves, about one month in age, being nursed simultaneously by
a female. One was her own young, and the other an alien. Both newborns appeared to
be healthy and in a good nutritional condition. During the periods of allosuckling, the
dam apparently did not realize that the alien calf was positioned behind her own offspring.
Even after moving her head to look behind, she showed no active signs of rejection, such
as walking away, kicking, or spitting; she did not reject the alien offspring. The authors
hypothesized that her behavior might be based on a cost–benefit balance, in that the milk
thieving produced less pathological risk than the energy expenditure required to remain
sufficiently alert to detect, recognize, and reject the alien calf [73].

In pinnipeds, such as the South American fur seal (Arctocephalus australis), recognition
of the young, after foraging trips to the sea, is performed through vocal and olfactory
signals. The pup does not usually set connections with members other than its biological
mother. However, low percentages of allosuckling have been observed (3.37%), and are
attributed to misdirected parental care when the mother returns from the sea and cannot
recognize the pup. It can also be motivated by the hunger of the offspring, who approaches
the non-filial mother to suckle, with the risk of suffering aggression from them, while
the mother returns. Another likely reason could be the individual characteristics, such as
behavioral syndromes and the personality of the offspring that performs the mentioned be-
haviors [92]. This result was similar to that reported in Steller sea lions (Eumetopias jubatus),
species in which the period required to raise a single pup is long. Maniscalco et al. [126]
observed only 28 cooperative breeding events, where eight primiparous females devoted
more time to non-filial care (median of 359.1 s), due to maternal inexperience, in compari-
son to the same number of multiparous females (29.8 s), who also rejected any approach
unless they were found sleeping. Furthermore, adoption was described in a mother who
had lost her pup after a few days of birth. Although another 19 pups died, no other
adoption case was reported, so the authors did not consider it as misdirected parenting,
since the adoptive mother had previous maternal experience. Lastly, even though females
are considered to give allomaternal care because they are not capable of identifying filial
from non-filial young, selectivity in nursing certain offspring has also been reported, which
can be interpreted as the mother understands that it is not her young, but the benefit of
nursing the alien offspring is greater [125].

The studies mentioned above show that the maternal strategy of allonursing has
significant benefits for the newborn fitness that can also strengthen the immune system.
Examples of these benefits are accelerated growth, better nutrition, and survival of the
newborn among the group [155]. This is due to the protection of the young by other
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members of the herd and the reduction in time between meals when several mothers feed
non-offspring [78]. Similarly, this could be due to licking, huddling, thermoregulation of
the newborn, and the improvement in their immunocompetence by the transmission of
immunoglobulins and lymphocytes through the milk of different mothers [156]. For the
mothers, the improved reproductive capacity of females has also been reported [156]. In
addition, there are some limited benefits to the mother when parenting is directed at close
relatives [78], although in house mice this is mentioned as a direct adaptive benefit [157].
These benefits, however, entail a cost for the female, since lactation requires the availability
of a greater energy load [78]. Various explanations have been proposed to elucidate the
benefits of this costly behavior for dams, most of which are focused on adaptive aspects
derived from maternal care. One suggests that females nurse to acquire experience in
maternal care (as mentioned in the misdirected parental care hypothesis), while others
posit allonursing as an effective means of evacuating excess milk that can accumulate and
cause pain [78], foster systemic or mammary gland infections [92], or impede mobility.
Still, others propose that it increases the probability of reciprocal behaviors, or provides
indirect benefits when dams nurse the offspring of females in the group who are related
by kinship ties (as stated in the kinship hypothesis) [78]. In pigs, the teat stimulation of
filial and non-filial offspring has been shown to increase milk production in the current or
subsequent nursing and allonursing behaviors [158]. However, there are some exceptions,
and additional scientific studies must be conducted to clarify the precise causes of this
maternal behavior and the circumstances in which it is performed in a wider range of
species [122]. Future studies must consider the non-nutritional aspects of allonursing, such
as when the newborns do not consume the mother’s milk, but the mother accepts the
interaction. In this situation, why are mothers giving offspring access to their udders?
Understanding whether this effect is due to a benefit to the mother, in terms of milk
production by stimulating receptors in the teats, or whether the mother simply responds to
a biological need of the calf, could expand the current understanding of community care
of the young. Similarly, the immunological benefits that can be obtained from communal
breeding is another field that needs in-depth study to discern the physiological benefits
of allosuckling.

4.2. Allosuckling: A Strategy for Offspring?

Allosuckling is often correlated with milk thieving by alien offspring and in females
who allonurse after losing an infant [90]. This behavior provides advantages for newborns by
allowing them to satisfy their nutritional needs by stealing milk from an alien dam [77,122].

4.2.1. Milk Theft

Milk theft constitutes one of the most studied hypotheses, in which non-filial offspring
steal milk from non-filial mothers by placing themselves in positions where the female
cannot see them, or by doing so in conjunction with filial calves to increase the probability
of feeding success, as in the case of giraffes [123]. If the infant’s own mother cannot satisfy
its needs—because she died, is primiparous or inexperienced, or has inadequate milk
production—it will turn to an alternative source and begin to steal milk from a substitute
female [73]. This condition has been reported in domestic animals, such as bovines of
the Curraleiro Pé breed in Brazil, where allosuckling occurred in the presence of the
filial newborn and the non-filial calf. In those cases, fattening cows apparently did not
discriminate between grooming and nursing alien offspring [159]. These cows, with low
selectivity for their calves, have some practical uses within some cattle farms (Figure 5). In
the river buffalo (Bubalus bubalis), allosuckling has been linked with maternal inexperience
in young females, whose hungry calves may begin to steal milk from alien mothers [73]
to satisfy their nutritional needs and ensure their survival. Among wild animals, reports
on Iberian red deer (Cervus elaphus hispanicus) indicate that if the mother has low milk
production, the offspring tend to suckle more from other females. Studies of this species
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thus propose allosuckling as a compensatory response to a reduced supply of the mother’s
milk [73].

 

Figure 5. Even though, in most ungulates, cows develop exclusive care towards the young that they recognize in the first
hours postpartum, adepted from [56], some cows display no rejection to calves from other cows. In practice, these cows
may be selected for the rearing of orphaned calves or for those whose mothers do not produce enough milk.

Regarding the observations of attempts by newborns to perform allosuckling, recent
studies that compare the results of research from the 1990s show an increase in the percent-
age of time that offspring perform this behavior, over the 10% of total time that offspring
devoted to suckling from alien dams in the 1990s. Attempts to explain this difference cite
the controls imposed in earlier research, advances in the tools provided by the science of
etiology, and increases in the frequency of animals being held in captivity, in intensive pro-
duction systems that may trigger this behavior as part of a pattern to protect the offspring.
The observations, in this regard, show that both domesticated and wild animals kept in
captivity show increased allosuckling behavior by the offspring, reaching levels as high
as 50 and 43% in river buffaloes and fallow deer (Dama dama), respectively, as well as in
wild mouflon (Ovis musimon). Studies of captive Iberian deer found that milk ingestion
by allosuckling reached levels as high as 37.8% of all nursing events when performed
under group conditions [73]. Zapata et al. [99] analyzed 123 h of video recordings of wild
guanacos, but observed only one case of allosuckling. They described the event as follows:
While the mother was caring for her own calf in an antiparallel position, an alien young
accessed the female in a parallel position behind the filial offspring. When the non-filial
calf began to suckle, the mother smelled and recognized her own young. The dam showed
a passive attitude after smelling her calf and remained still for around 30 s. The alien calf
took advantage of that time to suckle, separating from the female when the group began to
move. The researchers concluded that this behavior is uncommon among free-roaming
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guanacos. This agrees with Murphey et al. [79], who mentioned that the acceptance rate of
an alien water buffalo calf increases when filial calves are feeding.

Concerning the position adopted in cases of successful allosuckling, Olléová et al. [65]
found that the most common orientation of the Grevy’s zebra foals was inverse parallel,
followed by the parallel position, with very few cases of the perpendicular posture. Their
study documented allonursing in zebra species housed at the Dvur Králové Zoo in the
Czech Republic; there were 29 foals and 23 mares of plains zebras in three herds, 8 foals
and 18 mares of Grevy’s zebras (Equus grevyi) in one herd, and 6 foals and 9 mares of
mountain zebras. They observed the following four specific events: successful nursing
(uninterrupted from 5 to 60 s); attempts by foals to suckle at their mothers’ udder (<5 s or
when the mother did not permit contact with the teats); attempts to allosuckle; successful
allosuckling. They also noted the nursing foal’s position relative to the mare (inverse
parallel, perpendicular, or parallel). Their findings for the Grevy’s zebras revealed a
relation of 1729 successful filial nursing attempts vs. 824 unsuccessful attempts, with
13 successful allosuckling events vs. 117 failed attempts. Among the plains zebra foals,
both successful and unsuccessful attempts at nursing from their own mothers were more
frequent (4614 successes vs. 3192 failures). No successful attempts at allosuckling were
observed, and only one failed attempt was recorded. The observations of the mountain
zebras showed greater success in nursing behavior with the foals’ own mothers (843)
compared to failed attempts (296), but only one, unsuccessful, attempt at allosuckling.
The authors concluded that Grevy’s zebra mares show greater tolerance towards alien
foals than those of the other two zebra species, perhaps due to their social bonds and the
lack of a hierarchy in this species compared to the other two. In addition, allosuckling
may occasionally occur among Grevy’s zebras, only during a specific period, as has been
observed in captivity. Finally, the foal’s perpendicular position means that it is easily
detectable by the alien dam, but even so, she allowed it to nurse. This led the authors to
suggest that the dams’ position in the group’s social system could influence the frequency
of allosuckling in this species.

In semi-domestic reindeers (Rangifer tarandus), milk theft and antiparallel positions
were attributed to allosuckling events [127], in which females recognize non-filial offspring
(misdirection does not occur) and kin selection has no relevance in their care. A similar case
was observed in Bactrian camels (Camelus bactrianus); this theory has also been reported as
the reason for allosuckling, a prevalent behavior of older calves allosuckling, motivated by
the weaning of the biological mother [146]. Regarding Bactrian camels (Camelus bactrianus),
Miková and Sovják [73] observed that animals held in captivity seemed to exhibit allosuck-
ling behavior similar to that observed in other animals. Similarly to other ungulates in the
wild, this species lives in social groups, which is a fact that seems to favor allosuckling
behavior by offspring. These groups of camels are made up of mostly females with their
young. During the reproductive period, they are joined by males that fight to maintain
their harem. Groups maintained in captivity are similar—females and offspring, adults,
and males—but males are allowed to mate with the females during the estrus period, and
they remain together year-round.

There is no scientific evidence suggesting that captivity generates allosuckling in these
offspring, which remain with their mother for 1–2 years, a period of virtually exclusive
care, though the dams do not perform active maternal behaviors, such as cleaning the
calf or bringing it close to the udder [73]. This is in contrast with other domesticated
animals’ characteristic behaviors, such as buffaloes, cows, and sheep [64]. In contrast,
there are reports that allosuckling in guanacos held in captivity ranges from 4.1–40% of
all nursing episodes. This suggests that the indices of allosuckling in one species can vary
considerably, suggesting the need to contemplate environmental conditions as well [99]. In
a study of Pampas deer (Ozotoceros bezoarticus, Linnaeus 1758), Villagrán [160] mentions
that, under conditions of semi-captivity, the duration of the mother–infant bond may be
prolonged naturally, due to space limitations and the increased frequency of contact among
individuals. This may also facilitate allosuckling behavior.
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When alien offspring allosuckle, there are certain modifications in the signals of the
filial behavior of both the mother and the young. Silveira et al. [115] studied 24 primiparous
crossbreed heifers and 11 multiparous beef cows (parity 2–9) and observed that after the
implementation of a regimen of controlled nursing, the dams initially smelled the alien
calf, often thoroughly, but ignored it later when it attempted to nurse. When the calves
born to the beef cows were exposed to the alien mother, they attempted—almost without
exception—to avoid face-to-face interaction, instead of concentrating their efforts to bypass
a board placed to block access to the udder. In contrast, the dams of that group generally
responded to their offspring by exchanging vocalizations, smelling, licking, and staying
close during periods of face-to-face interaction. Another behavior observed frequently was
pseudo-suckling of the dam’s chest area and neck. The filial calves, in comparison, sought
face-to-face interaction and waited, showing some patience, for the board to be removed,
so they could begin to suckle. The filial calves of the cows were nursed completely and
adequately shortly before the 10 min period elapsed. They were then removed easily from
the corral where the mother was held. The alien calves nursed more vigorously, more often,
and apparently touched the teats with greater force. Invariably, the alien calves had to be
forcibly separated from the teats after 10 min and then expelled from the pen. The typical
nursing posture adopted by all calves was either the classic inverse parallel position at a
45◦ angle, or perpendicular to the mother’s body [115].

In general, this hypothesis applies better for monotocous females, for whom milk
production means a high energy demand, so they do not usually share their production
voluntarily [78]; it also applies for species whose litter size is large, so it is more difficult
for the mother to identify non-filial offspring [77]. Although, König [157] considers that in
polytocous species, the milk theft hypothesis is less probable. In house mice, communal
nursing represents a benefit for the pup, regarding thermoregulation, defense against
predators, and feeding. In the African lion, the females may recognize the alien newborn,
but perform allonursing nonetheless.

4.2.2. Compensation

In primiparous females that usually give birth to young with low birth weights, or
whose amount of milk is not enough to cover the needs of the calf [88,129], compensation
by allosuckling has been reported in cattle and buffaloes [161]. Zapata et al. [124] have
reported that, in guanacos, the mothers of calves that request allosuckling have a low
body condition (p = 0.02) and nutritional deficiencies that can lead the young to feed
on other dams, who accept the interaction 57% of the time. On the other hand, female
water buffalo that suckle other calves tend to restrict the amount of milk they consume,
so the calf prolongs the sucking time and performs allosuckling to meet their nutritional
requirements [93]. It is important to note that allosuckling should not be seen as a negative
aspect, or isolated from the characteristics of productive units and conditions of captivity,
because it impacts the offspring’s productive performance, just as birth weight, birth
order, sex, and age do [73]. Víchová and Bartoš [94] reported that female offspring suckle
more from alien mothers than male calves, and in the young of fattening cattle than those
of crossed dairy breeds. Paranhos Da Costa et al. [96] found that male buffaloes feed
more from their own mother (2.25 times) and non-filial females (2.4 times), with greater
daily weight gain (0.490 ± 0.13 kg/day), than females, who spend more time, on average,
suckling from their own mothers (two times) [96,97].

Engelhardt et al. [19] compared the compensation and improved nutrition hypotheses
in reindeer (Rangifer tarandus). Regarding compensation, they evaluated 25 animals with
their calves to quantify whether newborns benefit when having a low birth mass, insuf-
ficient maternal milk supply, or delayed growth. The results showed that, although the
number of allosuckling events was not influenced by low birth weight, the same animals
increased their mass gain while being more involved in allosuckling bouts (0.46% increase
from birth to 67 days old); however, no data were found to support the compensation
hypothesis. In contrast, in other species, allosuckling has been reported to respond to
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deficiencies in newborns, such as domestic cattle (Bos taurus). In these, the incidence of allo-
suckling was higher in calves that suckled from alien mothers, which was associated with
low birth weight or an insufficient supply of maternal milk (GEE, X2 (1) = 3:73, p = 0.05) [94].
In contrast, in 33 fallow deer (Dama dama), despite a high incidence of allosuckling (73%),
no data were found that could confirm that fawns allosuckle to compensate for their milk
requirements not being met [162].

Another example is found in the work of Réale et al. [163], with mouflon (Ovis gmelini
musimon) during the lambing season. In this study, the authors found that the lambs
performed allosuckling in seasons in which the food resources were limited, and had
lower growth rates, which is considered to be a constraint in maternal expenditure. In
10 cattle dams, with 20 twin calves from several-bred crosses who showed a high frequency
of allosuckling (in 42% of the bouts), the compensation hypothesis was associated with
mothers who did not have enough milk for their young [164].

4.2.3. Improved Nutrition

In river buffalo, calves consume the milk of a non-filial female, despite feeding on their
mother, perhaps due to nutritional deficiencies that are compensated by allosuckling [64],
although a low growth rate of the donors’ calves has also been reported [79]. On the other
hand, there are also situations in which allosuckling does not imply any advantage to the
calf, as mentioned by Lee [129] in African elephants (Loxodonta africana), where allosuckling
events represented only 3.7% (of a total of 1865 events) and were performed on nulliparous
females. Therefore, they did not provide milk to the alien offspring, and nutritional
improvement was absent. The effect that allosuckling exerts on foster mothers was also
investigated in a group of meerkats (Suricatta suricatta), where allosuckling females lose
around 1.43 ± 44.07 g of weight overnight, representing a non-significant change in their
weight. Contrarily, non-allonursing mothers had an average weight gain of 20.07 ± 56.14 g,
which implies that there is a very low degree of energy stress that does not represent a risk
in these species, where the maintenance of an adequate body condition is important for
their survival, fertility, and dominance [149].

A greater frequency of allosuckling is also sex-related, as male and female calves,
respectively, may perform this behavior occasionally or frequently. On this topic,
Drábková et al. [165] studied a group of 28 farmed red deer over two seasons, recording
1730 episodes of suction during 1696 episodes of lactation in 38 fawns born to 23 does.
They classified the fawns as frequent or sporadic allosucklers. They observed at least
one allosuckling event in 26 of the 38 fawns. Allosucking behavior began during the
first week of the fawn’s life. The male fawns performed more allosuckling than females
and their duration of allosuckling was longer. The authors concluded that allosuckling
fawns have different nursing behaviors, and that recurrent and sporadic allosucklers
should be considered when analyzing this behavior.

Effects of Sex and Age of Offspring on Allonursing

Another feature observed is that as the offspring’s exclusive alimentation with the
mother’s milk decreases with greater age, the frequency of allosuckling also diminishes.
Víchová and Bartoš [94] found, in beef cattle, that as the age of the calves increased,
allosuckling tended to decrease. Naturally, this tendency towards a reduced intake of
the mother’s milk with greater age has also been observed in red deer in the wild, where
nursing ends after six to seven months, and on commercial farms, where weaning may
occur between 3 and 12 months of life. This act invariably reduces the duration of the
mother–infant bond and fosters the offspring’s independence [160]. Hence, allosuckling
also decreases as the age of the alien offspring increases, as Drábková et al. [165] reported
for farmed red deer (Cervus elaphus).
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4.2.4. Immunological Function or Benefit

One of the main benefits of allosuckling for the calves is the possibility to obtain a
wide variety of antibodies by feeding on different females, to enhance their immune system
and resistance to diseases [80]. The dam’s own offspring and an alien newborn could
obtain cross-transfer antibodies that are acquired passively by newborns in the group.

When the dam is exposed to pathogenic microorganisms, the mammary gland pro-
duces IgA immunoglobulins through plasmatic cells derived from B lymphocytes in the
intestine. These immunoglobulins migrate with the plasmatic cells into the milk 2 to
4 weeks before farrowing, then the transfer of IgG and IgM from the blood to the mam-
mary tissue takes place and peaks at parturition. Therefore, premature births, excessively
short drying periods, or induced births can produce low amounts of colostrum in im-
munoglobins, such as IgG. This is important because colostrum is the fluid that, on average,
contains the highest concentration of immunoglobulins; it contains 6 g in 100 g, ranging
from 2 to 23%, compared to just 0.1% in milk [109]. In foster cows, suckling by alien calves
in the first hours after birth is important for colostrum intake [166]. In contrast, wild pigs
seem to prevent suckling from non-filial offspring by separating from the group before
farrowing and rejoining 10 days after birth [158]. In another aspect, the mother–young
binomial (her own or alien) benefits from allonursing because the newborn’s oral cavity
contains a variety of microorganisms, many of which could be pathogenic. Contact with
the dam’s tissues can cause cell lysis that activates the production of antibodies, which
are transported in the bloodstream to the antigens contained on the cell surface of the
microorganisms. As a result, ingesting maternal antibodies through the milk of the real or
alien mother protects the young from possible infection. The allosuckling infant receives
greater protection because it obtains higher antibody levels from the milk of different
dams, especially when we consider that the females may be in distinct stages of antibody
production for a certain pathogen, and implies genetic advantages in which some females
may have specific alleles that allow them to produce distinct or more effective antibodies
than those of the biological mother [95]. The immunological advantages not only refer
to those destined for the calf, as Roulin [80] has described an endocrine regulation of
allosuckling, where the maintenance of high concentrations of prolactin contributes to the
immune reinforcement of the mother.

In rodents (Octodon degus), the relationship between communal rearing and the trans-
mission of passive immunity, measured in the ratio of white cells and IgG in the mother
and newborns, has been studied. However, none had an association between immunocom-
petence and communal rearing [167]. In the same species, Becker et al. [168] found that
communal breeding offers immunological properties, in which feeding on more than one
female allows them to obtain antibodies and defense cells, such as IgG and IgA. Although
it was shown that mothers can transfer antibodies to offspring and non-offspring during
lactation, the data did not show an immunological improvement to support the hypothesis
of immunocompetence.

Finally, it is important to highlight that allosuckling may entail disadvantages for
the alien offspring, such as a higher probability of suffering lesions by the responses of
particularly aggressive alien dams [124], and a high risk of the transmission of pathogens
through the milk [64]. Dalto et al. [169] suggest that allosuckling is a risk factor for
contracting Johne’s disease or paratuberculosis in buffalo, while milk production can also
be affected in the dam-rearing systems of cattle and buffaloes [170].

4.3. Altruism in Allomaternal Care?

Although the mentioned hypotheses seek to explain why females engage in alloma-
ternal behaviors, the probability that non-filial mothers accept alien offspring has also
been associated with an act of altruism [64]. In these circumstances, the non-filial off-
spring succeeds in allosuckling without the presence of the biological calf; for example,
Brandlová et al. [171] observed five events of allosuckling in camels (Camelus bactrianus)
and concluded that there is a probability that females recognize the young as a non-filial
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calf, but tolerate the approach because the benefit is higher or does not represent a consid-
erable cost. These reasons continue to be research elements for further work in all species
in which alloparental care predominates.

The effect of stress deserves a final consideration. In several studies [172,173], suckling
is associated with significant alterations in the reactivity of the hypothalamic–pituitary–
adrenal (HPA) axis during the postpartum period. During lactation, suckling increases
both oxytocin and prolactin release, and decreases the plasma levels of ACTH and cortisol,
suggesting an inhibitory influence of lactogenic peptides on the HPA axis [174], which
could add positive mental states, reducing stress levels during allonursing/allosuckling.

In general, nowadays, different benefits from allonursing/allosuckling have been
suggested; for example, individuals can gain experience by caring for other offspring,
which can translate into better reproductive performance when they become mothers [100].
However, in the future, it is necessary to evaluate this and other types of possible advan-
tages, and carry out experiments that allow for controlling the effect that variables such as
parity, age, and the female’s own experience may have on those individuals. In addition
to the above, it is necessary to increase not only the evolutionary approaches, but also
to deepen the physiological mechanisms involved in allonursing/allosuckling. Similarly,
within livestock production, it is necessary to evaluate the economic costs or productive
and reproductive benefits that this type of behavior can bring.

5. Conclusions

The phenomena of allonursing and allosuckling are currently being documented in
an ever-greater number of domesticated and wild animal species, including both terrestrial
and aquatic mammals. Because allonursing forces alien dams to increase their energy
expenditures, by allowing alien offspring to feed at their udders, it is a strategy that
most commonly develops within social groups where the group members do not change
frequently, and the social structure is maintained for long periods. During allonursing,
both the alien offspring and the non-filial mothers obtain the following benefits: improved
welfare for the former (by improving immunity, satiating hunger, and satisfying behavioral
needs, such as sucking, among others) and better maternal performance for the latter (i.e.,
increasing experience). However, we cannot lose sight of the other side of the coin, since
allonursing also has the potential to compromise animal health by transmitting disease-
causing microorganisms. Nevertheless, even this negative aspect has a positive side, since
increased antibody production and transport through lactation may benefit both the dam
and the offspring. Further studies will be required to more precisely determine the specific
benefits that allosuckling and allonursing could provide to dams and offspring, both their
own and alien.
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