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Adriana Olmos-Hernández, Antonio Verduzco-Mendoza and Daniel Mota-Rojas

The Importance of Animal Models in Biomedical Research: Current Insights and Applications
Reprinted from: Animals 2023, 13, 1223, doi:10.3390/ani13071223 . . . . . . . . . . . . . . . . . . 19

Sebastian Martinez-Lopez, Enrique Angel-Gomis, Elisabet Sanchez-Ardid, 
Alberto Pastor-Campos, Joanna Picó and Isabel Gomez-Hurtado
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Preface

The 3Rs principle (replacement, reduction and refinement) is not only the cornerstone of current

legislation on the use of laboratory animals, but also the framework that allows for us to think about

and evaluate the benefits and harms of using animals in biomedical research. It is, therefore, of great

interest to be able to share both the theoretical and practical advances that have been made in this

area. With this in mind, he has written this reprint for all those who work with laboratory animals.

This Reprint presents a range of perspectives on current research into the implementation of the 3Rs,

from practical applications to theoretical frameworks, all with the common aim of improving the

welfare of laboratory animals.

Garikoitz Azkona

Editor
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Editorial

Implementing the 3Rs in Laboratory Animal Research—From
Theory to Practice

Garikoitz Azkona

Department of Basic Psychological Processes and Their Development, Euskal Herriko Unibertsitatea (UPV/EHU),
Tolosa Hiribidea 70, 20018 Donostia, Spain; garikoitz.azkona@ehu.eus

The regulatory framework for the use of animals in research in many countries is
based on the 3Rs: replacement, reduction, and refinement [1]. These principles state that
if it is necessary to use animals in experiments, researchers should make every effort to
replace them with non-sentient alternatives, reduce their numbers to a minimum, and
refine experiments and housing conditions to minimize pain and distress as much as
possible. Thus, the 3Rs concept serves both as a framework designed to minimize animal
use and suffering (harm to the animal) and as a means to support high-quality science and
translation (benefit to society) [2].

This Special Issue compiles the latest research results and advances relevant to the
3Rs. A total of 23 papers have been published: 12 research articles, 1 commentary,
2 communications, 1 concept paper, 5 reviews, and 2 systematic reviews. The contributions
are listed below.

Most of the published articles and communications have focused on the third
R: refinement. In terms of husbandry, it has been observed that male CD1 mice raised
together with environmental enrichment in well-ventilated cages showed fewer signs of
stress (1). Conversely, single-housed mice exhibited changes in the immune–endocrine
system (2). Concerning experimental processes, the use of clicker training improved com-
pliance in the catwalk test (3), and acclimation and saphenous vein puncture for blood
collection reduced stress in C57Bl/6J mice (4). Two articles explore the use of imaging
tools to reduce animal numbers and improve their welfare, employing Positron Emission
Tomography (PET) to track animals throughout their lives (5) and camera-based respiration
monitoring, which reduces animal handling (6). In the same vein, a gelatin-based voluntary
ingestion protocol is proposed to administer drugs (7). Pérez-Martin et al. (8) describe a
refined stereotaxic neurosurgery technique for long-term intracerebroventricular device
implantation in rodents. A score sheet is proposed to evaluate the animal welfare of the
type 2 diabetes rat model induced by streptozotocin following fructose consumption (9).
Two papers focus on replacement: the use of organoids to evaluate cellular therapies (10)
and a new in vitro assay to determine the biological activity of insulins (11). Peruga and col-
laborators (12) ponder whether current animal models are useful in researching how female
hormones influence orthodontic biomechanics. The fourth R, rehoming, has been a positive
experience using golden hamsters after their use in SARS-CoV-2 vaccine research (13).

In their commentary, Verderio et al. (14) provide an overview of the current status
of the 3Rs and emphasize the need for bioinformaticians to achieve high standards of
animal research. The review articles of this Special Issue have focused on the importance of
animal models in biomedical research (15), the most widely used techniques to implement
the 3Rs in experimental liver research (16), the adverse impacts of sex bias on science
and animal welfare (17), the gaps and challenges in primate pain management (18), and
ultrasound-guided surgery as a refinement tool in oncology research (19). Regarding
systematic reviews, one focuses on the possible causes and solutions to aggression between
grouped male mice (20), and the other summarizes published advances in the refinement
protocols made by European Union-based research groups in the last 10 years (21). Finally,
in his concept paper, David B. Morton (22) proposes a mathematical model to analyze

Animals 2023, 13, 3063. https://doi.org/10.3390/ani13193063 https://www.mdpi.com/journal/animals
1



Animals 2023, 13, 3063

measurement data to determine the degree of harm (or severity) incurred by an animal
during research. Likewise, De Vleeschauwer et al. (23) developed a severity classification
for all procedures performed in two Belgian academic biomedical institutions.

Overall, this Special Issue presents a range of perspectives on current research in
implementing the 3Rs, from practical applications to theoretical frameworks, all with the
shared aim of enhancing the welfare of laboratory animals.
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Simple Summary: The 3Rs principle refers to three concepts: Replacement, Reduction and Refinement.
These principles should be taken into consideration during the planning and execution of experiments
by trying to replace the animal model with an alternative model (if possible), reduce the number of
animals by adopting proper and efficient statistical designs, and refine and improve the experimental
conditions. The first application of this principle in Europe was reported in the document of the Council
Directive of 24 November 1986 (86/609/EEC), and then developed in the updated Directive 2010/63/EU
of the European Parliament and of the Council of 22 September 2010. Here, we discuss the perspectives
of the 3Rs principle, with a particular focus on the concept of Reduction.

Abstract: Animal experimentation is a vast ecosystem that tries to make different issues such as
legislative, ethical and scientific coexist. Research in animal experimentation has made many strides
thanks to the 3Rs principle and the attached legislative decrees, but for this very reason, it needs to
be evenly implemented both among the countries that have adhered to the decrees and among the
team members who design and execute the experimental practice. In this article, we emphasize the
importance of the 3Rs principle’s application, with a particular focus on the concept of Reduction and
related key aspects that can best be handled with the contribution of experts from different fields.

Keywords: 3Rs principle; replacement; reduction; refinement; in vivo experiments; animal welfare

1. Introduction

Although about 60 years have passed since its publication, the 3Rs principle has not
lost its relevance; indeed, the ideas put forward by Russell and Burch [1] are still current
and continue to represent a flexible and valuable tool to guarantee both the welfare of the
animals used in laboratories and the quality of the data collected. The 3Rs principle refers
to three concepts: Replacement, Reduction and Refinement. During the planning phase
and the execution of an in vivo experiment, the researcher should follow this principle
as much as possible, trying to (i) replace, where possible, the animal model with an
alternative model, (ii) reduce as much as possible the number of animals used by adopting
experimental designs that are as efficient as possible and (iii) refine and improve the
experimental conditions where animals are involved.

The first application of this principle in Europe was reported in the document of the
Council Directive of 24 November 1986 (86/609/EEC) [2], and developed in the updated
Directive 2010/63/EU of the European Parliament and of the Council of 22 September
2010 [3], which describes the issues related to the protection of animals used for scientific
purposes and regulates the use of animal models in the European Union. All member states
have to transpose the Directive 2010/63/EU in its legislation, and Italy must specifically
follow the Legislative Decree 26/2014 [4].
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Here, we discuss the perspectives of the 3Rs principle with a particular focus on the
concept of Reduction and key aspects related to in vivo study implementation, such as
blinding and randomization, together with statistical–methodological issues related to
experimental design. It is beyond the scope of this communication to report an exhaustive
description of the available statistical designs, although proper references will be provided
throughout the text.

2. The 3Rs Principle

2.1. Replacement

The concept of Replacement refers to the possibility of replacing the animal model
with an alternative one, thanks to the use of non-sentient material [1]. Russel and Burch [1]
described a number of alternative methods, such as plants, microorganisms, bio-chemical
systems and non-living physicists, and distinguished between relative and absolute replac-
ing techniques [5]. Over time, this concept has evolved into partial replacement (i.e., relative
replacement) and full replacement (i.e., absolute replacement). Partial replacement implies
the use of another species characterized by a relatively less complex nervous system than
the original one and that currently are not considered capable of experiencing suffering [6],
such as invertebrates and immature forms of vertebrates or the use of primary cells (and
tissues) taken from animals killed solely for this purpose (i.e., not having been used in a
scientific procedure that causes suffering). Conversely, as regards to full replacement, in
2005, Buchanan-Smith [7] declared that the 3Rs “still remain the best approach to alterna-
tives” and defined the concept of Replacement as “the set of procedures that completely
eliminate the use of some animals”. In this case, the animal model is completely eliminated
by the use of an alternative method such as tissues and cells, established cell lines and
mathematical and computer models.

Alternative Methods

Currently, alternative methods to the animal model include the use of a variety of
bioengineered in vitro and ex vivo systems, including organoids, scaffold-based 3D models
and microfluidic systems to resemble and capture aspects of human physiology that were
unthinkable until few years ago with a good level of realism [8]. The main feature of all
these methods relies on the opportunity to address advanced question due to their more
intact cytoarchitectural structures and microphysiological processes as well their multiple
interacting cell types and multiorgan ones. Although these models can be interpretable by
adopting conventional techniques available to pathologists, efforts for their characteriza-
tion, validation and standardization are needed to confirm their adequacy for the specific
question and their fully applicability [9].

For example, concerning bioprinted microtissues, some key aspects should be taken
into account, including the selection of cell types and growth media as well as the composi-
tion of extracellular scaffolds that support a defined (2D or 3D) architecture [9]. Similarly,
mini-organs are designed to reflect the structure and key functions of a complete organ,
with a 2D or 3D tissue architecture depending on the nature of the model fabrication
process [9]. A special emphasis regards organoids, which are 3D structures organized in a
specific spatial pattern characterized by an organ-like architecture resembling the organ of
interest and including the biological functions of those tissues without the influence of other
organs and systems of the whole organism [9,10]. As recently reported by Kim et al. [11],
different cancer types have already been cultured as cancer organoid models. Although
cancer organoids represent a powerful and potential in vitro system for drug screening and
for predicting the best therapeutic options for individual patients, additional research is
needed in order to standardize the set-up of entire organoid protocols.

Already in 2013, Lancaster and colleagues [12] described so-called cerebral organoids
to recapitulate the human brain tissue. Then, in 2018, Madhavan et al. [13] reported the
generation of oligocortical spheroids to study the myelination of the developing central
nervous system. Koike et al., in 2019 [14], developed hepato-biliary-pancreatic organoids
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as a model for the study of complex human endoderm organogenesis. Chen and col-
leagues [15] provided in their review a complete picture of the recent advancements in
fabricating vascularized tissue and organs, including novel strategies and materials, and
their applications. They also explored the limitations of vascularized tissue engineering and
some of the promising future directions this technology may bring. Moreover, Costa et al.,
in 2017 [16], presented a method to produce microfluidic chips containing miniaturized
vascular structures to mimic the architectures of blood flow patterns in arterial thrombosis.
In the oncological area, the availability of a microfluidic system that recapitulates the physi-
ological and pathological characteristics of human tissues and organs could, for example,
open a new, interesting prospective in mimicking the tumor microenvironment (TME) and
also in recapitulating the interplays between cancer and the immune system [17]. Further
alternative approaches to animal use were presented by Marchesi and colleagues a few
years ago [18]; they created an in vitro network representing a simplified model of the
nervous and cardiovascular systems’ crosstalk. Last year, Barra et al. [19], using bioreactors,
simulated the anatomical–physiological complexity of the blood–brain barrier in vitro,
potentially contributing to improving the management of neurodegenerative diseases in
accordance with the 3R principles. A final note concerns the organ-on-chip (OcC) platforms,
a recent innovation for advanced in vitro modeling, and 3D bioprinting [20]. Despite
their potential, significant challenges remain and efforts are needed in validating these
technologies for biomedical research applications, also in regard to multiorgan models [20].

2.2. Reduction

The principle of Reduction refers to the reduction in the number of experimental
units used in an experimental protocol to obtain relevant and robust results [1]. However,
this does not imply a mere reduction in the number of experimental units but rather a
correct planning of the experiment through the use of experimental designs suited to the
objectives and the statistical nature of the variables under investigation. This presupposes
the employment of the statistical theory of “Experimental Design” including issues related
to the design, methods to control source of bias, and sample size determination, and
therefore, it may require the involvement of experts in (bio)statistics.

Reduction can occur, for example, by using results deriving from previous studies or
pilot studies planned to characterize the variables under investigation and the variability
associated with them, adopting the most efficient experimental design and a sample size
appropriate for the goal. Another option to reduce the number of experimental units is to
harmonize the methodologies used by various laboratories/research institutions in order
to promote the sharing of positive results as well as negative results. This would be of help
in reducing the replication of similar experiments and/or negative results. Three levels of
reduction can be classified as follows [21]:

(i) Intra-experimental reduction: This kind of reduction concerns the number of animals
within each individual experiment or individual protocol within a more complex
experiment. By improving the statistical design, carrying out pilot studies and possibly
through a retrospective analysis of previously obtained data, it is possible to optimize
the minimum number of animals to be used in the experiment in question;

(ii) Supra-experimental reduction: Here, the focus is to disseminate, as much as possible,
the concept of reduction among researchers involved at various levels in animal
experimentation. This can be achieved through the implementation of ad hoc courses
and meetings on experimental designs or statistical methods;

(iii) Extra-experimental reduction: The reduction in this case is obtained through the evolu-
tion of experimental practice at an international level, through harmonization of the rules
related to experimentation and the development of new research and testing strategies.

By focusing on the intra-experimental level, the reduction in the number of animals
used in experiment derives from correct planning of the experimental design and the
related statistical analysis. The use of too many EUs, besides being unethical, would lead to
a waste of effort and resources in terms of money and time. At the same time, the use of an
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insufficient number of animals could lead to the loss of a significant result due to the lack
of statistical power. Even in this case, there would be a waste of resources. The planning of
the entire research flow allows one to obtain the required information and answer(s) to the
original scientific question(s) with satisfactory statistical power and optimized sample size.

Study Design

Before starting the experiment, the researcher must postulate a clear hypothesis to test
and must already know how the data will be analyzed in order to avoid the unnecessary use
of animals in accordance with the 3Rs. The experimenter’s question, the type of variables
under consideration and, consequently, the statistical test to be applied, as well as the size of
the hypothesized effect and the levels of error that one is willing to accept, will influence the
design of the experiment and the number of animals necessary for its management. Figure 1
summarizes the main statistical–methodological factors to be considered in planning
an experiment.

 

Figure 1. Key statistical–methodological factors to be considered in planning an experiment.

First, the design of the experiment must take into account the nature of the study, i.e.,
exploratory or confirmatory (Figure 1, upper part). Exploratory studies usually involve the
investigation of multiple hypotheses, possibly evaluating multiple objectives [22]. These
studies (also called hypothesis-generating studies) are usually used in the initial stages
of research to develop new hypotheses, which can be formally tested later. Confirmatory
studies, on the other hand, are designed to verify the validity of a specific hypothesis
developed a priori. In this case, the statistical analysis should only be focused on the
specific hypothesis, and if more statistical tests are performed, adjustments for multiple
comparisons (i.e., Bonferroni correction or false discovery rate) should be adopted to reduce
the risk of false positive results [22,23].

In addition to the nature of the study, the type of the involved variable(s) should
be clearly defined. Quantitative data are measured on a continuous numerical scale
(e.g., weight, tumor volume) or on a discrete one (e.g., number of injections, number of
metastasis), whereas qualitative data can be measured on a nominal (e.g., genotype) or
ordinal scale (e.g., severity score). A special case of nominal scale is represented by the
binary scale, in which only two levels are available (e.g., presence/absence of a response).
According to the nature of the variable(s), specific statistical models should be adopted.
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Once the above-mentioned factors are defined, the next steps are represented by the formal
sample size estimation (Figure 1, middle part). Briefly, researchers have to define the hypothesis
system, i.e., the null (H0) and alternative (H1) hypotheses; the latter can be one-sided or two-
sided. In parallel, the level of Type I and II errors should be defined: the first one represents
the probability of rejecting H0 when it is true (i.e., false positives results—α level), whereas the
second one represents the probability of not rejecting H0 when it is false (i.e., false negative
results, β level). The complement of Type II error is called statistical power (γ = 1 − β). The last
two components that should be defined—according to the nature of the variable(s)—are the
statistical test to be implemented and the corresponding effect size, i.e., the smallest difference
that we want to detect at the chosen α level. All these inputs are fundamental ingredients for a
formal estimation of the sample size.

By moving towards the implementation of the experiments (Figure 1, lower part), it
could be useful to evaluate the possibility of including appropriate experimental controls.
Specifically, negative controls ensure that an unknown variable does not influence the
experimental outcome; for example, animals can be treated with placebo compared to an
active treatment or simulated surgery versus surgery. This could defend the researchers
against false positive results. Positive controls, on the other hand, ensure that the exper-
iment is actually able to detect the expected effect. Failure to respond in these controls
could imply, for example, an experimental bias and ultimately research costs spent without
obtaining clear evidence.

Finally, during study implementation, it is important to consider two key aspects:
randomization and blinding [23]. The first one equalizes both measured and unmeasured
confounders across treatment groups, isolating the experimental treatment as the only
difference between them [24]. Moreover, it ensures that other factors, except the treat-
ment/experimental factor under investigation, do not affect the outcome. If the outcomes
of the treatment group and control group show differences, this will be the only difference
between groups, leading to the conclusion that the observed difference is treatment-induced.
Not only a lack of randomization but also errors related to this process are common [25]. In-
deed, as summarized in Chusyd DE et al. [26], some authors report non-random allocation
as random, or in other studies, animals are randomly allocated to an experimental group
together but the data are analyzed as if they were randomized individually, without taking
into account the intra-group correlation and ignoring the clustering. This could address
misleading conclusions, finding a treatment effect when there is actually no evidence. A full
awareness of the identification of the experimental unit and of the related randomization
are fundamental steps to avoid recurring mistakes. As previously mentioned, random-
ization is the process of assigning experimental units to treatments, independently of the
pre-randomization characteristics of those units, both observed and unobserved, that could
confound the outcome [26]. According to Lazic et al. [27], the experimental units have
to meet some conditions: (i) they must be independently randomized to the treatment
conditions, (ii) they must not influence each other, especially the outcomes of interest,
and (iii) the treatment must be independently applied to each EU. Notably, when animals
are caged or housed in the same treatment group (i.e., not independent of each other or
they could influence each other’s outcomes), the cage and not the single animal has to
be considered as the experimental unit. In such a scenario, proper adjustments must be
made during sample size estimation, for example, by considering the intra-class correlation
(ICC) [28] or by considering the cage as an experimental unit. Especially in this case, where
the sample size could be different from the number of animals [29], the involvement of
biostatisticians also during the data analysis phase could be suitable in order to apply the
most appropriate methods able to ensure robust and replicable results [25]. To prevent any
errors, statistical support from the initial phases of the experimental planning is, in any
case, strongly recommended.

As mentioned, another key aspect is blinding, which consists of removing as many prej-
udices of researchers as possible in evaluating the study’s measures. It implies, for example,
the blindness of the researchers who perform the measurements to the treatment/condition
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under investigation, as well as the use of anonymized codes. Unfortunately, it is not
always possible to apply it, for example, when different types of drug administration
(e.g., subcutaneous, oral, intra-muscular) are under investigation. In these cases, it could
be useful to involve independent technicians/researchers in the different phases of the
experiments (e.g., one for treatment administration and another one for outcome’s mea-
surement) or blind the technicians/researchers regarding some details (e.g., dose of the
drug) in order to limit as much bias as possible due to unintentional prejudices regarding
the treatment/experimental condition of interest.

Once all these elements are defined, and according to the objectives of the study, it will
be possible to design the experiment and plan to collect the data in the appropriate way in
order to answer the biological question. Inadequate experimental designs may produce
biased or inconclusive answers or lack generalizability [30,31]. Without any purpose of
providing a complete and exhaustive examination of all the available designs, we briefly
summarize the most common ones.

In a Completely Randomized design, experimental units (e.g., mice) are assigned to
different treatments at random. In this way, any significant differences between conditions
can be fairly attributed to the treatment of interest by ignoring the nuisance factors that
could affect treatment conditions. Instead, when a nuisance factor (e.g., reagents batch) may
influence the experimental response but is not of interest and is known and controllable,
experimental units with a similar nuisance factor should be grouped into blocks, leading to
a Randomized Complete Block design. In this design, each treatment is randomly assigned
to one experimental unit in each block. Moreover, when the interest is focused on the
effect of many discrete factors (e.g., presence/absence of a treatment or different levels of a
substance) on the quantitative measurement, it could be useful to implement a Factorial
design. In such a design, it is possible to investigate the impact of changes of two or more
factors by considering all possible combinations of the levels of each factor and also if
the effect of one factor depends on the level of another (i.e., interaction). Other types of
designs are the Hierarchical Nested ones that are characterized from EUs sampled multiple
times—typically to obtain a more accurate measure of the EU’s response—or the Repeated
Measures design, in which repeated measurements are made on each experimental unit
according to a factor of interest. Finally, if assumptions under the Cross-over design are
met, each EU could receive multiple treatments with a wash-out period between exposures
and outcome measurement. Detailed descriptions of such designs as well as other types of
designs available in the literature are reported in Sorzano COS et al. [23].

By taking into consideration all of the above mentioned issues, it is clear that proper
planning of the experiment is essential for all subsequent phases, as mistakes during study
planning could lead to irreversible consequences that can potentially invalidate the entire
experiment. Furthermore, a clear reporting of all the phases of the experiment, from the
design to randomization and analysis, with sufficient details about the methods used, is
fundamental to make the research reproducible and to adequately evaluate it. This could
be helpful to understand exactly each step and possibly adjust the final statistical analy-
sis, for example, if data were not opportunely analyzed according to the randomization
scheme adopted.

2.3. Refinement

Russell and Burch indicated that refining the experimental procedures involves not
only looking after the animal welfare during the experiment, but also improving the ani-
mal’s quality of life during all the procedures it is subjected to during its life in captivity [1].
Starting from this concept, Buchanan-Smith [7] proposed a new definition of refinement:
“any approach which avoids or minimises the actual or potential pain, distress and other
adverse effects experienced at any time during the life of the animals involved, and which
enhances their well-being”. It is important to notice that well-being is not simply the
absence of discomfort, but implies a necessary, active and continuous effort for the improve-
ment of the experimental animal’s state. It should be considered that distress may manifest
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both behaviorally (e.g., overt escape behaviors, approach–avoidance preferences) and phys-
iologically (e.g., movement, vocalization, changes in electroencephalographic activity, heart
rate, sympathetic nervous system activity, hypothalamic–pituitary axis activity) [32].

The use of environmental enrichment, which is now explicitly contemplated by the
new European Directive 2010/63 [3], is a proven way to provide the animal with greater
control of the environment and stimulate the manifestation of behaviors that are inherent
to the ecology and etiology of the species used [33]. Regarding the use of environmental
enrichments, it is generally thought that the living conditions of animals in captivity are
better if they are given the opportunity to express behaviors observed in natural conditions.
However, while this is a significant point of view, this is not always the case. In fact,
considering that part of the behavioral repertoire of a species can be modified by contingent
environmental conditions, and bearing in mind their behavioral flexibility, it follows
that animals in captivity can be different from wild ones that live in the environment
of origin. The behavioral needs of a captive specimen can therefore be expected to be
somewhat different from those of a wild animal. Environmental enrichment must therefore
be tailored to each individual situation in order for it to be truly effective. Housing
conditions, for example, can significantly improve the welfare of research animals such as
rodents, including the provision of shelters and nesting material without neglecting the
rather obvious free access to water and food [34]. In addition, all potentially distressing
factors should be minimized, such as the noise of ventilation systems. The environment
temperature should also be adapted to the physiology of the rodents. If these behavioral
needs are not met, the animals can suffer psychophysical stress, which can also compromise
the outcome of the experiment. Therefore, improvement strategies do not only improve the
welfare of the animals used in research, but also improve the quality and reproducibility of
scientific evidence in terms of physical, physiological and ethological needs. Accordingly,
enrichment programs must be (i) financially sustainable, (ii) shared with researchers,
(iii) established taking into account the time commitment that their implementation requires
from the animal facility staff and the fact that they themselves must not interfere with the
routine management of animals, as well as (iv) ensure the safety of workers and (v) be
monitored with behavioral observations to keep the health status of housed animals under
control [35]. Table 1 schematizes the main animal shelters and environmental enrichments.

Table 1. Animal shelters and environmental enrichments.

Type of
Improvements

Description

Hygienic

• The environment must be free of insects and parasites and easy to clean and disinfect. In the
environment, there must be a rest area, equipped with litter or other soft, dry and clean material.

• The surfaces on which the animals move must be as dry and clean as possible, so as to ensure the comfort
of the animal during movement, prevent slipping and avoid the onset of foot injuries.

Environmental

• The temperatures in the housing areas must be set according to the species, the age of the animals and the
density of the same in order to avoid situations of heat or cold stress.

• Ventilation serves to ensure high air quality, low dust and helps to keep the environment at a constant
temperature and humidity as much as possible. Finally, air quality should be measured regularly,
evaluating the levels of carbon dioxide and oxygen present.

• Too low humidity causes pathologies in rodents (for example, ringtail) and excessive heat loss. Too high
humidity, on the other hand, could favor the development of ammonia in the premises and in the cages.
Relative humidity must therefore be managed according to the ambient temperature.
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Table 1. Cont.

Type of
Improvements

Description

Housing

• The animal should be able to organize the space according to its ethological needs; for this reason, the
environment should be equipped with material for the construction of nests, adequate litter, perches or
platforms. It is useful to populate the environment with objects that allow the animal to carry out the
exploratory behavior of the species.

• The environment must provide complex stimuli that engage the animal in the search for the most
appropriate responses, expanding the possibility of expression of his behavioral repertoire. An
inadequate housing environment could not guarantee the animal’s well-being and cause psychophysical
discomfort (e.g., induce the development of behavioral atypia, stereotypes, and excessive aggression).

Sensory

If the experimental protocol does not allow the interaction with conspecifics, it is essential that they can at least
enjoy indirect social contact (i.e., visual, auditory and olfactory). This support develops positive effects on the
cognitive abilities of animals, reduces stress during experimental procedures and ensures better interaction
between animals and staff or researchers.

Social
Animals need social interaction with conspecifics and therefore should always be housed in pairs or in groups
that are as stable and as harmonious as possible, but can also involve negative and stressful aspects such as the
aggression of dominant subjects over subordinates.

General Health, Well-Being and Anxiety-Like Behavior Evaluation

To assess the general health and well-being of mice and minimize their distress, in
accordance with the Refinement principle, it is necessary to measure physiological and
behavioral indicators. Over the past three decades, numerous tests has been developed
to assess compulsive-like behaviors. In 2001, Roughan and Flecknell [36] studied the
possibility that objective behavioral analyses may be used to develop an objective scheme
for pain scoring in rats following laparotomy. Starting from 150 behaviors, they selected a
set of 16 behaviors that had the greatest value in discriminating treated and control groups.

The Nest Building Test is an important test for assessing the general behavior integrity
and well-being of laboratory mice [34,37]. Nest building is a behavior that mice perform
for comfort, thermoregulation and for housing their pups; therefore, altered nest building
behavior may suggest reduced mouse welfare due to several factors (e.g., thermal stress,
general malaise, amount of aggression present within the cage). For example, Hess et al. [38]
evaluated the use of naturalistic nesting materials to investigate the potential improvement
of the nest quality, concluding that the use of a more naturalistic nesting material allows
mice to build more naturalistic nests.

In parallel, the elevated maze test (EPM) and open field test [37,39] can be adopted
to test anxiety behavior in mice and evaluate the effectiveness of anxiolytic drugs in
neurobiological anxiety research. Briefly, the EPM consists of four arms; two of the opposite
arms are walled and the remaining two are open. The amount of time mice spend in the
mural arms compared to the open arms in a defined short period provides a measure
of anxiety or fear. The test allows researchers to gather information on post-traumatic
stress disorder and other conditions characterized by anxious behavior and could be
used to screen for new compounds for anxiolytic properties. This test has been used, for
example, by Ataka et al. [40] to evaluate the anxiety-like behavior in mice subjected to
chronic psychological stress (cPS) and the effects of cPS on the interaction between bone
marrow-derived microglia and neurons. Similarly, the Open Field Test measures anxiety-
like behavior and locomotor activity [34,37]. The test, which is also used in neurobiological
studies, allows researchers to evaluate the basis of anxiety and screening for novel targets
and anxiolytic compounds, in addition to the general health and well-being of an animal.
Briefly, the test implies the use of a camera to monitor the movement of the animal in
and around the peripheral and central areas of a 42 × 42 × 42 cm polyvinyl chloride
box. Changes in locomotion may be indicative of altered neurological processes and may
therefore reflect abnormal brain function. This test was one of those used by Gouveia and
L. Hurst [41] to assess the impact of handling on stress and anxiety in laboratory animals.
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To complement standard behavioral tests, Home Cage-Monitoring Systems (HCMS) could
also be used to assess the general locomotor activity levels and animals’ anxiety as well
as investigate the pain response [42]. This method, which allows the prolonged and
unbiased observations of spontaneous behavior, has been used by Roughan et al. [43] and
Radaelli et al. [44]. Roughan and colleagues [43] evaluated the precision of HCS relative
to an experienced human observer in differentiating between the pre- and postoperative
behavior of groups of mice undergoing anesthesia and administered different doses of an
analgesic; they provided evidence about the powerful role of HCS as a tool for investigating
pain responses and analgesic effects following various different types of surgery and other
potentially painful conditions in mice, and eventually other rodent species. Radaelli and
colleagues [44] adopted the HCS as a complement tool to measure the effect of a brightly lit
enclosed chamber (R&L) on mice, concluding that R&L lowered normal walking frequency
and likely posed a risk of low-grade neuro-inflammation.

Besides the aforementioned behavior-based methods, physiological methods have
been introduced to objectively evaluate the animal experience. Mayer and colleagues [32]
reviewed and discussed the approaches for evaluating stress in animals using physiological
methods, with emphasis on the transition between the conscious and unconscious states.

3. Directive 2010/63/EU—Protection of Animals Used for Scientific Purposes

The use of animal models according to the 3Rs principle in the European Union is
regulated by the Directive 2010/63/EU [3]. It is made up of 66 articles and 8 annexes aiming
to ensure and adapt scientific and technological progress in the European legislation, which
until then was represented by the Council Directive of 24 November 1986 (86/609/EEC [2]).
Each state must transpose the Directive 2010/63/EU on the protection of animals used for
scientific purposes, and Italy, specifically, must adhere to Legislative Decree 26/2014 [4].
In the 24 years that have passed between the two directives, the acquaintances in the
laboratory animal science sector have expanded significantly; it turned out that an update
also at the legislative level is therefore essential. In fact, the directive is not a series of
rules that favor or prohibit the use of animals in research, but that protect animals used
in research laboratories. The primary purpose of the directive is to provide specifications
that are as detailed as possible in order to reduce the disparity between member states
on methodologies that guarantee the welfare of laboratory animals, making the European
landscape more uniform. “Animal Welfare” is in fact a value of the European Union, as
described in Article 13 of the Treaty on the Functioning of the European Union [45].

One of the main updates introduced in this European directive with respect to the
previous Directive 86/609/EEC is the evaluation of suffering. According to Annex VIII,
“The severity of the procedure is determined based on the level of pain, suffering, distress
or prolonged damage to which the individual animal is presumably subjected during the
procedure itself” [3]. Section I of Annex VIII establishes and defines four categories into
which procedures using experimental animals can be divided, as schematized in Table 2.

The assignment of the severity category is based on the risk of the most severe effects,
once all the appropriate refinement techniques have been applied. In assigning a proce-
dure to a particular category, the type of procedure itself and other factors such as those
summarized in Table 3 are taken into account.

Article 26 of European Regulation 63/2010 provides another strong innovation, “that
each breeder, supplier and user sets up an Animal-Welfare Body (AWB)”. Each AWB is
composed of at least one person in charge of the welfare and care of animals, a veterinarian
and in the case of a structure authorized for experimentation, one scientific member as the
guarantor of scientific quality. The figure of the biostatistician within the AWB is still a
discussed matter [46]; however, it is crucial for verifying that the study design is compatible
with the Reduction principle of the 3Rs.
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Table 2. Level of pain.

Level of Pain Description

Non-awakening Procedures conducted entirely under general anesthesia from which the
animal cannot regain consciousness.

Mild
Procedures that are likely to cause mild and short-lived pain, suffering or
distress, as well as procedures that do not cause a significant deterioration

in the welfare or general condition of the animals.

Moderate

Animal procedures that are likely to cause moderate and short-term pain,
suffering or distress, or mild and long-lasting pain, suffering or distress, as
well as procedures that are likely to cause moderate deterioration of the

welfare or general condition of the animals.

Severe

Procedures on animals that are likely to cause intense pain, suffering or
distress, or moderate and long-lasting pain, suffering or distress, as well as
procedures that are likely to cause serious deterioration in the welfare or

general condition of the animals.

Table 3. Factors related to the procedure.

Factors

Nature of the pain, suffering, distress or prolonged harm caused by the
Procedure (in all its elements) and relative intensity

Duration, frequency and multiplicity of the techniques used
Cumulative suffering under the procedure

Impediment of natural behavior, due among other things to limitations of the rules in
Housing, breeding and care

Type of species and genotype
Maturity, age and sex of the animal

Training experience of the animal with respect to the procedure
Actual severity of the previous procedures, if the animal is intended to be reused
Methods used to reduce or eliminate pain, suffering and distress, including the

Improvement of housing, breeding and care conditions

4. Discussion

The widest possible dissemination of information related to the 3Rs is essential if
Russell and Burch’s aspiration is to be realized for animal research in the most humane way
possible. Although in this commentary we mainly focus on the Reduction principle and the
importance of correct study planning and sizing with the most proper experiential design,
improvements in both the Replacement and Refinement principles should be considered.

As aforementioned, we are seeing rapid progress in the acceptance of organs-on-a-
chip, or, more generally, in the engineering of in vitro models as alternative methods to
fulfill the Replacement principle. Increasing evidence supports the potential and utility of
these models, for example, for drug/toxicological screening studies [47]. One of the first
implementation measures at a legislative level—Commission Implementing Regulation
(EU) 2021/1709—concerns the replacement of live animals for the detection of paralytic
shellfish poisoning toxins [48]. Similarly, regarding the Refinement principle, improvements
to all phases of animal welfare, from housing to analgesia protocols and methods of
drug administration, contribute to reduce the suffering of laboratory animals [49]. It is
clear that the Reduction principle implies the use of the minimum number of laboratory
animals to achieve scientific objectives through the adoption of appropriate study design
and statistical methods. Thus, each of the three Rs plays a crucial role in experimental
achievement, and they could interact positively or negatively. Indeed, some approaches
could simultaneously enhance more than one objective of the 3Rs, or, in other cases,
generate contrary effects on two different objectives of the 3Rs. Some examples of positive
and negative interactions between the three principles are reported by de Boo et al. [50] and
those related to management issues. The harmonization of protocols interacts positively
with Replacement and Reduction, the use of in vitro models acts on both Replacement
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and Refinement, and the implementation of training programs could be viewed as a
powerful action point for Reduction and Refinement. On the other hand, as stated by de
Boo et al. [50], the implementation of non-animal methods, which require the comparison
with the corresponding original in vivo model, could create a negative interaction between
the Reduction and the Replacement principles.

In general, in order to conduct useful research, the goal one wants to achieve and the
kind of value the experiment possesses are the first aspects to be clearly defined, along with
the choice of the most appropriate animal species to reach the most qualitative outcome.
Regarding the latter aspect, as reported by Azkona et al. [47], the selection of the species
for an animal model should be made to completely resemble the disease completely and
to allow a translation of results to humans. Although the choice may be influenced by
practical constraints or unscientific reasons, the selection of a species for an animal model
requires a multidisciplinary team of specialists who take into account not only financial
feasibility, but also biological characteristics, available imaging and molecular techniques,
results of previous experiments and even ethical issues for a given species [47].

It should be mentioned that it is possible that discrepancies from the initial experimen-
tal project may occur during animal experiment due to some inconveniences. The onset
of difficult-to-solve organizational and managerial problems during the implementation
phase can lead the researchers to introduce alterations to the original experimental design
that affect the subsequent data analysis. In order to avoid invalidating the entire experiment
or continuing it with non-robust results, biostatistical support should be required to modify
and possibly re-plan an experimental project. This also highlights the importance of a
continuous interaction between scientists, managers of facilities and technical personnel, a
practice that is a fundamental feature which has become known as the “culture of care”.
This embodies the commitment to improve animal welfare, scientific quality, personal care
and transparency for all interested stakeholders.

Finally, it is important to emphasize that just as the randomization methods, limitations
and potential sources of bias of the studies should be declared in the published manuscript
following the accepted guidelines that define the standards of reporting the results of
animal research (i.e., Animal Research: Reporting of In Vivo Experiments, ARRIVE) [51],
the same details should be adequately cited in the research project submitted to the AWB,
in order to have—during study planning—a complete picture of all the implementation
phases of the study. Because animal design is a delicate ecosystem, all components and
scientists must cooperate with each other. In this view, training/education programs, as
well as data/protocols sharing are aspects that should be continuously supported. The
EU Reference Laboratory for alternatives to animal testing contributes to the development
and testing new animal-free methods to be applied in an integrated safety assessment of
chemicals, as well as provides informatics tools and databases to support this [52]. It also
promotes the dissemination of information and sharing of knowledge on the 3Rs. Moreover,
the “Refinement Database” [53] that collects newly published scientific contributions related
to improving or safeguarding the welfare of animals used in research could be a useful
initiative in this direction.

5. Conclusions

All experimental projects come with trade-offs. It is an ability to conduct animal
testing while ensuring the maximum probability of success, maintaining high standards of
scientific rigor and accepting practical limits and safeguarding ethics, a skill that constantly
requires development. This research field is currently struggling with a high amount of
low-power studies, which generate little reliable information. Therefore, a figure such as
a biostatistician is needed, able to move and create links in distant fields ranging from
the sampling of the population to the ethical aspects of research, for the purpose of valid
statistical design, management, analysis and interpretation.

The objectives of harmonization between EU member states, hoped for by the directive,
are still a long way off. There are still many gaps to fill before the high standard of animal
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welfare set by the Union can be achieved [54], and the effort of all the member states is
required not only for animal welfare, but for better science and economic reasons [55].
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Simple Summary: The present review highlights and examines the importance of animal models in
relevant topics concerning current human and animal health. Over the past five years, different animal
species have been used to study pandemics, such as the 2019 Coronavirus, diabetes, and obesity.
Through murine, primate, porcine, and even aquatic models (e.g., zebrafish), several neurological,
behavioral, cardiovascular, and oncological disorders are being understood while developing new
therapeutic approaches. Nematodes and arthropods are some of the new alternatives for biomedical
science; however, regardless of the species, many animal research studies show the vital role of
animal models in advancing biomedical research.

Abstract: Animal research is considered a key element in advance of biomedical science. Although
its use is controversial and raises ethical challenges, the contribution of animal models in medicine is
essential for understanding the physiopathology and novel treatment alternatives for several animal
and human diseases. Current pandemics’ pathology, such as the 2019 Coronavirus disease, has been
studied in primate, rodent, and porcine models to recognize infection routes and develop therapeutic
protocols. Worldwide issues such as diabetes, obesity, neurological disorders, pain, rehabilitation
medicine, and surgical techniques require studying the process in different animal species before
testing them on humans. Due to their relevance, this article aims to discuss the importance of animal
models in diverse lines of biomedical research by analyzing the contributions of the various species
utilized in science over the past five years about key topics concerning human and animal health.

Keywords: translational research; animal research; laboratory animals; rodents; primates; pigs;
zebrafish; nematodes

1. Introduction

The use of animals in scientific research is controversial [1]. However, the transforma-
tion of medicine from an art to a science can be mainly attributed to using a wide range
of animal models [2], selected according to their functional and genetic characteristics
for specific research lines [3]. Animal models contribute significantly to the advance of
biomedical science through their meaningful contributions to our growing understanding
of pathological and biological processes [4]. Moreover, they enable the development and
testing of drugs, vaccines, and surgical techniques applicable to human and veterinary
medicine [5].

Animals 2023, 13, 1223. https://doi.org/10.3390/ani13071223 https://www.mdpi.com/journal/animals
19



Animals 2023, 13, 1223

The term “animal model” comes from the Latin animae (alma or spirit) and the word
model, which means to imitate or be similar to [6]. Animal models are based on the
principle of comparative medicine [7] as instruments that can replicate physiological and
pathological processes [8]. The species is selected according to each project’s objective and
hypothesis [3] but also considers biological, anatomical, functional, and genetic similarities
to humans or other animals [6]. Today, most of the species utilized in biomedical research
are rodents [9], as they are deemed ideal models for studying pathologies that affect human
populations due to their physiological homology [10], which allows them to be employed
to further our understanding of such processes as sepsis, obesity, cancer, organ transplants,
and biological development, among many others [11,12].

The species used in experimentation are not limited to small mammals. Rhesus mon-
keys (Macaca mulata) are utilized to study high-priority diseases such as the pandemic
caused by the severe, acute respiratory syndrome type 2 coronavirus (SARS-CoV-2) [13]. Do-
mestic pigs (Sus scrofa) are crucial for organ transplant medicine and immune therapies [14].
New species, including some invertebrates such as fruit flies (Drosophila melanogaster), are
used to study neurological disorders such as epilepsy [15], nematodes such as Caenorhabditis
elegans to study obesity [16], and aquatic models, such as the zebrafish (Danio rerio), to treat
metabolic disorders, including diabetes [17].

The broad range of species used in research has brought exponential advances in
medicine, especially with the introduction of genetically modified (transgenic) animals [18]
and the implementation of supporting technologies such as nanotechnology and artificial
intelligence [19]. In light of this, this article aims to discuss the importance of animal
models in diverse lines of biomedical research by analyzing the contributions of the various
species utilized in science over the past five years concerning key topics of human and
animal health.

2. Search Methodology

The literature search was performed in the Web of Science, Scopus, and PubMed.
Keywords related to the use of animal models applied to current research priorities were
searched to select the relevant articles, for example, “emerging infectious disease”, “dia-
betes and obesity”, “neurodegenerative diseases”, “pain therapies”, “surgical techniques”,
“cancer models”, and “alternative animal models”. The search was limited to articles pub-
lished in English in the last five years (2019–2023) and related to human and non-human
medicine and therapeutics.

3. A Review of Animal Experimentation

Animal models are essential for several biomedical research fields such as cancer
biology and therapeutics, neuroscience, pharmacology and toxicology, neurobiology of
diseases, endocrinology, public health, palliative medicine, also, in studies in human
and animal biology and for the discovery and testing of new drugs, vaccines, and other
biologicals (e.g., antibodies, hormones) whose validation requires preclinical studies in
animals [6,20]. Currently, these models address current research priorities, considered as
those imposing major global threats to human and animal health. These include diseases
that have afflicted humankind or increased exponentially in recent years such as SARS-
CoV-2, different types of cancer and their therapy, cardiovascular diseases, metabolic and
neurodegenerative disorders, and experimental refinement of surgical techniques to treat
these issues [21]. The models may involve complete animals or only particular cells, tissues,
organs, genes, or other agents that reproduce pathological processes (Figure 1) [8,22].
Species include rats, mice, guinea pigs, dogs, rabbits, birds, ruminants (cows, sheep),
horses, fish, frogs, monkeys, cats, reptiles, squid, crabs, bees, chimpanzees, hamsters, sea
slugs, pigs, nematodes (roundworm), fruit flies, and protozoans, among others [7].
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Figure 1. Classification of various animal models. The animals used in science can be divided into
five broad types. (a) The main ones are models in which animals are induced to present a pathology
similar to one that affects humans or other animals by administering drugs or other biologicals,
inflicting injuries, or subjecting them to stress or other environmental conditions. In contrast, models
based on spontaneous changes (b) include animals where the normal course of their life predisposes
them to develop a specific disease. (c) Genetically-modified test subjects are animals with knockin or
knockout genes or proteins. In contrast to using healthy animals (e), negative models (d) employ
individuals that are not susceptible to certain diseases but serve to evaluate susceptibility to a specific
pathology. TBI: traumatic brain injury.

The importance of animals in medical science is reflected, for example, in the percent-
age of Nobel Prizes studies in Physiology or Medicine using animal models (90%) [5]. From
1901 to 2020, two-thirds of those awards (186 of 222 projects [7]) employed animal models
to understand pathogenic mechanisms, metabolic diseases, diagnostic and therapeutic
procedures, develop vaccines, or test the efficacy of novel drugs [22]. At least 144 species
used in those animal-based studies were mammals, and 42% were rodents [7]. Dogs were
the first animal model used in metabolic research on gastric secretions [23] and for discov-
ering insulin [24]. To date, rodents are the predominant species in research (Table 1) [9].
However, non-mammal species are trending, and the number of animals depends on the
country and its legal regulation regarding the use and reporting of animals in research.
Moreover, in some countries, there is no official annual report on animal research (e.g.,
South America), and not every country counts the same animals (e.g., the United States
does not consider rats, mice, fish, birds, amphibians, reptiles, and cephalopods, they are
not covered by the Animal Welfare Act). Although it might differ, Tables 1 and 2 show an
overview of the use of animals according to species in some countries and a summary of
the reported statistics worldwide.
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Table 1. Overview of the number of animals used in research, according to the species.

Country Year Specie Percentage (%) Reference

European Union 2019

Rodents 61.9

[25]

Fish 24.6
Birds 6.2

Amphibians 0.5
Cephalopods 0.2

Dogs 0.1
Non-human primates 0.07

Other mammals 6.5

Canada 2020

Birds 50.0

[26]

Rodents 24.5
Fish 11.7

Cattle 11.3
Amphibians 1.1

Pigs 0.4
Dogs 0.2

Non-human primates 0.1
Reptiles 0.1

Other animals 0.5

United Kingdom 1 2021

Mice 68.2

[27]

Fish 12.9
Rats 6.5
Birds 8
Dogs 0.14

Non-human primates 0.09
Cats 0.01

Other animals 3.3

United States 2 2019

Guinea pigs 23

[28]

Rabbits 18
Hamsters 12

Non-human primates 9
Dogs 7
Pigs 6
Cats 2

Sheep 2
Other species 21

South Korea 2017

Rodents 91.8

[29]

Fish 3.3
Birds 2.3

Rabbits 1
Non-human primates 0.08

Amphibians 0.07
Other species 1.21

Total 3,085,259
1 Excluding Northern Ireland; 2 Rats, mice, fish, birds, amphibians, reptiles, and cephalopods are not included.
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Table 2. Approximate of the number of animals used in research worldwide between 2019–2020.

Country Number of Animals References

United States 20,000,000–24,000,000

[30–32]

China 16,000,000
Japan 11,000,000

European Union 9,400,000
Australia 6,700,000
Canada 5,067,778

South Korea 4,141,433
United Kingdom 3,300,000

Norway 2,282,710
Germany 2,151,805

France 1,865,403
Spain 761,012

Mexico 685,315
Switzerland 556,107

Belgium 437,275
New Zealand 240,000

Several Nobel Prizes have been awarded for animal research, and the increasing
number of animal models in different countries demonstrates these studies’ importance
for scientific advancement [7]. However, just as necessary, their use also entails ethical
challenges that require surveillance through laws, norms, guides, and strict bioethical
committees to monitor the use and care of laboratory animals based on the principles of the
3Rs [33]. In this regard, for 50 years, the National Center for the Replacement, Reduction,
and Refinement of Animals in Research (NC3Rs) has promoted Russel and Burch’s initiative
of the 3Rs to reduce, replace, and refine procedures to improve the conditions of animals
used in experimental protocols [34].

These norms differ from one nation to the next. However, one guide recognized in-
ternationally is ARRIVE (Animal Research: Reporting of in vivo Experiments), developed
in 2010 to improve the in vivo experiments description to increase the reproducibility of
results, refine the stages of study design, and clearly report the methods so they can be
repeated and tested [35]. A second guide is PREPARE (Planning Research and Experimen-
tal Procedures on Animals), which seeks to determine and guarantee quality control in
animal studies [36]. Today, for any experimental protocol requiring animals, proposals
such as the Animal Study Registry (ASR) help researchers thoroughly plan their study
design, methods, and statistical analyses to ensure transparency and reproducibility in their
results [37]. Additionally, it is essential to mention that Ethic Committees must approve
current experimental protocols within each institute to promote an appropriate use and
care for animals in research.

Animal models certainly provide valuable information on the nature of diseases [38].
However, it is important to remember that inter-species limitations exist in anatomy,
metabolism, physiology, and genetics [39], so a single preclinical model cannot represent
all aspects of pathogenesis due to differences in resistance or susceptibility [38]. Currently,
many animals used in biomedical studies undergo some genetic modification, such as
transgenesis or the utilization of knockout or knockin genes, to visualize specific changes
that would take years to develop under normal conditions [40]. Therefore, the selection of
the animals depends on the specific research field; through their use, researchers develop
scientific knowledge focused on human and veterinary medicine.

4. Animal Models and Their Application in Distinct Fields of Current
Biomedical Science

4.1. Emerging Infectious Diseases

The SARS-CoV-2 virus is the etiologic agent of the coronavirus 2019 disease (COVID-
19) [41]. This disease has claimed the lives of over 6.3 million people worldwide since
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2019 [42,43]. The lack of knowledge of this virus and its rapid propagation at the onset of
the pandemic made it essential to determine its physiopathology and identify therapeutic
agents and vaccines that could mitigate its threatening consequences. These fundamental
issues were solved using in vivo assays that replicated the virus in animals to untangle
its pathogenesis, the immune response, and the adverse effects that might result from
the vaccines and therapies proposed before testing in humans and their release to the
public [41,44].

The choice of an animal model that would allow researchers to observe the histopatho-
logical, radiological, or immune changes that the virus caused required that the test an-
imals be susceptible to lung tissue damage and capable of developing an inflammatory
process [45]. Potential species included nonhuman primates, ferrets, rats, mice, Syrian
hamsters, lagomorphs, minks, cats, camelids, and even zebrafish [46].

The transgenic mice can express the human angiotensin-converting enzyme II (hACE2),
a functional receptor for the SARS-CoV-2 virus that mimics clinical signs observed in
humans [47]. Sun et al.’s [48] research with 4.5–30-week-old transgenic mice successfully
replicated the virus after intranasal and intragastric inoculation. It led to the discovery of
viral loads in the lung, trachea, brain, and feces. Those authors also detected an immune and
inflammatory response due to the presence of interleukins (IL). Adult mice showed more
lesions in the alveolar epithelial cells, focal pulmonary hemorrhage, and more significant
apoptosis of macrophages. Those findings concurred with human reports showing that
COVID-19 affected older adults more severely, with the over-65 population representing
80% of all hospitalizations and a 23-fold greater risk of mortality. Reports emphasized
clinical signs, such as respiratory distress and cytokine release syndromes [49]. Studies
with Syrian hamsters found that while the virus is lung-tropic and infects the respiratory
tract by binding to the ACE2 cell surface in the alveoli, causing pneumonia in 67% of the
animals, the gastrointestinal signs reported in humans are due to viral replication and
dissemination in enterocytes [50].

One animal model that shares multiple similarities with humans for the physiopathol-
ogy of the SARS-CoV-2 virus is based on Rhesus macaques, African green monkeys (Chloro-
cebus aethiops), and crab-eating macaques (Cynomolgus macaques) [51]. The latter has been
utilized to replicate the infection conditions in young (males and females of 3–9 years)
and old-aged animals (23–29 years-old females). After intranasal and intratracheal viral
inoculations, researchers found that nasal swabs (peak viral load of 106 copies/μL) had
higher viral loads than pharynx and rectal ones (a maximum of 104 copies/μL). Addition-
ally, viruses from nasal and pharynx samples were detected for longer periods in elderly
monkeys [52]. This relation between age and disease mortality was also reported in Rhesus
monkeys. Comparative studies of three nonhuman primates (three 3–5 years and two
15 years old macaques) infected intratracheally revealed that the viral replication detected
by nasopharyngeal and anal swabs was persistently detected from 3 days post-infection
(dpi) to 11 dpi in elderly animals. In older macaques, 104–107.5 copies/mL were also
detected (while young individuals had approximately 104 copies/mL), often accompanied
by the development of diffuse severe interstitial pneumonia [53].

The reinfection processes prevalent in human populations were replicated in studies
with C. aethiops. Infection in six animals caused signs such as fever (50%), hypercapnia
(66%), 2–7-fold increases in C-reactive protein concentrations (100%), and coagulopathy
(100%) were recorded. That research proved that anal, oral, and nasal swabs could detect
viral loads up to 15 dpi [44]. These findings are similar to those from other works with
M. mulata, where viral RNA was found in swabs from the nose, pharynx, and anus, with
amounts increasing up to 3 dpi (in an approximate range of 4–7 copies/mL) [53]. These
nonhuman primate models undoubtedly contributed significantly to our understanding of
the pathogenicity of COVID-19 and the physiological bases for implementing preventive
and diagnostic measures and treatment.

Another important aspect of using animals is that they helped understand the trans-
mission of the virus to other domestic species and showed that pets could acquire the
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SARS-CoV-2 virus through contact with an infected human. However, there is no evidence
of active pet-to-human transmission [54]. Studies with dogs, pigs, chickens, and ducks
showed they were not susceptible to COVID-19 infection due to low viral replication [55].
Identifying susceptible species made it possible to choose appropriate models for develop-
ing and testing vaccines [55]. Ferrets, Syrian hamsters, rabbits, transgenic mice [47], and
cats were all found to be susceptible, the latter even vulnerable to airborne transmission
with the development of clinical signs such as hair loss and pulmonary alterations similar
to those seen in humans [56,57]. Apart from domestic cats, wild felines (tigers, lions, pumas,
snow leopards) [58] have been reported to show infections by this virus. Kang et al. [59],
who reported the first Delta variant (SARS-CoV-2 Delta) case in three domestic cats with
COVID-19-positive owners in China, insist that transmission to pets is a topic of concern
due to their possible role as silent intermediate hosts.

4.2. Endocrinology and Metabolic Pathologies

Obesity is a public health problem affecting over 600 million people worldwide [60].
Obesity and its associated metabolic syndromes have consequences such as knee osteoarthri-
tis, a disease prevalent in approximately 60% of the overweight population [61], but this is
also associated with cancer, cardiovascular disease, hypertension, coronary artery disease,
stroke, sleep apnea, asthma, gallstones, steatohepatitis, and dyslipidemia. Over one-third
of the world’s overweight or obese population is at risk of developing type 2 diabetes
mellitus [23]. Using rodent models, researchers have determined that one element that
promotes the development of type 2 diabetes mellitus is adipose tissue inflammation due
to insulin resistance and excess fat mass [62]. The increase in the presentation of these
comorbidities has led to the use of animal models to test new, improved strategies for
reducing the incidence of this disease.

The role of the different types of adipose tissue in humans and animals is a crucial
line of research that has developed with the use of rodents. For example, adipogenesis
suppression and the browning of white adipose tissue (WAT) [63] have been suggested as
strategies for preventing obesity [60]. The browning process creates a brown adipose-like
tissue (BAT) that can participate in thermogenesis by transforming caloric intake into
heat [64]. Since this is part of a central nervous system response to cold, certain medications
and exercise can trigger browning as has been observed in obese and lean rats subjected to
high-intensity training. In C57BL/6J mice, the transformation of beige adipocytes into WAT
can be promoted with diets complemented with resveratrol for 16 weeks, as this induces a
change in the intestinal microbiota in treated animals (p < 0.01) (increasing microorganisms
of the genera Bacteroides, Lachnospiraceae, Blautia, Lachnoclostridium, and Parabacteroides,
among others) that modulates lipid metabolism and has anti-inflammatory properties and
anti-obesity effects [65].

The importance of physical activity in treating these conditions has been demonstrated
in experiments with 48 Sprague-Dawley male rats, where aerobic exercise for 12 weeks
combined with prebiotic fiber supplementation prevented knee joint damage, dyslipidemia,
endotoxemia and normalized the effects of insulin resistance (p < 0.001) [61]. Studies
with these supplements as part of a therapeutic protocol in Wistar rats, administered in
presentations such as yogurt, have shown that supplementation with 5% of yogurt reduces
levels of oxidative stress (significant decreases in NO levels, p < 0.05), and had fewer
amounts of inflammatory cell infiltration and collagen deposits in the liver (p < 0.05) when
compared to animals fed high-fat diets. According to these studies, this supplement could
be a potential human therapeutic option [66].

Studies of the human genome have identified hundreds of genetic variants associated
with obesity and opened the way to examining these genes in species such as C. elegans, a ne-
matode capable of storing fat in the form of lipid droplets inside hypodermal and intestinal
cells. C. elegans has 14 genes that promote diet-induced obesity and three that prevent it [67].
Those genes are now recognized as potential targets for anti-obesity treatment. Ke et al. [68]
found that the knockdown of 23 fat-storing not only reduced excessive fat accumulation
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but also improved the health and lifespan of this species (p < 0.05). The inhibitory effect of
flavonoids such as butein on lipogenesis in C. elegans succeeded in reducing triglyceride
levels by up to 27% without altering food intake or energy expenditure, an effect due to
the downregulation of proteins involved in lipid metabolism [69]. Likewise, the appetite
suppressant effect of administering vegetable extracts from the Lentinus strigosus mushroom
(300 and 1000 μg/mL) to C. elegans functioned as a natural means of preventing obesity [70].
Studies of this kind allow researchers to address obesity as a complex pathology affected by
diverse factors: diet, physical activity, developmental stage, age, genes, and environmental
interaction [67].

Another animal species considered a promising model for studying metabolic syn-
dromes is the zebrafish (D. rerio). This species has genetic homology with humans, so
through genetic mutation, chemical induction, and changes in diet, they can be used to
study hyperglycemia, obesity, diabetes, and hypertriglyceridemia [71]. Pigs, meanwhile,
share similarities with humans in terms of organ size, lifespan, anatomy, physiology, and
metabolic profile [40]. A study of obesity in Iberian pigs showed the pathogenesis of
chronic kidney disease caused by overweight and obesity. Although the administration
of high-fat diets did not generate diabetes in those pigs by day 100, analyses revealed
hypercholesterolemia (142 ± 27 mg/dl), hypertriglyceridemia (75 ± 43), insulin resistance,
and glomerular hyperfiltration [72]. These effects also occur in humans [73] and have been
studied in obese male mice and ovariectomized females [74].

The domestic dog has been postulated as a valuable model for studying chronic mor-
bidities brought on by environmental conditions since they share morbidity and mortality
factors with humans. In this field, Hoffman et al. [75] reported that comorbidities behind
chronic conditions such as obesity, arthritis, hypothyroidism, and diabetes reported in hu-
mans were also present in 73,835 canines and that those dogs showed a positive association
between age and the number of morbidities (p < 0.001). Other studies have revealed that
obesity in dogs (137/198) is closely linked to the alimentary habits of their owners, finding
that the 79.8% of dogs from overweight owners (114 persons) were obese (p < 0.001) [76].
Therefore, studies of these animals could provide information on disease interaction.

4.3. Cancer in Biomedicine

According to the World Health Organization [77] and the National Cancer Institute [77,78],
the most common types of cancer in humans in 2020 were breast (2.26 million cases), lung
(2.21 million), colorectal (1.93 million), prostate (1.41 million), skin (1.20 million), and
stomach (1.09 million). These cancers cause 10 million deaths per year. Projections for 2022
estimate that around 1,918,030 new cancer cases will be diagnosed in the United States, with
350 cancer-induced deaths per day, making this disease a primary cause of mortality [79].
The pathogeny of these cancers and testing new treatment options is another field that
extensively uses animal models. Over 95% of studies use rats and mice to inject cancer
cell lines subcutaneously, study the primary cancer lesion, and follow its growth before
excising tumors [80,81]. However, one disadvantage of this subcutaneous tumor model, is
that injections in athymic nude mice may not accurately represent the interaction among
tumor cells, local stroma, and the tumor’s microenvironment, depending on its precise
location [82]. Contrarily, orthotopic murine models have been shown to replicate the tumor
microenvironment –including metastasis– when inoculated in the original anatomical site
of the tumor. In female BALB7c mice, inoculation of mammary cancer cell line 4T1 as
a fat pad tumor model showed that 50% of the animals had metastasis to the ovaries,
spleen, liver, and sternum. However, when compared to a heterotopic model, orthotopic
tumors were smaller (1993.7 ± 197.15 mm3 vs. 1078.4 ± 300.26 mm3, p < 0.05) and had a
significantly lower percentage of infiltrating cells (p < 0.05) [83]. Moreover, these orthotropic
models, together with in vivo optical metabolic imaging, are proposed as an approach to
studying how, for example, the fatty acid uptake by breast cancer cells increases accordingly
to tumor aggressiveness and metastatic process (p < 0.05) [84] Attacking this complication
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in tumor development is the principal objective of anticancer therapies, since most deaths
from prostate cancer, for example, are due to metastasis into bone structures [80].

Koosha et al. [85] used diosmetin, an anti-tumorigenic, in colon cancer xenografts in
24 male nude mice. Results showed that tumor volume in the group treated with 100 mg/kg
of diosmetin was significantly smaller than in the untreated group (264 ± 238.3 vs.
1428 ± 459.6 mm3, p < 0.01). Promisingly, the drug did not produce toxicity even when
administered at high doses. Studies of this kind show that laboratory animals allow re-
searchers to test new drugs and better understand disease development but also aid in
determining non-toxic doses that can be applied to humans or animals. Using these models
as translational media for studying cancer has also revealed the importance of identifying
the pain that animals may experience. Pain assessment is important in in human medicine
and laboratory animal welfare. In this regard, recognizing degrees of cancer-induced bone
pain has been studied by observing behavioral changes in rats and mice, where innate
behaviors, such as burrowing, are reduced 9 days after inoculation when compared to
control groups (p < 0.05) as a result of the nociception associated with the degree of severity
of cancer due to reduced bone density [86].

The fact that the canine and human genomes share a high degree of similarity (75%)
and that the risks of death due to neoplastic, congenital, and metabolic diseases are com-
parable means that the dog is an ideal translational model for studying human morbidity
and mortality [75,87]. For example, the percentage of neoplasia is similar between dogs
and humans (27.4 vs. 25.3%). However, because the types of cancer that affect each species
correlate only marginally (Spearman rank p = 0.661) [75], dogs have been replaced in many
preclinical studies by genetically-modified pigs [87].

Another novel anticancer strategy involves managing nerve-tumor interaction [88]
since tumor-specific denervation can suppress neoplasia growth [89]. A study by Kamiya
et al. [90] with female Balb/c-nu mice and the use of xenografts in Hras128 rats in a
model of chemically-induced breast cancer showed that sympathetic stimulation of the
nerves in tumors accelerated cancer growth but that parasympathetic stimulation reduced
growth and downregulated the expression of programmed death. In contrast, in the case
of late-stage colorectal cancer, parasympathetic denervation via vagotomy and atropine
administration in 150 male Wistar rats reduced the incidence of tumors and their weight
and volume after eight weeks, as well as cell proliferation, angiogenesis, and regulated
expression of the nerve growth factor [89].

These neural anticancer therapies in humans and animals indicate that while sympa-
thetic nerves show cancer-promoting effects in prostate and breast cancer, and melanoma
cases, the parasympathetic/vagal nerves are believed to trigger both reactions. For example,
vagal nerves can promote prostate, gastric, and colorectal cancers, but suppress breast and
pancreatic cancers, due to β-adrenergic and muscarinic effects that modify the behavior of
cancer cells, angiogenesis, tumor-associated macrophages, and antitumor immunity [88].
The axonogenesis process in species such as mice, linked to the development of metas-
tasis in breast cancer, showed through immunofluorescence that nerve twigs tend to be
sympathetic-like, with no expression of parasympathetic fibers [91].

In addition to the support of laboratory techniques such as immunofluorescence, non-
invasive diagnostic methods are a priority in oncology. In immunocompetent genetically-
engineered mouse models, Kirkpatrick et al. [92] utilized nanosensors with urine tests to
detect protease activity in diverse types of cancer, including lung cancer, achieving 100%
specificity and 81% sensitivity. In this way, monitoring with nanosensors and clinical assays
in animals has demonstrated that this technique can be an option for conducting accurate,
radiation-free diagnostic tests.

Nanoparticles and their application, together with in vivo imaging, can help to test
novel luminescent particles and assess their tissue penetration to improve cancer ther-
apy [93]. In vivo imaging enables us to understand tumor growth-related processes such as
oxidative mitochondrial metabolism in mouse models with cell lung cancer [94]. Likewise,
in a mouse model of brain tumor –glioblastoma– under general anesthesia, modified in vivo
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optical imaging (Surface enhanced spatially offset Raman scattering) covers the inability of
conventional techniques that rely on subcutaneous inoculation of cancerous cells because
they cannot read deep tissues [95]. These techniques are the basis for imaging-guided
phototherapies that are a current research field to find agents capable of inducing tumor
cell apoptosis, such as photodynamic y and photothermal therapy [96].

4.4. Pharmacology and Therapeutics

Parallel to the advances in our knowledge of the physiopathology of diverse conditions,
developing and testing new therapeutic options is another field destined for animal models.
Algology is a science in constant actualization to provide new and efficient drugs to prevent
the consequences of pain by reducing the number and severity of secondary effects in both
human and veterinary patients [97,98]. Adequate models are needed to evaluate analgesic
efficacy accurately. In the case of treatments for open wounds, Parra et al. [99] applied
carprofen (5 mg/kg) and buprenorphine (0.1 mg/kg) to the left hind paw of Sprague
Dawley rats of both sexes using a punch biopsy to assess analgesia in an open wound
model. Using four behavioral tests associated with aspects of nociception, mechanical
and thermal stimulation, guarding behavior, and the weight-bearing test, they found that
carprofen promoted recovery of the thermal response to basal levels after just 2 h. The same
rat species were utilized to test the renal and gastrointestinal safety of non-steroidal anti-
inflammatory drugs (NSAIDs) such as ibuprofen by administering single and multiple oral
doses to pediatric patients. Furthermore, the necropsies performed on pigs of different ages
(8-week-old and 6-to-7-months-old) in the study by Millecam et al. [100] revealed no severe
lesions in the stomach after multiple doses of ibuprofen at 5 mg/kg. However, significant
histological score differences (p < 0.025) were observed in the duodenum (1.38 vs. 4) and
jejunum (3.63 vs. 1.25) between the experimental and control group. Additionally, an
increased clearance time for the drug after multiple doses was found, an effect similar to
reports in human pediatric patients.

Due to the adverse effects that NSAIDs can generate, especially for treating chronic
afflictions such as arthritis and cancer, opioids are another therapeutic option [101]. How-
ever, since the long-term use of these drugs is also associated with complications, research
has begun to new concepts and explore directions. The opioid-free anesthesia technique
was introduced to prevent tolerance and hyperalgesia and reduce the use of these drugs in
the postoperative period. This method uses agents such as alpha-2-agonists, ketamine, and
local analgesics with distinct action mechanisms in multimodal analgesia [102–104]. Other
new opioid-based pharmacological options are transdermal patches impregnated with
morphine-like compounds. In 6–12-week-old C57BL/6JJmsSlc mice, patches synthesized
with two new opioids (new-opioids 1 and 2, N1 at 3 mg/kg; N2 at 10 mg/kg) showed the
same analgesic efficacy as morphine at 3 mg/kg. The effect remained constant, even under
repeated administration (in contrast to fentanyl), and the cutaneous trans-permeability rate
was greater, at 1.71 ± 0.35 and 3.94 ± 1.36 μg/cm/h [105]. The administration of opioid
nanoparticles has also been suggested to prevent opioid tolerance and reduce the severity
of adverse effects. Leucine-enkephalin hydrochloride-based nanoparticles with a size of
100–200 nm have been tested in male Sprague Dawley rats by applying them intranasally,
reaching the brain directly. After dosing, high concentrations were found in the olfactory
bulb and cerebrum between the first 60 min (approximately 80 ng/g and 160 ng/g, respec-
tively), while plasma concentrations were not detected at any evaluation time (p < 0.0001).
This prevents the side effects of drug transit through peripheral pathways [106].

Techniques based on local anesthesia temporarily relieve pain by inhibiting nerve
impulse transmission. However, when used to complement multimodal analgesia protocols,
they can be associated with neurotoxicity in both human and veterinary patients [107].
Administration via polymer-based encapsulation is a new strategy designed to prevent
toxicity and permit the prolonged release of the active ingredient to give a long-term
analgesic effect for up to seven days [107]. A ketamine-polymer-based drug was applied
transdermally to Wistar rats to determine its analgesic effects [98]. Results of the tail-flick
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test and readings from an analgesiometer led them to determine a significant analgesic
effect (p < 0.01) maintained for 24 h with a peak effect at 8 h and a response time on the test
5.72 s vs. a basal time of 2.44 s. The compound did not produce irritation when tested on
rabbit skin. It prevented the secondary effects of intravenous, nasal, or oral administration,
so it is a potential option for treating neuropathic pain [108].

4.5. Experimental Surgical Tecniques

In addition to developing novel drugs, advances in surgical technology and techniques
have opened fields in microsurgery in human and animal medicine since the 1900s when
Carrel and Guthrie performed the first transplants in dogs [109]. Later, in 1950–1960, Buncke
and Schultz tested the first microsurgery techniques using models of digital amputations
and reimplantation in Rhesus monkeys, performing vascular microsurgery to restore
circulatory connections successfully [110]. Anastomosis of 1-mm blood vessels in the
ears of adult rabbits by reimplantation was the first demonstration of microsurgery in
reconstructive medicine [111].

Today, rodents are considered models for reimplanting extremities and restoring
blood vessels because their vascularization is homologous to the human finger [112].
For example, developing heterotrophic osteomyocutaneus flap transplant protocols in
Lewis rats furthered our understanding of the mechanisms and pathways involved in the
immune response underlying tissue transplant rejection [113]. Likewise, in an experiment
with five syngeneic mice and allografts—using a donor-supplied aorta and inferior vena
cava—end-to-end anastomosis of those structures showed a 74% success rate as a technique
for hind limb transplants [114]. In another study, Tee et al. [115] performed grafts of
engineered cardiac muscle flaps in the epicardium of 8 rats. The flaps were transplanted
by microsurgery to resolve one of the first limitations: failed vascular anastomosis. Those
researchers performed successful end-to-end anastomosis of the carotid artery and jugular
vein by placing the flap on the epicardium, achieving a survival rate of 75% during 4 weeks
post-surgery, with viable cardiomyocytes and vascular connections between the flap and
the epicardium by week 10 [115]. These techniques, tested first in animals, were later used
with human patients with coronary artery disease caused by diseases such as squamous
cell carcinoma, with a 96% survival rate of the flap in individuals subjected to neck and
head surgery [116].

Another advance in biomedicine achieved thanks to experimental work with animal
species such as pigs are based on animal-to-human organ transplants. On 7 January 2022,
Bartley Griffith’s team performed the first heart transplant from a genetically-modified pig
to a 57-year-old human patient with terminal heart disease [117]. Although the patient’s
condition who received that xenotransplant deteriorated two months after surgery, and he
died, the procedure set an important precedent. It showed the need to continue research
on genetically-engineered animal organs and immunosuppressor drugs since the immune
response and organ rejection are still the leading causes of transplant failure, especially
when the organs come from other animal species [118].

Due to the physiological similarity between nonhuman primates and humans, pro-
cedures for organ transplants are often tested in those species. Over seven years, Lee
et al. [119] performed 22 xenotransplants using hearts from transgenic pigs eliminating
alpha-galactosidase transferase knockout or expression of the regulatory proteins CD46,
CD39, or CD73 in Cynomolgus monkeys (Macaca fascicularis). Results showed that survival
of the grafts was significantly higher in hearts with double or triple genetic manipulation
(11.63 ± 11.29 days vs. 30.83 ± 20.34 days, p = 0.03). This is similar to the report by
Cui et al. [120] on triple knockout cells from pigs (that do not express any of the three
carbohydrate xenoantigens). The complement-dependent cytotoxicity response and the
amount of anti-pig IgG/IgM immunoglobulins (Ig) were evaluated in serum from 72 spe-
cific pathogen-free (SPF) baboons and in human serum. Results for humans and old-world
monkeys showed similar antibody binding, but the cytotoxicity measured in IgM and IgG
was lower in the humans (p < 0.05 vs. p < 0.01).
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Observations on the immunosuppressor response to compounds such as anti-thymocyte
globulin (20 mg/kg) and rituximab (20 mg/kg) demonstrate that, in addition to the use
of transgenic animals, a strict immunosuppressor regimen is a critical element in allo-
transplants [119]. In this regard, drugs injected in nanoparticles such as mycophenolate
mofetil allow low-water soluble compounds to be combined with other compounds and
administered as solid lipid nanoparticles to improve their absorption and release by as
much as 68% in acid media [121].

In this field, sustained release options such as nanoparticle-anchoring hydrogel scaf-
folds of the immunosuppressant tacrolimus allowed the localized release of the drug with
tissue regeneration in nude female mice or those of the BALB/c line that were given the
drug in the hind limb. Those combinations allowed the sustained release of 77% of the
drug, without toxicity, within 28 days at <100 ng/mL [122]. Thus, refining these drugs in
the future will make it possible to reduce the cases of organ rejection due to the immune
response. This finding is significant because their benefits are not accompanied by systemic
toxicity, complications, or dose reduction without pharmacological efficacy [123].

4.6. Neurosciences

The field of neuroscience includes surgical and therapeutic procedures involving the
central nervous system and conducts studies focused on specific diseases or pathologies of
that system. With the discovery of neurological sequelae in COVID-19-infected patients,
animal models have allowed researchers to observe the effects that the SARS-CoV-2 virus
generates in sporadic cases, including epileptic seizures and encephalitis with a mortality
rate of approximately 5.3% [124].

Estimates suggest that approximately 42 million people worldwide suffer brain in-
juries annually and that 80% of cases are classified as traumatic brain injury (TBI). Animal
models based on rodent species are being used to improve our understanding of the phys-
iopathology of TBI [125], though authors such as Vink [126] caution that neuroanatomical
differences in the mouse’s lissencephalic brain can generate biomechanical responses dis-
tinct from those in humans. Moreover, the replication of trauma may be greater in rodents
since traumatisms in these animals tend to generate focal instead of diffuse lesions [127].
Grovola et al. [128] used male Yucatán miniature pigs to analyze neurological dysfunction
in animals with mild traumatism 1-year postevent. They found a persistent neuroimmune
response in animals with morphological changes to the microglia, with increased branches
and junctions per cell (p = 0.026 and p = 0.045, respectively). In other research, models
of medullar lesions are widely utilized with species such as rats, which are particularly
important because between 236 and 1009 per million humans annually suffer a spinal cord
injury [129]. Although this species is the one most often employed to replicate medullar
damage, Filipp et al. [129] affirm that between-species differences (quadrupeds, bipeds)
must be considered when evaluating the neuroplasticity of the spinal neurons.

Epilepsy is one of the most common neurological conditions, affecting over 50 million
people worldwide [130] and 0.6–0.75% of the domestic canine population [131]. Recent
studies of the physiopathology of this disorder and the testing of anti-seizure drugs have
used fruit flies (D. melanogaster) because they manifest seizure-like behavior and share 70%
of their genes with humans [15]. The use of the endocannabinoid anandamide (at 2, 20,
and 200 μg/mL) in Drosophilas prevented induced seizures (p < 0.0001). This led to the
discovery that the action mechanism of their metabolites is not linked to the cannabinoid
receptors but, instead, to transient potential receptors (TRP). This makes the fruit fly a
suitable medium for studying this type of drug [132].

Despite its nature and supposed organic simplicity, Drosophila has been used to un-
derstand the neurobiological bases of processes still considered mysteries by biology, such
as sleep, plasticity, and memory [133]. After studying 12,000 exemplars of D. melanogaster,
Toda et al. [134] reported the existence of the “nemuri” gene, a peptide with antimicrobial
properties that favors sleep and helps these flies survive the infection. This suggests that
its function could be linked to the immune competence of the sleep process in animals
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and humans. The association of sleep with long-term memory, known as post-learning
sleep, was studied by Lei et al. [135], who found a neural circuit that excites the mush-
room body neurons and a connection to the fan-shaped ventral neurons that promotes
post-learning sleep during courtship. This finding underlined the association between
the longer learning experience and the reinforcement of long-term memory, mechanisms
sometimes found in mammals.

Neuroscience techniques applied to species such as nonhuman primates and trans-
genic models of those species have recently been proposed as useful for studying human
evolution and the cerebral functioning of people with autism disorders and neurodegener-
ative diseases such as Alzheimer’s [136]. In humans, Alzheimer’s disease is considered the
most common neurodegenerative disease accounting for around 80% of cases of demen-
tia worldwide [137]. It is widely recognized that mitochondrial dysfunction is an event
that precedes the onset of Alzheimer’s, and this has been studied in two lines of mice
(APPswe/PSEN1 ΔE9 and C57BL/6J). There, the alteration of mitochondrial homeostasis
and increased mitochondrial calcium levels caused damage and neuronal death (p < 0.0001)
due to deposits of amyloid plaques. Recognition of this physiopathology helped scientists
establish the goal of preventing this process as a novel therapeutic approach [138].

Another neurogenerative disease, Parkinson’s, has been studied primarily with murine
models [139]. Recently, however, researchers recognized that the zebrafish shares more
neuroanatomical traits with humans and that mutations of the PARK7 gene in adult fish
were associated with the development of Parkinson’s in humans [140,141]. Exposure of
zebrafish larvae to neurotoxins that act directly on the dopaminergic neurons constitutes a
method to mimic the phenotype of Parkinson’s disease. Specifically, the MPP+ neurotoxin
affected the locomotor function (total distance and velocity) of fish, reducing its perfor-
mance by 80% and 85%, respectively (p < 0.001). Furthermore, no systemic effects were
observed, presenting a condition similar to Parkinson’s [142].

Palliative treatments to control movement disorders such as dystonia, Huntington’s,
and Parkinson’s disease have also been tested in zebrafish [143]. Treatment of Parkinsonian
embryos with substances such as rosmarinic acid (RA) prevents the loss of dopaminergic
neurons due to neurotoxicity. This acid has been proposed as a neuroprotector and antioxi-
dant that reduces locomotor deficits measured, for example, by increasing the swimming
distance in zebrafish treated with RA at concentrations of 10 or 100 μm (approximately
130 to 150 cm, p < 0.01) [144]. Similarly, it has been suggested that herbal medicines based on
Tongtian oral liquid have neuroprotective and antioxidant properties. The administration
of Tongtian to zebrafish prevented neurotoxicity and the degeneration of dopaminergic
neurons (p < 0.01 when compared to non-treated fish) while reducing larval behavioral
impairment measured as improvements in the total distance (peak distance around 180 cm)
and velocity (peak values around 3.5 cm/s) (p < 0.001) [145].

Aquatic models are also utilized to study other neurodevelopmental problems, such
as autism spectrum disorder in zebrafish and Medaka fish (Oryzas celebensis) [146]. Chen
et al. [147] found that prenatal exposure to valproic acid (at 5 and 50 μM) in AB lines
of zebrafish produced embryos and larvae with signs similar to those seen in autistic
humans, including hyperactivity, manifested in a greater frequency of tail-bending, greater
distances traveled after touching of the dorsal tail (p < 0.001, p < 0.05), increased swimming
speed under both light and dark conditions, and deficient social interaction, anxiety, and
macrocephaly, all as consequences of neuronal cerebral cell proliferation. In a separate
study, when applied to 28 neonate rat pups, this acid generated oxidative stress in the
cerebellar hemispheres and reduced the count and nuclear size of the Purkinje cells [148].
These findings appeared, as well, in the brains of children with this condition. In the
case of rats, administering grape seed extract served as a neuroprotector thanks to its
antioxidant effect.

Referring to neurodegenerative disorders, a key strategy is to improve symptomatol-
ogy through physiotherapy and rehabilitation protocols, another line of research that has
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increased in importance due to the prevalence of neurological conditions that can affect the
quality of life of both humans and animals.

4.7. Physiotherapy and Rehabilitation

Because the number of neurodegenerative and traumatic diseases in humans and animals
has been increasing in recent years, one of the main options for these cases is developing and
implementing physiotherapy techniques. For example, stimulation of the lateral cerebellar
nucleus with low-intensity ultrasound is a non-invasive therapy for reducing the consequences
of cerebrovascular accidents in mice after induced ischemic stroke. In those test animals,
functional asymmetry of the brain was restored, and pathological electrical cerebral delta
activity was reduced, leading to improved performance on the beam-walking test [149].

In cases of osteoarthritis, for example, transcutaneous electrical nerve stimulation
techniques (TENS) in physiotherapy protocols utilized in male Sprague Dawley rats with
induced pain showed that when applied to the knee joint for 20 min a day for two weeks,
TENS reduced the expression of c-fos (p < 0.05) (a biomarker of pain) on the day following
the intervention (7302.80 ± 152.40% vs. 5074.50 ± 199.50%) in all the test animals that, in ad-
dition to TENS, did exercise on a treadmill (7333.40 ± 156.70% vs. 2790.00 ± 111.88%) [150].
In canine patients, functional neurorehabilitation after Hansen type I intervertebral disc
surgery has been tested using a technique with bases similar to TENS called transcutaneous
electrical spinal cord stimulation (TESCS). Combined with pharmacological treatment
(4-AP) for 90 days, this approach restored ambulation in 88% of 16 animals thanks to the
so-called multimodal neurorehabilitation protocol in a study by Martins et al. [151].

In human medicine, TENS has been used with patients with knee osteoarthritis. It
improved performance on the stair-climbing test by 0.41 s [152] and reduced pain in
individuals with head and neck cancer who had received radiation and developed oral
mucositis with the pain. In those patients, 30 min of high-frequency TENS functioned as
a non-pharmacological intervention that reduced pain levels at rest by approximately 3.0
from visit #1 to visit #3, as measured by the McGill Pain Questionnaire. However, this
approach did not show results for controlling functional pain [153]. Pain reduction allowed
the patients to exercise the limb and prevent the loss of mass, muscular strength, and joint
instability with some cartilage recovery.

Electroacupuncture is a similar technique used to control chronic inflammatory pain.
The action mechanisms of this technique have been studied in murine models after admin-
istering the complete Freund’s adjuvant to the hind paw. In those animals, electroacupunc-
ture produced analgesia by attenuating neuronal signaling in the dorsal ganglia of the
spinal cord, the anterior cingulate cortex, and neurons of the somatosensorial cortex. This
suggests that the analgesia generated affects cortical pain pathways and means that the
somatosensorial and anterior cingulate cortices may be potential therapeutic targets for
developing new options for pain management [154], one of the principal objectives of
rehabilitative medicine in humans and animals.

5. New Models and Strategies Applied in Animal Research

The use of poorly developed or unconventional species is expanding to other areas of
biomedicine. For example, the zebrafish is used to study anomalies in limbs and craniofacial
regions [155]. In those fish, Bergen et al. [156] found 604 genes associated with processes
of the formation, mineralization, and regeneration of scales, which demonstrated that
those structures are reminiscent of bone. Mutations of these genes in humans generate
bone mineralization disease. This suggests that scales could be a model for studying the
pathogenesis of skeletal diseases, calcification, and matrix formation [156]. In another
fish species –Medaka, the Japanese rice fish (Oryzias latipes)– researchers found that the
electrocardiogram pattern was more similar to that of humans than those of rats and mice.
This led authors such as Yonekura et al. [157] to use it as a model for testing cardiovascular
therapies and the response of action potentials to verapamil, which causes bradycardia,
an effect also seen in humans [158].
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In addition to the use of mammals such as domesticated dogs as models for research
on urinary pathologies due to their anatomical and physiological similarity to humans [159],
the diverse species that have been incorporated into biomedical science include protozoans,
platyhelminths, planarians, cnidarians, bivalve mollusks, gastropods, cephalopods, an-
nelids such as the tardigrades, and arthropods such as hexapods, crustaceans, arachnids,
and various insects in studies in broad fields of investigation [160]. In dermo-cosmetology,
extraction of hyaluronic acid from mollusks such as Mytilus galloprovincialis and Crassostrea
gigas to treat wounds in Wistar rats accelerated the processes of wound repair and re-
epithelization, allowing lesions to heal completely within 15 days of treatment, in contrast
to the results attained with commercial healing creams [161]. Another application of a
cephalopod (Octopus vulguris) is in reconstructive medicine due to its capacity to regenerate
nerves and adjacent tissues such as muscle and blood vessels. Despite these technical
advances s in medical research, additional studies are required to determine markers,
antibodies, and imaging techniques designed to take advantage of those species [162].

Non-animal alternatives such as cell cultures, 3D tissue cultures or organs-on-chips,
mathematical models, stem cells, bioprinting, in silico tests, and advanced computer
simulations have been increasing in recent years [163]. In leading research countries and
regions such as the United States, United Kingdom, China, Germany, Japan, Canada, and
Australia, among others [164], there has been a particular interest in replacing animal
models with another methods. This is promoted by ethical pressures, the 3Rs initiative,
and official instances such as the National Institute of Health [165]. An example of this is
the new US law sponsored by the Food and Drug Administration (FDA), which states that
drugs no longer require animal testing before human clinical trials [166]. Another example
could be Canada and the statistics regarding the number of rats and fish used as animal
models from 2019 to 2020. In 2019, rats and fish went from 3.9% and 19.9% to 2.6% and
11.7%, respectively [26,167].

When mentioning tissue engineering, the so-called “organoids”—transplantable tis-
sues created by engineering—have raised expectations for replacing animals, resolving
specific bioethical issues by making the study of pathologies and drug testing more spe-
cialized [168]. Protocols for head and neck squamous carcinoma have been published,
using patient-derived organoids to study therapeutic agents and their drug sensitivity [169].
However, as materials that depend on in vitro handling and do not come from organisms
that provide blood flow or the biochemical conditions of a live individual, their devel-
opment and clinical application require further advances, not only in medicine but also
in applicable biotechnologies [168]. Current trials aim to establish the vascularization of
organoids, such as in human brains [170] or kidney organoids., In vitro culturing under
millifluidic chips and endothelial cells is an alternative to creating vascular networks that
need future studies but can be an option to research nephropathies [171]. Complex vascular
networks made with mesodermal progenitor cells by Wörsdörfer et al. [172] replicated the
ultrastructure of a blood vessel in tumor organoids with endothelial cell junctions, luminal
caveolae, microvesicles, and antiangiogenic responsiveness to stimuli. Moreover, 3D bio-
printing of organoids derived from stem cells (e.g., ectoderm, mesoderm, and endoderm)
is another alternative to replicate developmental diseases in the brain, skin, kidney, heart,
intestine, lung, and liver [173]. Those biotechnological advances include approaches in
which animal models are accompanied by artificial intelligence [174].

The support that robotics and artificial intelligence provide to the advance of science
has improved the technologies involved in techniques of robot-assisted, minimally-invasive
surgery [175]. Recently, machine learning techniques have been used with animal models
to help diagnose or identify specific behavioral or physiological changes in species. In this
regard, models of Parkinson’s disease in zebrafish have used video recording to teach the
machine to differentiate between a movement disorder and a parkinsonian fish, a technique
that may apply to cases of motor diseases in humans [140]. Deep learning algorithms, a type
of machine learning, are another approach to the future of biomedical science, particularly
in diagnosing a wide range of diseases. Based on CT images, it has been tested in hepato-

33



Animals 2023, 13, 1223

cellular carcinomas [176] and COVID-19 diagnosis, showing 85.2% accuracy a specificity
and sensitivity of 88 and 87%, respectively [177]. A similar accuracy percentage (91%) was
also obtained when testing deep learning to identify genetic syndromes according to facial
features [178]. In veterinary medicine, automatizing facial recognition to assess pain is a
current approach applied in cats, with an accuracy above 72% [179]. These applications
suggest that new diagnostic tools might not require animal models. Nonetheless, imple-
menting these technologies depends on their ability to simulate the physiology of a live
organism, especially humans, to improve the replicability of results [180].

The replicability of animal models in preclinical protocols depends on their internal
and external validity for transposing results to humans. However, the complexity of some
human conditions and the physiological differences among species have led authors such as
Pound and Ritskes-Hoitinga [181] to recommend focusing on techniques and technologies
prioritizing human research. However, it is important to remember that experimentation
with human subjects involves many serious ethical and legal controversies such as those
surrounding experimentation with nonhuman primates [182]. One ethical way to deal
with this topic consists in establishing and following norms and guidelines such as the 3R
principles that promote the rational and humane use of laboratory species [33].

In summary, important advances in human and veterinary medicine have been mainly
achieved thanks to animal species that allow us to improve our understanding of the etiology,
pathology, physiology, and toxicology of diverse conditions that affect both humans and
nonhuman animals [5]. However, using these species requires evaluating ethical considera-
tions, existing limitations, the options available, earlier studies, and, above all, focusing on the
welfare of laboratory species to fully recognize their enormous contributions to science.

6. Conclusions

Animal models—including a broad diversity of species of vertebrates and
invertebrates—are a key element for experimental research aimed at replicating human and
animal pathologies. Over the past five years, significant advances regarding worldwide
priority diseases such as COVID-19, breast cancer, diabetes, obesity, and Parkinson, among
others, were made in species such as nonhuman primates, rodents, lagomorphs, dogs, pigs,
and even invertebrates such as zebrafish and nematodes. Moreover, before human clinical
trials, novel therapeutic drugs, diagnostic techniques, and surgical procedures such as flaps
or organ transplants have also been refined in animals.

These examples show the importance of using animals in biomedical research to study
emerging or poorly understood human and animal diseases, and development of novel
therapeutic options, including nanoparticles and in vivo techniques. Although animals
will remain an essential element of science in the near future, due to their remarkable
contributions, the ethical aspect of animal experimentation is significant.

The ethical pressure and the application of initiatives to reduce and replace the number
of animals used in experimental protocols is leading to new strategies such as genetic
engineering, artificial intelligence, organs-on-chips, mathematical models, bioprinting
of organs, and advanced machine learning technologies. This multimodal approach is
considered the best option for addressing the ethical dilemmas raised by using laboratory
animals while emphasizing their valuable contributions to human and animal medicine.
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Simple Summary: This article provides a review of recent studies that explore the application of
the 3Rs in experimental animal models of liver disease, comparing different models for a correct
search for replacement, refinement, and reduction methods. However, the limitations of each of the
replacement techniques are identified, which highlights that although the use of animal models is
still necessary, their number can be reduced and adjusted to the scientific question of interest, always
taking into account their welfare and using alternative techniques to answer more specific questions.

Abstract: Patients with cirrhosis present multiple physiological and immunological alterations
that play a very important role in the development of clinically relevant secondary complications
to the disease. Experimentation in animal models is essential to understand the pathogenesis of
human diseases and, considering the high prevalence of liver disease worldwide, to understand the
pathophysiology of disease progression and the molecular pathways involved, due to the complexity
of the liver as an organ and its relationship with the rest of the organism. However, today there is
a growing awareness about the sensitivity and suffering of animals, causing opposition to animal
research among a minority in society and some scientists, but also about the attention to the welfare
of laboratory animals since this has been built into regulations in most nations that conduct animal
research. In 1959, Russell and Burch published the book “The Principles of Humane Experimental
Technique”, proposing that in those experiments where animals were necessary, everything possible
should be done to try to replace them with non-sentient alternatives, to reduce to a minimum their
number, and to refine experiments that are essential so that they caused the least amount of pain and
distress. In this review, a comprehensive summary of the most widely used techniques to replace,
reduce, and refine in experimental liver research is offered, to assess the advantages and weaknesses
of available experimental liver disease models for researchers who are planning to perform animal
studies in the near future.

Keywords: replacement; refinement; reduction; liver; research; disease

1. Introduction

The liver is a very important organ in organic homeostasis, with different functions,
such as maintaining plasma glucose and ammonia levels, drug detoxification, bile synthesis,
and storage and processing of key nutrients [1]. The hepatic response to insults like
alcohol, infections, drugs and toxins, cancer, obesity and metabolic syndrome, genetic
diseases, and autoimmune conditions is liver fibrosis, like wound healing [2]. Cirrhosis
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represents the end-stage of any chronic liver disease when liver acini are substituted
by nodules [3] characterized by vasodilatation and generalized hypotension, related to
portal hypertension, mainly due to increased intrahepatic resistance [4]. Patients with
decompensated liver cirrhosis have a poor prognosis [5] and increased mortality, most
often attributed to direct complications resulting from the loss of liver function, portal
hypertension, and the development of hepatocellular carcinoma and, as such, has been
estimated to account for one million deaths worldwide per year [6].

Experimental animal models have been used extensively to understand the underlying
mechanisms of human disease, particularly liver cirrhosis. One of the principal reasons for
their use is that animals and humans have many anatomical and biological similarities [7].
Throughout the 20th century, there have been great advances in biomedical sciences (inven-
tion of antibiotics, new methods of diagnosis and treatment of diseases, surgical techniques,
the improvement of vaccination) thanks mainly to animal models, whose use in recent
decades has increased exponentially, saving millions of lives and significantly increasing
life expectancy. Currently, in Europe, the most used animal species according to the last re-
port of EU Commission (Commission Staff Working Document) are rodents (mouse: 48.9%
and rat: 8.4%), domestic fowl (5.3%), rabbits (4.3%), zebrafish (3.5%), guinea pig (1.4%),
amphibians, cephalopods and reptiles (0.5%), dogs, cats, and non-human primate models
(0.2%). Nevertheless, rodents are the most used for various reasons: Their high resistance
to successive inbreeding, decreasing genetic variability between individual animals, their
rapid reproduction rate, their small size and ease of handling, and their low cost in terms
of accommodation and maintenance. Besides, mice are the species of choice used for geneti
engineering and associated basic research. Notably, it is crucial to acknowledge as well that
mice are not humans, and depending on the process under study, key differences between
human and murine biology may affect our results [8,9], thus, being aware of them would
allow us to better implement the 3Rs in our research (Figure 1).

Animal models of liver disease can be induced by different approaches [10]: (a) Oral
or intraperitoneal (IP) administration of chemical compounds causing a direct injury
and inflammatory reaction in the hepatocytes (CCl4 [11], thioacetamide [12], dimethylni-
trosamine [13], dioxin [14], sodium arsenate [15], and ethanol [16]), (b) special diet causing
non-alcoholic fatty liver disease (NAFLD) and cirrhosis, such as choline-deficient, L-amino
acid-defined, methionine-deficient diet [17–19], and high-fat diet [20], (c) surgery, like bile
duct ligation (BDL) [21], leading to cholestasis, infiltration of inflammatory cells in the por-
tal area and liver fibrosis, or (d) fibrosis induced by deposition of immune complexes in the
portal area and around the central vein area (concanavalin A [22] and xenogenic serum [23]).
The resulting liver disease is usually presented as a painless clinical picture, with jaundice
(especially in cholestatic models like BDL) and brightly colored urine. Jaundice is easily
identifiable in albino strains by yellowing fur or ears, but in pigmented animals (black or
agouti strains), it is not always immediate to detect. The color change in urine is also not
easy to detect and requires the use of metabolic cages or using white bedding. In models
of liver damage, early detection of the appearance of cirrhosis or of any color change in
the urine could serve as endpoint criteria, but it is sometimes difficult to ascertain despite
daily monitoring of the animals. Additionally, in advanced cirrhosis, ascites may appear in
the animal (excessive accumulation of fluid in the abdomen). In most animal models, the
onset of ascites is used as the endpoint to prevent animals from experiencing pain, stress,
or discomfort [24].

In 1959, Russell and Burch [25] developed what was the first idea of good practice in
animal research (that, over time, has been expanded with other Good Research Practice
guidelines not specific to animals): The concept of the 3Rs (reduce, replace, and refine)
to reduce the number of animals used, to look for an alternative for total or if not partial
replacement, and refine the techniques used to minimize the pain or suffering of animals as
much as possible. However, scientists have not stopped there, and new proposals have been
developed based on Carol Newton’s three Ss (3Ss) [26], adapting them to what is called
“the Three Cs” (3Cs) [27]: Full science, objective criteria, and culture of care. Nowadays,
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the pillar of any research that is carried out, even before starting a study, is to find the best
way to do it, trying, whenever possible, not to use experimental animals. However, today,
studies on experimental animals are still irreplaceable. It seems, however, that researchers
are at the beginning of a new stage, and investigators are closer to replacement thanks to
industrial development and research in the search for new biomaterials, computational
development and its greater accessibility, and the use of artificial intelligence (AI), which
will very probably change in a few years the vision of science as the community has
seen it up to now. Meanwhile, governments, as well as the research community itself,
have committed to work together for a responsible science where those studies that require
animals will focus on an Integral Science: Proper scientific methodology, honesty, adherence
to regulations; Objective Criteria: Retrospective evaluation harm-benefit analysis (3Rs:
reduction, refinement, and replacement); and Culture of Care: bioethics, animal welfare,
and responsibility.

 

Figure 1. Relevant human and mouse differences in liver physiopathology. Although mice remain
one of the best approximations to the human systems, key differences in liver biology need to be
considered while designing projects in order to avoid failed experiments and inconclusive results,
thus meeting the 3Rs principles. With respect to liver anatomy, albeit the external appearance
differs between mice and humans, the functional microscopic lobule architecture is quite conserved
in both [28]. This aspect translates into similar phenotypic manifestations during liver pathology
(steatosis, inflammation, and fibrosis), although the symptomatology of advanced human disease
is difficult to mimic in mice [29]. This might be attributed to the differences in rodents’ local
immune system and metabolism. Regarding liver immunology, mice are considered more tolerant,
with a reduced response to bacterial products and potent regulatory lymphocytes compared to
humans [30,31]. Metabolism is considered to be more active in murine models, being exemplified in
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the expansion of metabolic enzyme genes and their respective increased production [32,33]. Remark-
ably, these distinctions are further exemplified in omics analyses that highlight partially divergent
genomic responses to liver injury and disease progression [34,35], ultimately indicating that improved
models, such as humanized mice, could reduce the gap between the two species [36]. This image was
created using Biorender platform.

This review aims to help researchers, mainly those who work with experimental
models of liver damage, to be aware that sometimes the animal model can be replaced by
alternative techniques and the importance of the 3Rs in the day-to-day of their work with
experimental animals.

2. The 3RS from an Institutional Point of View

Advances in scientific research have prompted the search for alternative methods in
animal models of liver damage, with the aim of promoting their replacement, reduction,
and refinement. Institutionally, university ethics committees and their research compliance
offices play a key role in promoting and overseeing these approaches.

European legislation (Directive 2010/63/EU of the European parliament and of the
council) is clear in the 3R’s approach: When there is a validated alternative method that
replaces, reduces, or refines the use of animals, its use is mandatory. Existing validated
replacement methods are the main reason for an unfavorable evaluation of an animal
research project. However, not only in Europe, in the United States, the Animal Welfare Act
(AWA) and its associated regulations [37] serve as the primary framework for overseeing
animal research. According to these regulations, research protocols involving animals
must undergo review and approval by Institutional Animal Care and Use Committees
(IACUCs). The IACUCs play a crucial role in ensuring that the principal investigator
has thoroughly considered alternative methods for proposed research activities involving
animals. Similarly, in Japan, the Act on Welfare and Management of Animals [38] establishes
the framework for animal research oversight. This regulation emphasizes the importance
of considering the appropriate use of animals in research and encourages the exploration
of alternative methods that minimize the reliance on animal use. It also highlights the goal
of minimizing the number of animals involved in research whenever possible.

The replacement of traditional animal models implies the use of non-invasive tech-
niques, such as cell cultures and in vitro models, which allow the mechanisms of liver
damage to be studied more accurately and ethically. These in silico and ex vivo alternatives,
based on the use of cell lines or isolated tissues, considerably reduce the need for animal
experimentation and offer relevant results for understanding liver pathophysiology.

The reduction focuses on minimizing the number of animals used in experiments and
optimizing research protocols to obtain the maximum information with the least possible
impact. All kinds of institutional ethics review boards for animal research projects and
offices for research compliance encourage the implementation of strategies that make
it possible to achieve scientific objectives with a smaller number of animals through a
rigorous experimental design and the application of appropriate statistical techniques.
Current international regulations (European Union, USA, and Japan) do not require a
biostatistician to be part of an ethics committee, but the existence of this figure should be
mandatory as it is key to correctly applying the r for reduction.

Refinement involves improving experimental conditions to minimize pain, stress,
and suffering in animals used in models of liver damage. Ethics committees and research
compliance offices promote the adoption of measures that guarantee animal welfare, such as
the use of adequate anesthesia, constant monitoring of vital signs, and the implementation
of non-invasive sample collection techniques. Animal welfare is a crucial concern and
is currently the best attended R worldwide since current legislation does regulate the
existence of the attending veterinarian (USA research facilities and their IACUCs) [37],
designated veterinarian (European Union breeders, suppliers and users of animals for
research) (Directive 2010/63/EU), the person responsible for the welfare and care of the
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animals (Animal-Welfare Bodies in the European Union) (Directive 2010/63/EU), and the
official in Charge of Animal Welfare (Japan) [38].

In summary, research institutions and research compliance offices establish various
types of review boards to oversee animal research projects. These boards, with the help of
workers with very specific professional profiles, play an essential role in promoting and
supervising alternative methods in animal models of liver injury. Through the promotion
of replacement, reduction, and refinement, it seeks to guarantee the scientific and ethical
integrity of research while protecting animal welfare. These approaches contribute to
moving towards a future where the reliance on animal experimentation in this crucial
scientific field is significantly reduced and, possibly in the longer term, completely replaced.

3. Animal Models in Liver Disease

The animal species used for animal models of cirrhosis depends on the main objectives
of the study [33], but the most commonly used are rodents, especially mice and rats. Mice
are mainly used if the primary goal of the study is organ harvesting to assess liver fibrosis
and inflammation, and where complex surgical interventions are not required. In mice, due
to their small size, surgical interventions are more complicated. Although a high degree
of technical expertise is always necessary, in mice, an ocular microscope is sometimes
needed and is not always available. Thus, in surgery models, rats are used more often since
reproducibility is much higher, and mortality is lower [33].

Within each species, there are also differences between strains. In mice, for example,
there are interstrain differences in the development of diet-induced NAFLD between
C57BL/6, BALB/c, and C3H/HeN mice [39,40]. There are gender-specific differences too,
for example, in the development of steatosis in rats [41]. Male animals are generally used
to eliminate potential confounding factors, such as the complex female hormonal status,
but it has detrimental consequences for women’s health [42], so the legislation ultimately
requires detailed experiments performed on both sexes. Therefore, each model has specific
advantages and disadvantages and must, therefore, be chosen according to the research
questions to be answered.

4. 3RS in Experimental Models of Liver Disease

4.1. Replacement

Since the publication of Rusell and Burch’s guide for reduction of animal pain in
1959 [25], the application of less aggressive handling and experimentation techniques to
animal research in the form of the 3Rs principles has permeated every aspect of scientific
research, including its legislation [43]. These principles have their major (European) legisla-
tive acknowledgment in Directive 2010/63/EU, which states that “An experiment shall not
be performed if another satisfactory scientific method of obtaining the result sought, not
entailing the use of an animal, is reasonably and practicably available”.

Owing to the variability regarding etiology and pathophysiology of liver diseases,
a plethora of animal models have been developed over the years in order to adequately
study these pathologies [29]. In addition, a wide variety of in vitro and in silico approaches
have concurrently been engineered with the aim of replacing animal use in hepatic research
(Table 1). Those replacement alternatives will be explored in this section.

4.1.1. 2D In Vitro Liver Models: Monocultures and Cocultures

In general, the most widely used method for studying cell biology is the traditional
2D monolayer culture, where isolated cells are seeded in an appropriate culture medium
over a flat, stiff polystyrene surface. In the field of liver fibrosis, Hepatic Stellate Cells
(HSC) cultures have been usually used for high-throughput screening of fibrosis-related
compounds and potential treatments [44,45]. Classic in vitro HSC cultures are based
on stellate cells transdifferentiation, transitioning from a quiescent, high-lipid, healthy
liver phenotype cells to a myofibroblast-like, activated phenotype, typical of a diseased
liver [3,44]. 2D hepatocyte monocultures (commonly hepatocellular carcinoma-derived cell
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lines) have also been extensively used in different liver pathology studies, such as NAFLD.
In these models, steatosis is induced in cultured cells by the addition of a mixture of free
fatty acids to the culture medium [46].

However, the aforementioned strategies both fail to recapitulate the complex intercel-
lular interactions characteristic of hepatopathies, the genomic and proteomic changes that
cells undergo, and their repercussion in cytokine and extracellular matrix (ECM) produc-
tion. Despite their utility, classic monocultures are of limited use for studying liver diseases,
as these strategies do not consider intercellular interactions between cell types. Bearing that
in mind, coculture systems have been used in order to explore communication between
liver cells, investigating the intense crosstalk established by means of cytokines, growth
factors, chemokines, reactive oxygen species, and plasma proteins, therefore, allowing
researchers to measure changes in gene/protein expression and functional/physiological
effects [3,44].

Even though this approach is unable to differentiate between the effects of one cell
type over the other, it identifies the overall effect of cell interaction. If the experimental
design involves coculture of non-adherent and adherent cells, both populations can be
cultured together, washing the non-adherent one before sample analysis, thus measuring
specific adherent cell changes. Following this strategy, transwell inserts offer the possibility
of establishing indirect cocultures, physically separating both cell types but allowing
secreted factors exchange. A halfway point between coculture and paracrine cellular
interaction pathways involves the stimulation of a cell type with the conditioned medium of
another cell culture, containing all soluble factors, exosomes, microparticles, and cytokines
produced [47–49].

Collagen overexpression and its accumulation, forming liver scar tissue and fibrous
septa, are the most characteristic events of the disease observable in ECM, being a hallmark
of the progression of chronic liver disease. ECM proteins and their interaction with the
cells condition cellular behaviors, such as cell morphology and gene/protein expression,
by means of the activation of multiple signaling pathways [50,51]. Interestingly, research
has shown differences in the stiffness of the surface the cells are grown into activate those
crucial signaling pathways. For instance, primary HSC cultures seeded on supports of
different stiffness adopt different phenotypes depending on it (12 kPa, extremely cirrhotic
rat liver; 0.4 kPa, healthy rat liver). These values obviously contrast with the approximately
10,000 kPa stiffness of a regular culture dish, bringing to light the inaccuracy of the most
common in vitro supports in which experiments are carried out [45,52]. In vivo, HSCs
are subjected to different mechanical/pressure forces depending on their location (portal
ducts are stiffer than pericentral regions, etc.) [44,53], thus showing a heterogeneous profile
that is very difficult to imitate in vitro. In addition, elegant research has demonstrated
that mechanical stress increases TGF-β mRNA and protein expression levels, inducing an
epithelial-mesenchymal transition in HSCs [54,55].

Taken together, these studies show that reductionist 2D monoculture does not fully
address the complex multicellular processes and mechanical heterogeneity that shape the
healthy fibrotic liver, being unable to accurately recapitulate the physiological interactions
in which cytokines, nutrients, oxygen, and pressure shape cell behavior.

4.1.2. 3D In Vitro Liver Models

It is clear that highly accurate in vitro liver studies require a precise recreation of the
liver microenvironment, taking into account inter-cell interactions, paracrine signaling,
and secreted mediators. Hence, 3D in vitro models represent the next logical step towards
mimicking in vivo conditions as closely as possible, allowing researchers to construct
complex microscale ultra-structures for cultures. When achieved, these 3D strategies can
provide a fast, high-throughput, accurate liver culture model for hepatic research [56]
(Table 1).

• Cell Stacking: The most conceptually simple strategy for three-dimensional cell engi-
neering uses monolayer cultured cells in the “height” dimension. Cell sheet stacking
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undertakes this approach by using temperature-responsive culture dishes coated with
polymers (poly(N-isopropylacrylamide) (PNIPAAm)) that change their hydrophilicity,
hence the adherence of the cells, depending on the temperature. This allows the cells
to be harvested when the hydrophilic conditions are met (20 ◦C) without any damage
to membrane proteins. The preservation of intercellular interaction allows the stacking
of several cell sheets and the reproduction of a more complex 3D structure [57,58]. In
hepatic research, the combination of both parenchymal and non-parenchymal liver
cell sheets has emulated some liver functions, such as albumin and urea synthesis.
However, the absence of oxygen supply to the inner zone of the 3D-engineered tissue
due to the lack of vascularization conditions limits cell viability to a short period of
time that ends in an ischemic event [59,60].

• Spheroids as a 3D in vitro hepatic system: Spheroids are cellular clusters that can
include one or more cell types and that typically acquire a spheroidal structure in the
presence or absence of a matrix, recapitulating the hepatic in vivo 3D environment,
being the 3D spheroid system applied to hepatocyte culture one of the first models
of this technique developed [61]. Hepatocyte spheroids promote intercellular and
ECM–cell interactions, the development of metabolites, gas, and nutrient gradients
across the spheric-like structure and have been demonstrated to imitate and maintain
liver-specific functions [62]. This approach has probed its utility in the study of drug
pharmacokinetics and toxicity tests, making feasible its application for the determi-
nation of an appropriate drug dose [63]. Current hepatic 3D spheroid-assembling
methods have evolved [64,65], giving rise to a wide variety of protocols, being some of
the most used the micromolds of non-adherent materials [66], rotation of cultured cells
on 96-well non-adherent plates [61], stirred bioreactors [67], and methods that depend
on gravitational aggregation of cells using hanging drop cultures. The availability of
commercial solutions for hanging drop culture systems (ED Biomatrix. Ann Arbor, MI,
USA; InSphero. Schlieren, Switzerland) has eased an initial standardization strategy
for the technique [68]. A variable that clearly limits the standardization of spheroids
includes their non-homogeneous size, which directly influences experiments’ repro-
ducibility [63]. Several technologies have investigated the generation of standard
homogeneous spheroids in order to overcome this limitation by means of micromold-
based spheroids [69], or by inoculating primary hepatocytes into pre-cultured 3D
spheroidal nylon-scaffolds of non-parenchymal cells producing size-consistent par-
ticles with hepato-specific functions [70]. Even though there are some commercial
solutions for spheroid assembly, their cost and difficulty make them unattractive for
their implantation in most laboratories. On top of that, the clustering systems previ-
ously defined share several common limitations with monolayer cultures, such as the
absence of a standardized culture scaffold stiffness and topography [71].

• 3D matrix/scaffold-based cultures: The use of 3D scaffolds for 3D culture of hepatic
cell populations is a frequently used system just by itself or in combination with other
technologies (such as its application in homogeneous spheroid generation explained
in the previous section). Culture matrixes can be developed out of synthetic (scaf-
folds synthetic polymers [72]) or biological materials biological sources (naturally
derived hydrogels: Alginates, celluloses, or polyethylene [73]). Synthetic materials
are extremely flexible and can be easily fabricated, but their microarchitecture and
biomechanical behavior, key properties for proper cell culture, are not adequate. The
current strategy to overcome these limits is based on the development of 3D scaffolds
from biological ECM-derived materials, such as basement membrane or type-I col-
lagen. These ECM-derived gels are characterized by the preservation of cell–ECM
interactions. Despite that, these biomaterials also have several limitations, mainly
the heterogeneity of mechanical properties between different batches of gels and the
incapacity of resembling physiological liver 3D microarchitecture [74]. In those condi-
tions, cultured cells encapsulate randomly in ECM-derived gel scaffolds, randomly
self-organizing into not natural liver microstructures and also not reproducing and/or
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maintaining specific liver functions over time due to the absence of tissue-specificity
of these biomaterials [44].

• 3D bioprinting of liver tissue: 3D bioprinting includes a group of techniques for the
fabrication of three-dimensional, cell-packed, liver-like structures with a determined
geometry by the manipulation of a combination of biological materials, biochemicals,
and living cells, usually called “bioinks” [74]. Based on their handling, the most
common printing technologies can be classified into three different categories: Droplet-
based, photocuring, and extrusion-based bioprinting [45,74].

1. Droplet-based bioprinting also known as inkjet-based bioprinting, was the first
3D bioprinting technique developed. Originally proposed by adapting a com-
mon inkjet printer to work with bioink-loaded cartridges, current droplet-based
bioprinters use an actuator to deposit droplets of biomaterial onto a substrate
to generate a 3D structure [75]. In addition to their simplicity and commercial
availability, droplet-based bioprinters still remain the first choice for applications
that require the printing of a high accuracy pattern, being able to even generate
single-cell droplets of bioink, thus building constructs with a similar resolution
to cellular dimension [76]. However, their popularity is being progressively
reduced due to the overstress that is generated in the cells by the thermal and
piezoelectric actuators that form the printer [77].

2. Photocuring bioprinting: Currently known as laser-based bioprinting due to the
implementation of this lighting technology to treat photo cross-linkable bioinks,
this approach can generate highly accurate 3D structures with a resolution of
up to 50 μm [45]. Laser-based bioprinting is especially recommended for high-
fidelity applications at low resolutions (i.e., vascular network ultrastructure
printing [78]). Photocuring bioprinters can effectively mimic the lobular vascular
network from a technical, structural point of view. However, the use of this
technology strongly limits the variety of bioinks available due to the necessity
of photo-crosslinking properties or the use of functionalizing reagents [78]. In
combination with their low throughput, the cell-unfriendliness of the method,
and the absence of commercially available systems, laser-based bioprinting is not
a standardized 3D modeling method yet [45].

3. Extrusion-based bioprinting: It is based on the extrusion and deposition of a
bioink filament on the printing surface [77]. Depending on the mechanical ap-
proach by which the biomaterial is extruded, three different subcategories are
identified: Pneumatic extrusion (the most widespread, controls the flow of ink
and pressure through an air compressor), extrusion with a syringe pump (con-
trols precisely the extruded volume of bioink), and screw extrusion (the least
popular due to the enormous stress that screw rotation places on the cells) [74].
Extrusion-based bioprinting is currently the most popular technology for liver
tissues. The main reason is that it overcomes the cellular stress and damage
generated by droplet-based approaches [77]. As stated before, there is a wide va-
riety of bioprinting technologies, with their respective market approach, features,
price, and technology. Conversely, the design, standardization and optimization
of tissue-specific bioinks is still a challenging task in this field [79]. The mate-
rials used for bioprinting need to be cell-and printing-process compatible and
provide the mechanical and functional properties that mimic liver tissue, thus
allowing maintenance of hepato-specific cell behavior in long-term cultures [46].
Private companies have developed some commercially available solutions for
bioprinting materials, such as Insphero®®, whose extrusion-based 3D spheroids
of hepatocytes, HSCs, and Kupffer cells were printed in liver ECM-hydrogels.
Another example is the Novogel 2.0 from Organovo®®, which has been used to
extrusion-bioprint HSCs/HUVEC cocultures allowing long-term maintenance of
cells [45]. Nevertheless, the use of proprietary printing techniques dramatically
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increases costs, and the need for a complicated experimental setup restricts its
accessibility to the research community.

• Decellularized Liver scaffolds: Decellularization of liver scaffolds is an elegant strategy
to overcome the macro- and microstructure-related issues derived from previously
mentioned 3D culture techniques, where liver microanatomy could not be fully re-
produced. Decellularized liver scaffold aims to provide a 3D structure that has the
optimal conditions for hepatic cell culture survival and proliferation while preserving
the intrinsic organ vascular network [80]. This approach is based on eliminating
parenchymal and non-parenchymal populations of the liver by perfusing the organ
with decellularizing solutions (i.e., detergents, delipidating enzymes, and nucleic
acid-degrading enzymes) while preserving three-dimensional ECM structure [45].
Decellularized livers can then be used as 3D ECM bio-scaffolds for recellularization
and tissue engineering [44]. A key advantage of decellularization-recellularization
protocols lies in the preservation of liver-specific ECM macro- and microstructure
and crucial bioactive molecules for ECM-cell interactions, thus assuring the necessary
stimuli for hepatic cells engraftment, survival, and physiological behavior, conse-
quently allowing to overcome other 3D platforms’ limitations [80]. Some drawbacks
of these culture models include the fact that decellularizating perfusion protocols
must be tissue-, disease-, and species-specific, mainly due to the significant variations
of cell populations abundance and proportions and ECM protein composition that
characterize healthy and diseased liver and could affect the recapitulation of 3D envi-
ronment during cell elimination [81]. Another limitation of the strategy is the limited
availability of human liver tissue for the optimization of the model (and the technical
complication of human liver perfusion, forcing researchers to adopt alternative tissue
in vitro incubation methods). Hence, most liver decellularization studies have been
performed in rats, even though successful decellularizations have been reported of
whole sheep and pig livers [80].

• Precision cut liver slices (PCLSs): PCLSs are a versatile, ex vivo model that maintains
complete liver architecture and populations (including infiltrating immune cells),
therefore, avoiding the limitations of previous models when it comes to macro- and
microarchitecture mimicking, as it is a genuine slice of tissue [82]. Among their
main benefits, their reproducibility, low cost, and high overall cell viability should
be highlighted, allowing researchers to perform experiments in cultured PCLSs for
5–7 days (although this relatively short time could be considered a drawback of the
system) [82]. In addition, the combination of PCLSs with microfluidic devices has
boosted the in vitro evaluation of multi-organ interaction and culture technology [45].
Nevertheless, access to fresh human liver tissue (the most valuable for research) is
one of the pivotal limitations of PCLS: The scarcity of healthy human liver biopsies in
combination with the coordination between surgeons, clinician teams, and researchers
strongly limits its use [82]. Another drawback is the lack of biopsies on healthy tissue,
forcing researchers to work with distal portions of the diseased liver that are not
actually healthy. The same situation happens with diseased tissue, as research usually
needs a clearly defined background to proceed and identify interesting outcomes.
However, harmed liver biopsies are extracted from patients undergoing different treat-
ments/therapies and might have a combined diseased background with metabolic,
alcohol/drug intake, cancer, or genetic components [83]. Bearing that in mind, the
main alternative for liver slice obtention are animal organs, which, unfortunately,
have shown different proteomic profiles and outcomes, depending on the species [44].
Lastly, a clear disadvantage of PCLSs independently of human or animal sources
is that slice preparation inevitably generates two cut-injured surfaces that undergo
regeneration processes that result in HSCs activation [45].

• Liver-on-chip: As stated before, liver cells in vivo are put under constant and diverse
stimuli. Organs-on-Chip, specifically Liver-on-Chip, are microfluidic devices that
in vitro recapitulate the physiological properties of tissue microenvironment. Liver-
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on-Chip specifically considers fluid flows and 3D architecture of the hepatic sinusoid,
allowing for 3D cell culture with a greater degree of in vivo-like environmental cues,
highlighting fluidic shear stress as one of the key features of healthy and diseased liver
3D culture [84,85]. Liver-on-Chip devices can be classified in the following categories:
Gravity-driven perfusion platforms, Pump-driven perfusion platforms, and 3D mass
culture systems [85].

1. Gravity-driven perfusion platforms: They are the simplest version of these mi-
crofluidic devices, but also the ones that less resemble physiological conditions,
relying on gravity to perfuse cultured cells. This approach eliminates the neces-
sity of tubing, pump components, and power supply dependence, hence, flow
rate, nutrient supply, and shear stress are not constant over time [86]. In this
device, the tilting of the chip forces culture media to flow from one reservoir to
another through microfluidic channels where liver cells are cocultured. The flu-
idic conductions are engineered so that the cells experience a unidirectional flow
of media (by returning media with different connections to the original reservoir).
Despite some new designs that try to avoid flow-related issues (bi-directional,
recirculating organ-on-chip), the ease of use and resilience against bubbles make
simple, gravity-pumped organs-on-chip a valuable and affordable option [86,87].

2. Pump-driven perfusion platforms: They constitute a higher level of physiological
similarity than the previous ones, in which peristaltic/syringe pumps deliver a
high enough, consistent flow rate, thus assuring a better grade of nutrient supply
and shear stress [88]. These systems allow researchers to design far more complex
chips to study specific biological aspects of cells in culture, even combining 2D
perfusion systems with a gradient generator to imitate the metabolic zonation of
the liver [89] or the development of membrane-based, pump-driven devices for
the coculture of primary human hepatocytes with hepatic non-parenchymal cells,
successfully resembling albumin and urea secretion in comparison with classic
culture techniques [90].

3. 3D mass culture systems: Designed to promote cell proliferation and aggrega-
tion into three-dimensional, self- or engineered-organized structures (following
similar principles as those explained in the spheroids section of this paper) while
putting cells under the flow conditions previously described. One of the best
examples in liver disease is the device developed by Lee et al. [91]: A mimetic
sinusoid-like structure formed by a wide inner channel for cell culture and
an outer channel for culture medium flow. The microfluidic arrangement is
connected by perpendicular channels that allow a continuously perfused 3D
culture with limited shear stress that highly imitates the physical distribution of
sinusoidal endothelium and even LSECs fenestrae. Unfortunately, the cost and
complexity of these microfluidic systems, in combination with the absence of
popular, commercial options, clearly limit the applicability of the technology for
investigation. The vast majority of liver-on-chip and microfluidic organ-on-chip
devices are developed by the research groups themselves, compromising their
reproducibility [46]. In addition, the complex and diverse etiology of most liver
diseases, in which not only the liver, but many other players, such as adipose
tissue and gut, take part, bring the necessity of studying the interactions between
multiple organs in these already complex devices. Even though multi-organ
systems and body-on-chip approaches are starting to be a reality, these highly
complicated microfluidic culture strategies are still more a field under research
rather than a real, affordable, and accessible alternative to non-specialized re-
search teams [92].

• Organoids: Organoids, as defined by Lancaster and Knoblich in 2014 [93] and Huch
and Koo in 2015 [94], are an “in vitro 3D cellular cluster derived from tissue-resident
stem/progenitor cells, embryonic stem cells, or induced pluripotential stem cells capa-
ble of self-renewal and self-organization that recapitulate the functionality of the tissue
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of origin.” From this general definition, liver organoids arise as three-dimensional cul-
ture systems developed by embedding hepatic stem, progenitor, or tissue resident cells
in hydrogel matrixes that resemble ECM properties [46]. The beginning of organoid
culture starts with the isolation of the aforementioned stem/progenitor/pluripotent
cells from embryonic or adult tissues, which then are cultured and stimulated in media
with growth factors and support matrixes that imitate endogenous, physiological
signals that give rise to liver tissue during embryonic patterning [95]. Organoids
completely outplay 2D and even some 3D culture models (Table 1) when it comes
to (patho)physiological modeling, cell differentiation, interaction, and migration.
In addition, their high genomic stability and easy culture expansion make them a
highly suitable model for long-term storage and high-throughput compound screen-
ing [96]. Even though many researchers have defined specific protocols and schemes
for organoid generation, this technology is still extremely proprietary. The long, time-
consuming protocols and particular growth factors, stimulant agents, and molecule
cocktails required for each step of organoid generation keep this 3D culture method as
a not widespread option [97]. However, no matter the strategy followed, the process of
liver organoid formation (which obviously mimics physiological liver organogenesis)
considers three key factors: Scaffolding/matrix material, signaling for cell differen-
tiation, and starting cell types. Firstly, ECM stiffness, origin (biological or artificial),
and composition have a great impact on the cell behavior and its metabolism, as
previously commented. In organoid generation protocol, commercial Matrigel (a
biological ECM extracted from Engelberth–Holm–Swarm (EHS) mouse sarcoma) is
the most popular scaffolding material for liver organoids [98]. Although biological-
source hydrogels better imitate the structure and microstructure of liver ECM while
also being naturally embedded with a milieu of proteins, growth factors, cytokines,
and signaling molecules that biologically prime organoids’ cells, their lack of a de-
fined composition and consistency limit the reproducibility of assays and large-scale,
commercial production [99]. Furthermore, the murine origin of matrigel restricts its
applicability to clinical or human-based research processes. Secondly, cell signaling
differentiation stimuli must be carefully implemented in culture media to prime liver
development pathways and self-organization. Finally, the starting cell types play a
pivotal role in the whole liver organoid formation process by directly influencing their
evolution. Monoculture or coculture of different starting cells (primary/adult stem
cells, embryonic stem cells, induced pluripotent stem cells, etc.) follow different differ-
entiation paths, therefore requiring specific treatment [100]. Benefits notwithstanding,
liver organoids remain an uncommon culture strategy for basic research groups. The
time-consuming, low efficiency, and poor control of morphology and composition, in
combination with the tendency to express immature fetal markers or differentiated
cells, are obstacles that basic researchers have to overcome. The scarcity of primary
liver tissue that conditions organoid development to immortalized or tumoral cell
lines, a lack of exposure of liver organoids to gut microbiome, and the absence of
optimized differentiation protocol on the industrial scale are the main issues that keep
this technology as a promising but not yet applicable technology at mass, commercial
production, or clinical applications [100,101].

4.1.3. Computational Models

Computational models and in silico approaches have acquired great importance along
with the evolution of computers and the rising relevance of data science, which allows
researchers to investigate large databases in a high-throughput, fast manner. In silico
strategies have been developed to study food–drug interactions, liver metabolism modeling,
and fibrotic process simulation that recapitulate collagen deposition and inflammatory
processes in central venous regions [102–104]. However, Drug-Induced Liver Injury (DILI)
research stands out as one of the most benefitted areas when it comes to computational
models. Chemical transforming and clearing via first-pass metabolism and detoxification
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reactions is the main task of the liver. Due to these metabolic functions, the withdrawal of
many pharmaceutical products is related to the modification of chemical species carried
out by the aforementioned hepatic metabolism. Therefore, it is easy to understand the
broad interest and potential in developing in silico tools for preclinical and even basic
computational testing of hepatotoxic effects, which allow researchers to avoid in vitro and
in vivo unsuccessful experiments [105].

Different approaches have been designed to mathematically reproduce liver phys-
iology and its modifications by xenobiotic interactions, disease progression, and other
pathologies. Knowledge-based prediction algorithms are computer programs that can be
trained with input and output data to determine the probability of a biological outcome
or event. Then, by integrating real input cases, properly trained knowledge-based pre-
diction algorithms can predict potential endpoints of hepatotoxicity or liver damage by
preliminary properties of certain molecules, drugs, or substances in development [106]. A
similar strategy is used by cheminformatics-based models. In this case, in silico models
benefit from the structure–function relationships established for chemical and biological
molecules, in a procedure named Quantitative Structure-Activity Relationship (QSAR).
QSAR models relate molecular descriptors (molecular weight, number of carbon atoms,
fingerprints, molecular patterns, etc.) with their biological activity and then determine pos-
sible outcomes [107,108]. Bioactivity-based models can improve structure-based technology
by integrating biological data, such as gene expression profiles, biomarkers (mitochondrial
damage, oxidative stress, etc.), or toxicologic information, to better predict the required end-
points [109,110]. Alternatively, expert knowledge approaches can use QSAR methods and
code explicit decision rules that identify molecular patterns as related with a determined
outcome/pathology [111].

Despite the fast improvement experienced by computational algorithms and models
in recent times, their major drawback is the heavy dependence on the quality of training
data. Even with the invaluable help of expert hepatologists and the implementation of
explicit decision rules in models based on their knowledge, bigger, high-quality datasets
(obtained from in vitro or in vivo experiments) are required for algorithm training [112]. In
addition, the intricate and complex metabolic and biological pathways involved in liver
physiology and the relatively limited knowledge of many of them keep computational
models as a still-under-development technology [113].

Table 1. Comparison of advantages and disadvantages of popular replacement strategies in hepatic
research.

Advantages Disadvantages Key References

2D
Mono-/cocultures

Easy, reproducible handling
High throughput

Intercellular interactions
Macro-, microenvironment
Mechanical heterogeneity of liver
Reductionist view of disease

[44]

Cell stacking 3D environment
Preservation of intercellular proteins

Short incubation time
Absence of oxygen supply
Ischemic events in long-term cultures

[59,60]

Spheroids
Intercellular and ECM interactions
Metabolites, gas and nutrient
gradients across spheroid

Non-standardized size
Difficult reproducibility of experiments
Elevated price

[61–63]

3D scaffold-based
cultures

Allows better spheroid
standardization
ECM-cell interactions

Heterogeneous mechanical properties
between scaffold batches
Possibility of random, non-liver
organizations of cells

[72,74]

3D Bioprinting High versatility thanks to multiple
bioprinting techniques

High cost of proprietary reactives
Lack of ECM interactions [45,75,78]
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Table 1. Cont.

Advantages Disadvantages Key References

Decellularized
liver scaffolds

Maintenance of liver macro- and
microstructure
ECM interactions
Preservation of organ
vascular network

Highly specific decellularization protocols
with difficult reproducibility
Limited source of human liver tissue

[75,80,81]

Precision cut liver
slices

Complete maintenance of liver
architecture and cell populations
High reproducibility
Low cost
Combination with other technologies
(e.g., liver-on-chip)

Scarring process at cut-injured surfaces
Short culture time
Limited source of human liver tissue
Lack of healthy liver samples
Precise coordination between clinicians and
researchers required

[82]

Liver-on-chip

Good recapitulation of physiological
conditions
Shear stress, nutrients supply and
waste clearance
Metabolic zonation emulation

High cost of technology
Absence of commercial/popular solutions
Limited reproducibility
Restricted diffusion due to complex
experimental design and infrastructure

[85–91]

Organoids

Excellent (patho)physiological
modelling
Good cell differentiation, interaction
and migration
Culture expansion and high
genomic stability

Non-standardized generation protocols
Long, time consuming engineering process
Highly complex experimental design and
infrastructure
Matrix-related limitations (murine Matrigel,
batch effect, etc.)

[46,96,97,100,101]

Computational
models

Exceptionally high throughput
Technology under constant
improvement
Positive benefit/cost ratio
Excellent coupling with
further validations

Limited to existent physiological/expert
knowledge
Requires in vitro/in vivo experiments for
validation
Heavy dependence on training data quality

[102,104,106,111]

4.2. Refinement

Refinement in animal research refers to the process of changing experimental proce-
dures or husbandry practices in order to minimize any potential for pain, suffering, distress,
or harm to the animals involved. Since its original definition by Russell and Burch [25],
the concept of refinement has evolved, not only including the time in which animals are
being used but also focusing on alleviating any other adverse effects that animals may
experience during their lifetime [114]. In that sense, the collective effort from researchers
and authorities nowadays is directed towards reducing discomfort in animals as well
as improving their quality of life, while maintaining the scientific rigor in experimental
procedures.

In liver disease research, many aspects of the steps involved are susceptible to refine-
ment. From less stressful handling animal techniques to modern methods of non-invasive
imaging, several improvements have emerged to fulfill this purpose:

4.2.1. Animal Husbandry and Monitoring

In recent years, there has been a growing recognition of the specific environmental
needs of the different species used in research, as it can affect the wellbeing of the animals
and the reproducibility of the results [115,116]. In the specific case of mice, as they are
considered social animals, they should be housed in stable groups (European Commission
Recommendation 2007/526/EC), which, in principle, would allow the animals to express
their natural behavior. It is also true that group housing benefits humans for practical and
economic reasons, given our needs for standardization and ease of sanitization [116]. In
that sense, male housing is one of the aspects of husbandry still subjected to fine-tuning
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nowadays [117,118]. The social structures which free-living mice exhibit most typically in
nature (one male, several females, and their offspring) cannot be replicated in the laboratory
for practical reasons [119,120]. As such, males housed in groups display territorial behav-
iors, giving rise to social stress, violence, pain, or even death [118]. When this aggression
happens, it may induce variability in the results and the appearance of artifacts detrimental
to chronic liver disease research, such as wound-associated infections [121]. Spontaneous
bacterial peritonitis, for example, is a characteristic and severe infection in the progression
of advanced liver disease which constitutes a subject of study on its own [11,122]. Thus,
keeping mice free from other infectious diseases would benefit the scientific validity of the
results in this area.

It is also worth noting that lack of social interaction in the alternative of single housing
for males could be as detrimental as the distress generated by the common aggressive
behaviors displayed when caged in groups [117,123–125]. In consequence, it is crucial
to assess which housing method is more suited to the needs of our experiments while
having the welfare of the animals as a priority. Depending on the strain or the model
investigators are working with, for instance, they could consider individual housing
if avoiding the injurious fighting in aggressive strains [126–128] outweighs the stress
associated with the lack of social interactions. Conversely, if it is needed to avoid the
effects of isolation, reducing the animals per cage [129,130], as well as forming groups from
littermates when possible [131], have been suggested as methods to ameliorate aggression.
Other feasible strategies to implement are related to housing management. It is known that
cage cleaning, although essential for the health of the animals, disrupts odor cues involved
in the establishment of the social hierarchy of the group, promoting, as a consequence,
aggression [132,133]. Accordingly, transferring nesting material from the old cage to the
new one has shown to reduce aggression and stress [133]. Moreover, it is widely recognized
that other adverse stimuli during handling, such as mouse identification by ear-based
methods like ear-notching, can be painful and aversive for mice [134]. Although reliable
alternatives, like tail tattooing, have emerged, ear-notching remains one of the most used
methods due to its simplicity, permanence, and the possibility of using the removed tissue
for genotyping [135]. Additionally, there is still controversy regarding the suitability
and welfare cost of both, being tail tattooing also stressful and painful to mice [135,136].
Alternatively, if identification is meant for short-term purposes, using non-toxic fur dyes
is considered a refined alternative to the methods discussed [137]. On the other hand,
tail-based restraining techniques, albeit a common practice, are considered aversive as
well, making the alternatives of cupping and tunnel handling [138] a great refinement
method to reduce aggression [139]. As a matter of fact, cupping and tunnel handling have
been shown to ameliorate the behavioral signs of stress compared to tail-based methods,
even when full restraining is unavoidable for the procedure [138,140]. In the model of
CCL4-induced cirrhosis [141], for example, an adequate immobilization of the animal is
crucial during oral gavage of the compound to avoid the complications associated with this
dosing route [142]. Thus, efficient non-aversive handling [143], together with the refined
technique of three-finger scruffing during restraining, would greatly improve the welfare
of the animals throughout gavage-based protocols [140,144].

Another successful method that has been shown to improve animals’ quality of life is
environmental enrichment [117,145,146]. Although its definition is still not clearly defined,
it can be referred to as any practice that provides the animal with means to express, at
least partially, natural behaviors, such as exploring and foraging, thereby promoting their
wellness [147]. The basic approach, now contemplated explicitly by the current codes of
practice (2007/526/EC), usually consists in the addition of nesting material to the cage,
as well as material meant for hiding and climbing [148]. Conversely, researchers should
be cautious with additional increases in the complexity of the enrichment as it has shown
mixed results [147]. Running wheels, for instance, have been proven to increase competitive
behavior leading to aggression and stress [149,150]. As valuable items are susceptible to
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monopolization, especially under aggressive strains, complex structural enrichment should
be tailored to each project individually.

To assess whether the measures mentioned above have an impact on the well-being of
laboratory animals, several tools have emerged in order to monitor their health. Simple
‘Cage side’ behavioral indicators have been suggested as a helpful guide to examine
their general condition routinely [118]. How mice build their nest and sleep or whether
they are feeding enough can give us important hints about their comfort levels. When it
comes to pain, more than a decade ago, the so-called “grimace scales” were proposed as a
standardized coding system for mouse facial expressions triggered by noxious stimuli [151].
To this date, the system has been adapted for numerous species [152] and has been widely
recognized as a potent tool for fast evaluation of suffering. Although in mice, it has mostly
been used for scoring pain retrospectively, it offers the potential to support animal welfare
by allowing researchers to intervene more precisely when needed [152]. Regarding anxiety,
more sensitive tests, such as the elevated maze test and open field test, can be used to
identify this adverse effect in mice when greater levels of stress are expected [153,154]. If
further thorough approaches are needed, Home Cage-Monitoring stands out as a non-bias
system for long-term monitoring of animals subjected to painful procedures and their
response to analgesia [155]. While its implementation may pose some practical challenges,
this powerful tool has been recommended as a complement to standard behavioral tests
and to refine our management of pain, as well as to facilitate the implementation of humane
endpoints [155,156]. Interestingly, the latter have been historically interpreted as a time
point to perform euthanasia [157]. While it may be correct in many cases, recent research has
focused on refining the concept itself by introducing non-euthanasia interventions when the
endpoint is met [158]. An extended period with analgesia or facilitating access to food and
water for mice after a painful and invalidating procedure would prevent further decline
in their state, avoiding premature euthanasia and the use of additional animals [158]. If
death is finally unavoidable, refined methods have also emerged as alternatives to sacrifice
by carbon dioxide inhalation [159]. Despite being the most commonly used practice these
days, doubts about its humanness still linger, making the options of anesthetic overdose or
anesthetizing prior to cervical dislocation preferable in order to avoid additional distress in
the animals’ final moments [157].

4.2.2. Refinement in Liver Research

Once an animal is included in a specific protocol of liver research, there are still several
aspects to improve from their experience welfare-wise. As mentioned, it is undeniable that
any in-vivo experimentation on complex and severe diseases would prompt adverse effects
on animals ranging from mild discomfort to long-lasting and intense pain, depending on the
model. Surprisingly, in the case of mice and rats, this aspect is considered to be insufficiently
explored and poorly tackled [160,161]. Several circumstances are thought to contribute to
this phenomenon: Insufficient evidence-based information to guide effective treatments,
concerns about unwanted interaction of analgesics in the experimental outcomes or lack
of specifications, and underreporting analgesia in projects and published articles stand
out among others [161]. Although it may not be realistic to expect that all pain is going
to be successfully managed, simple strategies, such as anticipation of pain, multimodal
analgesia, or a close evaluation of suffering and response to therapy post-intervention, as
mentioned, should significantly foster welfare [160,162,163].

• Surgery models: In the BDL model, the surgical model of chronic liver disease, it is
needless to say how critical the role of the surgeon is in order to avoid unnecessary
damage and the consequent pain during the procedure. Until the second half of
the XX century, for instance, severe infections or bleeding were common in animals
subjected to this model [164,165]. This was likely caused by the challenges intrinsic
to rodent surgery. In contrast to bigger species where there is a dedicated surgical
space and the surgeon is usually assisted, rodent surgery is routinely performed alone
and outside a sterile environment. Thus, the responsible for performing the surgery
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must induce, maintain, and recover the animal from anesthesia while ensuring crucial
aseptic conditions, especially when operating the abdominal cavity [166,167]. Unfor-
tunately, this rather common setup is still far from the standards for bigger species,
indicating an important room for the refinement of surgical procedures in rodents.
Luckily, microsurgery has advanced at a rapid pace during the last two decades,
optimizing the protocols for BDL in terms of a reduction of vascular structures and
bile duct manipulation, improvements in aseptic techniques, and optimization of the
postoperative mice, which resulted in an overall reduction of tissue damage [168].
Earlier studies also implemented the use of prophylactic antibiotics to reduce the risk
of infection and early mortality [168]. Nevertheless, with the increasing importance of
intestinal microbiota in the gut-liver axis [169] and the aforementioned spontaneous
infections during cirrhosis progression [122], the application of antibiotics has been
limited to highly specific circumstances. Remarkably, nowadays, BDL is considered as
a low-complication, highly reproducible model for cholestatic disease in mice, albeit it
is skill-intensive [167]. Additional refinements have been made in the model of partial
BDL, in which only certain lobes are affected by the cholestasis, implying that the unaf-
fected lobes can be used as internal controls while also reducing systemic distress [170].
Despite these innovations, pain is an integral part of the BDL model. Not only the
laparotomy but especially the biliary pressure and the inflammation caused by the
ligation of the duct, are a source of significant chronic pain and distress [171]. This
pain is usually associated with notable levels of morbidity and mortality [30,172] and
is considered traditionally neglected as well [173]. In that sense, local lidocaine-based
anesthesia, either topically or injected in combination with bupivacaine, could provide
multimodal analgesia at the incision site during laparotomy [174] when used along
inhaled anesthetics such as isoflurane [160,172]. Alternatively, the ketamine-xylazine
cocktail can be used as IP anesthetic, although tailoring the dose is necessary when
applied to mice with chronic liver disease [160,175]. If this cocktail is used, preventive
butorphanol or metamizole have been explored as a pain-anticipation strategy, show-
ing positive results in the control with analgesia perioperatively [176]. In order to
address further postoperative pain, buprenorphine has been the systemic analgesic of
choice since the inception of the BDL model, albeit its insufficient use [173,177]. Inter-
estingly, the multimodal combination of buprenorphine and carprofen outperformed
buprenorphine alone controlling pain in postoperative mice [163], which could repre-
sent a refined analgesic protocol in BDL. Finally, when external pain mitigation is not
enough to alleviate discomfort in this model, given its aggressiveness, early humane
endpoints have been suggested to reduce excessive suffering in these mice [178].

• Substance Administration: Regarding the CCL4-induced chronic liver disease model,
it is considered less severe than the BDL model [171] but not exempt from distress
nor mortality [144,179]. Notably, depending on the route of administration of the
toxin, the progression of liver damage can be more aggressive, leading to key dif-
ferences between experimental designs, in turn, leaving room for optimization and
refinement [141]. Intraperitoneal administration is the most common treatment route
for CCL4 [180] (also for dimethylnitrosamine [13] or dioxin [14]), which, unlike thioac-
etamide [12], cannot be administered in drinking water due to their chemical and
safety attributes [29]. This administration, spanning from 6 to 12 weeks depending
on the protocol, renders a reproducible fibrosis that does not fully progress into cir-
rhosis in most cases [141]. Additionally, the process requires an experienced handler
although the injection is considered technically simpler than other methods, in order
to avoid organ puncture, bleeding, and infections [142]. Conversely, when advanced
stages of the disease are needed, oral gavage CCL4 represents a viable alternative [181]
despite being considered to induce greater rates of mortality [29]. While earlier studies
showed molecules, such as isothiocyanate or dihydrocollidine, to be safer when in-
ducing cirrhosis orally [180], recent ones demonstrate that refined dosing protocols, in
conjunction with careful handling during gavage, not only reduced mortality rates but
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also led to a full development of cirrhosis with portal hypertension which is difficult
to replicate in rodents [182]. Remarkably, this latter study suggests that misplaced
installation of CCL4 might be responsible for most of the deaths during the protocol,
which, in turn, implies that further improvements during oral gavage would benefit
the model [182]. Indeed, this route of administration is deemed technically challeng-
ing. Besides aspiration, gastrointestinal tract irritation, or even rupture in the worst
scenarios, are some of the adverse effects associated with oral gavage [142]. In addition
to learning a proper technique, utilizing softer intragastric probes would reduce gas-
trointestinal irritation [183]. When dealing with struggling individuals, habituation to
the process might reduce resistance and stress. As a matter of fact, it has been shown
that handling and restraint could be sufficient as an acclimatization protocol replacing
the sham gavage treatment [184]. Further strategies to reduce discomfort during the
intragastrical administration include the coating of the probes with sweet solutions
when the model allows it [185] or, in extreme cases, the use of mild inhaled anesthesia
for sensitive or aggressive animals [186].

• Imaging techniques: As mentioned, one of the outcomes of both, the BDL and CCl4
model, is the induction of a fibrotic process [3]. As such, the evaluation of fibrous
deposition in the mouse liver plays a central role in these protocols. In order to as-
sess the effect of genetic models or drugs on fibrogenesis, for instance, the liver is
usually studied post-mortem with different molecular and histological techniques.
Consequently, if the research is aimed at understanding a dynamic process, several
time points along the protocol are usually scheduled with their corresponding higher
number of mice enrolled [187]. Attempts to implement liver biopsy in mice, the gold
standard in humans, have been made, striving for a reduction of the animals used
in these cases [188]. Still, the concerns about its safety in rodents and its welfare
implications make non-invasive approaches more suitable for following fibrosis pro-
gression [189]. Computed tomography [190] and magnetic resonance imaging [191]
have been used to study liver processes, such as regeneration or metastasis growth.
Nevertheless, the complex machinery required for these methodologies has prevented
the spread of its use. Ultrasound-based approaches, on the other hand, are considered
simpler, low-cost, and efficient, being widely used in human cirrhosis diagnosis [189].
In particular, transient elastography has been recognized as a potent tool to assess liver
stiffness, which is proportional to the grade of fibrosis [192]. In fact, recent advances
in the methodology have dealt with the technical difficulties related to the size of the
mice, facilitating further longitudinal studies and promoting refinement and reduction
in liver fibrosis research [193].

• Blood collection: Another excellent refined system to follow degenerative diseases
of the liver is through the use of biomarkers present in blood and other biological
fluids [194,195]. Traditional evaluation of liver function is based on the serum levels of
hepatic enzymes, such as alanine aminotransferase (ALT), aspartate aminotransferase
(AST), or alkaline phosphatase (ALP), as readout of hepatocyte damage. Nevertheless,
additional proteins are gaining importance as prognostic markers of survival like
Albumin or Liver-type fatty acid binding protein [196]. Moreover, MicroRNAs have
been shown to be reliable markers of disease progression, especially miR-122, which
not only is liver-specific but also strongly correlates with necroinflammatory activity in
the liver and fibrosis progression [197]. Recent strategies based on omic technologies
have also contributed to the identification of novel molecular markers fined-tuned to
specific liver injury models [198,199], such as Keratin-18 or Glutamate dehydrogenase,
ultimately increasing the set of tools available to follow disease progression. This in-
creasing pool of markers is thought to have better sensitivity and specificity compared
with the classical ALT and AST, giving rise to the use of combinatory panels of makers,
which helps to accurately detect and predict risk during liver disease progression in a
less invasive and humane manner [194,200]. When it comes to collecting the blood
from which most of liver-relevant biomarkers are assessed, there are also key differ-
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ences to keep in mind between the existing approaches. In terms of animal welfare and
experimental outcomes, not only the collection technique alters the values of crucial
parameters, such as ALT and AST [201], but as they require more manipulation or are
more invasive, they also induce greater levels of distress in the animals. Although
intracardiac puncture or collection from the vena cava render higher volumes of blood,
these are usually employed secondary to other interventions, such as organ harvesting,
hence refinement is only applicable to suffering prevention during the procedure
through a proper anesthesia and analgesia. On the contrary, with the advances in
bioanalytical techniques, novel systems that require as little as 10–50 μL to function
have emerged, promoting the development of microsampling techniques and favoring
the implementation of longitudinal studies [202]. There is increasing evidence that
microsampling techniques provide similar results to traditional approaches [203,204].
As such, they have been employed to perform several extractions from the same
mouse, enabling the study of dynamic processes, like pharmacokinetics or toxicokinet-
ics, from fewer mice, fostering reduction along refinement [204,205]. Regarding the
welfare of this approach, it is true that taking several samples from one animal could
be distressing, nevertheless, skilled handlers with the appropriate route of collection
would maintain stress at a minimum [203,205]. For instance, facial vein puncture or
sublingual puncture produce lower levels of stress when compared to other techniques
like retrobulbar sinus puncture [206,207]. The latter is so aggressive that it requires
the use anesthesia, its use is proposed as terminal, and even its use is discouraged
in some countries [208]. Other routes that have been shown to induce acceptable
levels of distress when applied to serial sampling are the lateral tail vein [205] and the
saphenous vein [204]. Although there is still research to be done given the novelty
of this field, the use of serial microsampling has a promising niche in the study of
DILI [209].

• Genetic models: Finally, in the intersection between reduction and refinement, we can
find the use of genetically modified animals as potential tools to refine liver studies
ranging from drug metabolism to liver fibrosis, among other pathologies [18,210].
These models, most commonly generated in mice, allow researchers to mimic and
study human liver diseases without the need for complex surgeries or special diets in
many of the cases, thereby reducing manipulation and the consequent additional dis-
tress in the experimental animal. For example, in the BALB/c.Mdr2−/− model, mice
lack a canicular phospholipid transporter leading to an imbalance of phosphatidyl-
choline transport to the bile, which causes sclerosing cholangitis and liver injury.
These animals develop a spontaneous progressive chronic biliary liver disease [187]
that has been used to study biliary fibrosis progression without the need to generate
the traditional BDL model through surgery [211]. Other interesting examples can be
found for liver fibrosis or NAFLD elsewhere [212,213]. Even though these models
have been proven useful as a result of similarities found between human and murine
genetics and physiology, it is crucial to acknowledge that the remaining differences still
constitute a burden in translational research (Figure 1). In particular, this aspect has
affected drug development the most, having over 90% of the molecules that showed
positive results after preclinical studies discarded in later stages of the clinical trials
because of different levels of toxicity [214]. Remarkably, differences at the level of liver
metabolism are at the core of the majority of these incompatibilities (Figure 1). About
50% of the molecules that caused DILI in humans showed no toxicity in the animal
models [215]. To tackle this phenomenon, genetically humanized mice, which express
human xenobiotic receptors, drug-metabolizing enzymes, and transporters, were first
developed with positive albeit limited results [216]. Consequently, in order to mimic
better the physiology and microenvironment of the human organ, mice with a chimeric
liver, in which the hepatocytes have been replaced by human ones, were established to
replace drug metabolisms accurately in vivo [214,216]. Interestingly, these humanized
models have been successfully used for the evaluation of novel therapies, substituting
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more complex organisms like primates [217], or for the study of human liver viral
infections [218]. Although the benefits of these models are unparalleled, there are
several caveats still to address. The repopulation of the liver by the human hepatocytes
is not perfect (>85%), which needs to be considered in the pharmacokinetic studies.
Additionally, for the human hepatocytes to survive in the mice, different levels of
immunodeficiency, depending on the specific model, must be generated to avoid
rejection [18,214]. The implications of this lack of a complete immune response in
humanized mice are also to be accounted for when modeling human liver pathologies
since innate and adaptive immunity are involved in most of them [18]. Regardless
of this pitfall, which could potentially be circumvented with the infusion of human
immune cells as well [219], several attempts with promising results have been made
to model chronic liver diseases, such as NAFLD [220] or liver fibrosis [221]. Whilst
this is an incipient field, and the numerous variables and components of humanized
mice make them extremely complex, they are a powerful tool for biomedical research,
contributing to the refinement of the models by mimicking human disease better,
while contributing to reduction by limiting the number of non-humanized mice used
in preclinical studies.

4.3. Reduction

Since 3Rs principles were established in the fifties, the definition of reduction has
been gradually settled due to its complexity [43]. Most definitions focus on reduction
at the experimental or research project level, but certain reduction strategies may take
an indirect approach by altering the research methodology or by modifying factors that
are not directly associated with scientific procedures [222]. Currently, definitions from
the scientific community globally refer to the reduction in the number of experimental
units in the most efficient manner with the purpose of producing relevant and robust
results to answer the scientific question, provided that all possible replacement strategies
are considered [43,222,223]. However, as it is described in Russel and Burch’s book, the
main aim of the 3Rs is to diminish or remove inhumanity in the treatment of laboratory
animals [25], and therefore, some of the alternative strategies in animal testing cannot
be defined separately as one unique principle [224]. In this regard, a balance between
lowering the number of animals, acquiring solid evidence, and avoiding unnecessary
injury to individuals is urgently needed [225]. Therefore, the avoidance of animal re-use is
necessary when the cumulative impact of pain and suffering outweighs the utilization of
new animals, based on the EU Directive 86/609/EEC [222].

The reduction principle can be subdivided into three approaches [222]: Intra-experimental
Reduction, Supra-experimental Reduction, and Extra-experimental Reduction [25,222]. Intra-
experimental reduction is the approach most frequently used, and it focuses on the strate-
gies related with individual experiments in order to elaborate a proper experimental de-
sign [25,222]. By contrast, Supra-experimental approach is independent of the experimental
research context, and it is related to conditions and settings in which animal experiments
are performed and periodically overlap with refinement [222]. Last but not least, the
Extra-experimental approach of reduction is not related to animal experiments and con-
sists of studying the advancement of experimental methods on a global scal, achieved by
implementing standardized guidelines for harmonization, as well as by introducing novel
research and testing strategies [25,222], which frequently include not only replacement
strategies but refinement as well. Taking all these approaches into account entails a better
comprehension of reduction definition. The current review focuses on reduction strategies
separately related to each approach.

• The experimental design: These days, experts in animal research claim for the necessity
of including a new 6Rs approach (including robustness, registration, and reporting)
since the majority of scientists are mostly concerned merely with animal welfare when
the 3Rs principles are applied [226]. In this sense, the UK National Centre for the
Replacement, Refinement and Reduction of Animals in Research (NC3Rs) has recently
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created the new NC3Rs Experimental Design Assistant (EDA) that promotes the new
3Rs principles for scientific value, facilitating both the advancement of robust study
protocols and enabling the inclusion of timestamps in the resultant protocols, gaining
reproducibility and reducing variance [226]. Consequently, during the preliminary
experimental phase, scientists should receive counsel from bio-statistical experts for
the purpose of methodological scheduling the experimental design since it is of utmost
importance and will define the research outcomes [25,222,224]. It is well-reported
that during the nineties, over 60 percent of the published papers exhibited statistical
errors and this fact led to an increased number of animals required for answering
the scientific hypotheses [224]. Some of the solutions given by animal researchers
were not only doing comprehensive research in the literature on the matter but also
an improvement of scientists’ training regarding high technological statistics and
avoiding duplicate tests sharing positive as negative results with the scientific commu-
nity [222,224]. As for the experimental design, the key elements to consider are: The
hypothesis, objectives, types of variables (quantitative or qualitative), controls needed
(positive or negative), the nature of the study (exploratory or confirmatory), the effect
size of a given treatment, types of errors, the levels of bearable errors, and the statisti-
cal tests, among others [223]. Moreover, during experiment execution, blinding and
randomization are two more crucial factors to bear in mind [223]. Regarding blinding,
since in some instances it is inevitable, some measures, in particular using anonymous
codes for identification and changing independent personnel for treatment adminis-
tration, are suggested so as to reduce researchers’ prejudices about an experimental
condition [223]. As for randomization, randomized block experimental designs have
risen in importance as an alternative to completely randomized designs since they are
considered more powerful and convenient and, in comparison, a reduced animal num-
ber is required. These designs are focused on reducing systematic errors by creating
separated blocks composed of an experimental unit for a given treatment, in which
an animal cage, not a single animal, is exposed to a drug combination, dosage, etc.,
in order to find a treatment effect [223,227]. This concept includes possible different
variables between the EU that can affect the statistical outcomes because of possi-
ble independent-treatment effects from matched ages and weight, up to refinement
conditions, such as the cage position on the rack and stress and treatment duration
of each block [223,227]. Taking all of these delimited variables into consideration,
in addition, using a proper estimator of the sample size per group of individuals
results in powerful statistical evidence with a sufficient number of animals [223]. In
order to attain the estimated size of the number of animals, certain resources serve as
supportive assistance, including the online assistance organization, the NC3Rs EDA’s
website, and the widely utilized Gpower 3.1 software of Düsseldorf’s University.

• Data quality in the study design: Contemporary approaches to reduction focus on
experimental design mostly for creating reproducible and quality data with fewer
animals. Considerable apprehension has been raised in recent years regarding repro-
ducibility, as evidenced by reviews, which was able to corroborate results in merely
six out of fifty-three preclinical cancer trials [222,228] (Rt. Some of the reasons were
included inappropriate cell lines and mouse models [222]. To a lesser extent, some
experts have already considered that microbiota by itself can represent a source of
variation in terms of immunological response in rodent models, and although, un-
fortunately, it is inevitable, it is suggested to be considered both in the first steps of
the experimental design and analyzing the results in comparison with standardized
studies in different laboratories on the same model [229,230]. Another aspect to take
into account in the reduction in animal experimentation is the sex as a biological
variable (SABV). It is undeniable that for over a century, males have been preferred
as experimental animals due to the possible effects of female hormones, and this fact
could have potentially introduced bias and compromised the representativeness of
the obtained results [231]. This approach can affect the sample size and the reduction
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principle in different aspects. Firstly, it has been discussed that when sex does not have
a clear impact on the treatment, only a small number of additional animals are needed
in order to have an adequate number of males and females per treatment. By contrast,
the possible interactions of sex with treatment’s outcomes exponentially increase the
required sample size [231]. In pilot and exploratory studies, the use of a single sex is
generally accepted because of a reduction of the sample size since their main purpose
is to discover potential effects and not the sex impact. However, large cohort studies
could have resulted in a waste of animals and other resources if treatment effects are
sex-dependent [231]. In this sense, according to the hypothesis and mouse model,
governing authorities should enforce absolute transparency in relation to the inclusion
and exclusion of animals, particularly concerning the selection of animal gender [231].
Secondly, the use of a single sex entails a misuse of female littermates in the breeding.
In this sense, there exists an evident issue of notable concern in breeding facilities,
which often exhibit animals in stock generating a surplus that surpasses ten percent of
the overall bred population, and this can be addressed by facilitating information on
that stock in repositories aiming to achieve a more optimal balance in the production
and consumption of experimental animals [222]. Further aspects to be mindful of are
the training and educational level, which are mandatory in the vast majority of Euro-
pean countries when it comes to animal experimentation. Outcomes’ variability can
be disrupted when accredited but non-experienced researchers perform experiments
with animals, creating stress to animals regarding refinement conditions such as han-
dling [222]. Furthermore, pharmaceutical companies incorporate the Good Laboratory
Practice (GLP) and Good Manufacturing Practice (GMP), which both contribute to
reduction by limiting the occurrence of dubious results and the necessity for re-testing,
as high-quality and dependable data are employed, with clearly defined protocols in
standard operating procedures (SOPs) [222].

• Use of up-to-date techniques: In contemporary times, novel technologies, as indepen-
dent approaches within experimental design, have surfaced and gained recognition
within the scientific community, aligning with the objective of implementing the re-
duction principle. During the past two decades, select fields of biomedical research,
such as studies from pharmacological companies focusing on toxicity assessments,
production, and vaccine testing, were developed in order to decrease the used animal
number [222]. Notably, in the context of toxicity testing, the implementation of stan-
dardized protocols based on reversed toxicology has facilitated the direct evaluation
of chemical exposure levels, deviating from the conventional four-phase approach.
Consequently, this paradigm shift has led to a diminished reliance on animal models.
Another notable example pertains to the meticulous control of vaccine batch produc-
tion, wherein emphasis is placed on biochemical and physicochemical tests instead of
evaluating the final product. Noteworthy historical instances include the replacement
of a considerable amount of animals with a unique egg yolk for polyclonal antibody
production and the utilization of recombinant DNA in hormone production, particu-
larly during quality assessment procedures [222]. Additionally, due to the high social
pressure on replacement of experimental animal models, the cosmetic industry has
largely replaced their usage for in vitro techniques in mutagenicity, phototoxicity, and
skin corrosion [232]. In vitro techniques related with the replacement are specified in
the replacement section. Some of the most remarkable novelty techniques related to
reduction are the use of longitudinal imaging and multi-omics technology, which boost
the information collected per animal [193,233,234]. Another innovative method related
with genetic expression is the well-known CRISPR-Cas9 system, which although not
yet standardized in practice, could prevent the creation of undesired gender from
breeding in the near future [234].

• Reduction principle in liver research: First and foremost, precisely selecting a liver
damage model according to the scientific question is imperative for researchers in order
to fulfill the appropriate study design and reduce the number of animals with utmost
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effort. Additionally, this choice must be thoroughly chosen alongside a plenitude
of factors, such as rodent strain and gender since the abundant diversity regarding
clinical and histopathological features of the disease is already acknowledged [29].
Concerning liver injury models in rodents, over the years, as it has been described,
the scientific community has specifically tailored different models in accordance with
the stages of hepatic damage [11]. Nevertheless, although they are handy for disease
study, some of these models, such as ALD models, cannot reproduce the features of
human disease. What is more, NAFLD/NASH models tend to recreate the disease,
but they are not equally reproducible and count with a high disparity between them
(methionine- and choline-deficient diet, high fat diet, Western diet, etc., because of
the heterogenous diet composition, mice strains and gender are usually reported [11]
(Figure 1).

As for gender’s part, it is universally accepted to use males in experimental NAFLD
models since more severe liver histology changes have been appreciated in HFD and MCD
diet in comparison with females [11,235]. Currently, the fact that female and male livers are
metabolically different due to related genes with sex-specific effects on hepatic metabolism
and because of the protective role of estrogen in liver damage has been addressed [235,236].
For instance, there is substantial evidence related to the innate immune system that demon-
strates that innate immune cells (Kupffer cells and liver neutrophils) from males lead to
the promotion of liver inflammation and fibrosis, meanwhile macrophages from females
exhibit a tolerant profile by anti-fibrotic tendencies [235]. In fact, not only is it generally
accepted that males are more susceptible to liver tumor development than females, but also
a higher tendency of NAFLD-HCC in men can be noticed, whose effect can be justified by
IL-6 production of Kupffer cells and the inhibitory role of estrogens [235]. Nonetheless, it
has been reported that female C57BL/6 mice subjected to a high-fructose diet exhibited
comparable liver steatosis to males despite experiencing greater hepatic inflammation, and
what is more, they tend to lose this protective effect upon undergoing ovariectomy [236].
In this sense, it has also been reported that during a menopausal stage, both female animals
and women present similar clinical outcomes in liver disease [236]. Taking all this into con-
sideration, the majority of studies accept sex and age as independent variables. However,
researchers opened a heated debate in this sense: Therapeutic targets and treatment re-
sponses should be evaluated upon hormone effects in preclinical to epidemiological studies
and clinical trials in the female population to accomplish personalized medicine [236]. This
debate has the potential to result in the inclusion of a larger number of animals initially
but fewer in the long run, as the effectiveness of the drug should also be tested in female
patients during clinical trials.

As for advanced chronic liver disease (CLD) models, it is undeniable that CCl4 has
emerged as a widely utilized experimental model for liver fibrosis induction [11,141]. This
model might be believed to be standardized, in spite of that, the reality is quite different
since nearly all laboratories show protocols with variations in terms of length of treatment,
doses, and administration methods [141]. This lack of standardization of SOPs affects the
outcome of experimentation and increases the number of animals used.

Therefore, a correct choice of mouse strain to be used is important when it comes to
reducing the number of animals used, considering the main objective of our study. In CCl4
models, BALB/c inbred mice are more susceptible to fibrosis development in comparison
with C57BL/6 and FVB/N to an even lesser extent. Despite this fact, C57BL/6 are preferably
used because of their availability in genetic modifications [141]. Moreover, fibrogenesis’
extent can be modified by the frequency and duration of the treatment. In this sense, a
scenario like human stage 3 fibrosis can be reproduced in C57BL/6, with three times per
week during four weeks or twice per week during six weeks of CCl4 IP [141]. However,
this administration technique is generally argued because of the lack of fibrosis’ advanced
stage obtained in C57BL/6 [11]. Additionally, it is highly crucial to establish the endpoint
of the experiment after the CCl4 treatment since immediate proinflammatory states should
be observed 24–48 h after the last dose, while for settled fibrosis and cirrhosis states, tissue
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harvest must be performed after 2–4 and 6–8 weeks, respectively [141]. Recently, some
authors have reported a combined model of CCl4 and HFD feeding for the development
not only of advanced stages of fibrosis but also of HCC, recreating human disease’s stages
according to adapted treatment in weeks [11,131]. In this regard, a clear hypothesis upon a
proper study design should be engaged with a specific animal model.

5. Conclusions

Experimental disease models are still necessary to be able to understand the patho-
physiology of each of them and to be able to investigate the development of new therapeutic
targets. In liver diseases, animal models are used to understand the molecular pathways
involved and to develop possible treatments in preclinical studies. As has been described,
there are numerous complementary and replacement methods to reduce animal testing.
Unfortunately, currently, they are still not enough to recapitulate the complexity of the liver
as an organ and its relationship with the rest of the organism through the circulatory system.
In replacement models, in addition to these limitations, the need for special equipment
and the enormous costs must also be considered. Furthermore, there is a wide variety of
causes in the field of liver cirrhosis, with molecular pathways involved in its evolution still
unknown. Therefore, animal models seem essential to study the clinical entity of cirrhosis
until equivalent in vitro methods become available. Moreover, the cellular components
used in most of these in vitro methods come from animals, so animal donors would be
required in any case, although it is true that researchers would be applying the principle of
reduction by reducing the number of animals used. Animal replacement in the field of liver
diseases is only the beginning, with the concepts of reduction and refinement of techniques
gaining special importance as long as the use of animals is necessary.
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Simple Summary: Sex bias—the use of one sex over the other—is a common practice in biomedical
research, typically with over selection of male animals. There are a number of reasons that this
practice is common, but it has resulted in dosing errors and unintended side effects in a number of
cases in women when products are given without adequate testing in female animals. Sex bias can
also result in animal welfare issues given that both sexes are born in approximately equal numbers.
Welfare issues include overproduction of the unwanted sex, inadequate ability to recognize and treat
pain in female animals, stress associated with differential housing needs based on animal sex, and
potential wastage of animals if study results are incorrect or studies need to be redone because only
one sex was studied. Even though many government agencies and funding sources now require
both sexes to be studied in biomedical research, single-sex studies are still common. More systematic
planning and reporting of study details is needed, as well as exploring sex selection technology used
in other animal production sectors when single-sex studies are justified, to reduce animal waste.

Abstract: Sex bias in biomedical and natural science research has been prevalent for decades. In
many cases, the female estrous cycle was thought to be too complex an issue to model for, and it was
thought to be simpler to only use males in studies. At times, particularly when studying efficacy and
safety of new therapeutics, this sex bias has resulted in over- and under-medication with associated
deleterious side effects in women. Many sex differences have been recognized that are unrelated to
hormonal variation occurring during the estrous cycle. Sex bias also creates animal welfare challenges
related to animal over-production and wastage, insufficient consideration of welfare (and scientific)
impact related to differential housing of male vs female animals within research facilities, and a
lack of understanding regarding differential requirements for pain recognition and alleviation in
male versus female animals. Although many funding and government agencies require both sexes
to be studied in biomedical research, many disparities remain in practice. This requires further
enforcement of expectations by the Institutional Animal Care and Use Committee when reviewing
protocols, research groups when writing grants, planning studies, and conducting research, and
scientific journals and reviewers to ensure that sex bias policies are enforced.

Keywords: sex bias; animal welfare; biomedical research; reproducibility; translatability; drug
development

1. Introduction

An historical overreliance on male animals in the drug development process has
resulted in women taking drugs at inappropriate doses and experiencing side effects rarely
reported in men. This has required the FDA to reevaluate safety and efficacy study results
to (re)establish differential dosing for men and women after the drugs were approved [1,2].
Many FDA-approved therapeutics have elevated blood levels and longer elimination times
in women, as well as being associated with a higher incidence of adverse drug reactions [3].
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Had both sexes of animals been used in the preclinical testing phase, the sex-related
differences in drug metabolism and clearance may have been identified sooner, and many
adverse drug reactions in women may have been avoided [2].

This sex bias in biomedical research has been well documented. In a study across
10 fields of biology, it was found that 80% of the animals used were male [4]. It was further
found that, even when both sexes were used, only one-third of studies analyzed the results
by sex [4]. While there are many different justifications used to propagate sex bias in
biomedical research [5], appropriate experimental design should be used to effectively
accommodate both sexes, maintain or increase power, and avoid interpretation errors and
associated increased costs [6–8]. Beyond experimental and human health concerns, sex bias
also represents an animal welfare concern. Specifically, there is evidence to suggest that
sex bias results in overproduction of research animals (see Section 4.1), inadequate pain
management (see Section 4.2), and significant animal wastage (see Section 4.4).

The ubiquity of sex bias in biomedical research has developed over time into the
current situation. In this paper, we discuss how sex bias developed over the past 100 years
and the ongoing efforts to address it. The underlying justifications used, scientific and
not, are explored, and the implications for animal welfare are described. Lastly, specific
methods to minimize sex bias in biomedical studies are suggested.

2. How Did Sex Bias Develop and How Pervasive Is It?

Sex-based differences in animal studies are not a revolutionary concept. Differences in
biological responses have been documented in the literature since the 1930s [9–12]. Early
studies were focused on the increased variability in learning behavior of female rats. The
perceived higher variability of responses to experimental challenges in females and the
differences between the sexes provided a justification for studying only male animals as
a means of simplification. This was further compounded by prominent literature in the
1960s that encouraged investigators to keep animal numbers low and reduce experimental
variability by specifically using a single sex [13]. By the late 1970s, the literature was flooded
with studies demonstrating a sex difference in many physiological systems [14]. Instead of
using this as justification to study both sexes, the rationale for studying only males became
entrenched in animal-based research studies [15].

An awareness about the limitations of the pervasive bias towards the use of male
animals first became apparent in the 1990s [16–18]. Sex bias gained considerable interest
between 1997 and 2000, when the US Food and Drug Administration suspended distri-
bution and sales of eight different prescription drugs due to severe adverse effects that
were reported in women taking them [19]. Ultimately, the root cause of the suspensions
was systemic sex bias in the drug development process resulting in dose recommendation
errors. The compounds were initially screened using cell cultures of male origin, preclinical
testing was performed in male animals only, and clinical testing was primarily completed
in men [19]. These events collectively sparked the interest in studying the sex and gender
bias that is still seen today in both biomedical and clinical research.

In 2010, Beery and Zucker conducted a survey of animal use in neuroscience and
biomedical research and found that, after 20 years of awareness of sex bias, the practice
continued to be pervasive in animal studies. Specifically, they found a male bias in 8
of 10 surveyed disciplines, with single-sex studies of male animals outnumbering those
of females, 5.5 to 1 [4]. In response to this demonstrated male bias, the National Insti-
tutes of Health began requiring that sex be included as an experimental variable in grant
applications [20–22]. Other funding agencies subsequently followed their lead. Despite
these efforts, the scientific literature continues to be full of examples of male sex bias
in animal research [5], especially in the fields of pain management [23], cardiovascular
disease [24,25], diabetes mellitus [25], alcohol-related diseases [26], and development of
surgical methods [27]. Potentially equally damaging to scientific rigor and reproducibility,
it was also common to not report sex at all during this time, as occurred in upwards of 25%
of published animals studies and 76% of cell culture studies [27].
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In 2020, when a 10-year follow-up study was conducted on sex reporting [5], there was
some evidence of improvement, but sex bias remained pervasive. There was an increase
in the proportion of studies that included both sexes, but no change in the proportion of
studies that included data analyzed by sex. Most studies continued to fail to provide a
rationale for the use of animals of a single sex in their studies. Further, there was also a lack
of sex-based analyses, and those that conduct a sex-based analysis relied on misconceptions
surrounding the hormonal variability of females. This data suggests that there is still
significant work to be done in experimental design and data analysis to include both sexes.

3. Why One Sex May Be Preferred in Research Settings

There are several reasons why one sex may be preferred over the other in a research
setting [8]. Some of these have been used historically to propagate the sex bias seen today,
while other reasons are legitimate justification for the use of a single sex. Woitowich and
colleagues captured and consolidated the justifications found in the literature into six
themes: 30% known sex difference or sex effect, 27% increased experimental variability,
13% experimental conditions, 13% limited sample size, 10% inability to sex subjects, and
7% issues with animal husbandry [5]. These are each discussed below.

3.1. Known Sex Differences or Sex Effects on Research

There are diseases and physiologic processes that occur in only one sex. There are
many known sex-linked traits and conditions, such as hemophilia A, Duchenne muscular
dystrophy, Fragile X syndrome, breast cancer, conception, and in utero fetal development.
The disease or physiologic process of interest inherently limits the ability to study the
disease in both sexes. However, it is also critical to understand the role of sex in fundamental
physiology and diseases processes, making it important to include both sexes to compare
and find these sex effects whenever possible [23,28]. Likewise, when studying safety and
efficacy of therapeutics, it’s important to ensure that there are no sex-based differences in
treatment safety or efficacy.

3.2. Increased Experimental Variability

Females have been long excluded from studies due to misconceptions about their
estrous (or menstrual) cycle increasing day-to-day experimental variability and because
including them results in a need for more research animals. However, the estrous cycle is
typically not a variable that contributes significantly to experimental variability [29–34].
Empirical research across multiple rodent species and traits demonstrates that females are
not more variable than males, and that for most traits, female estrous cyclicity need not be
considered [8]. Even when the estrous cycle is a known or significant variable, experiments
can be designed around it, and hormone variation can be incorporated into the design to
account for that variability [29–33]. Successful incorporation of hormone variation in study
design has previously been documented [30,32,35,36]. It is also noteworthy that individual
variation has been documented to be a larger source of variability in behavior than estrous
state [37].

Practically speaking, a good approach is to compare males with two or more groups
of females where the stage of the ovarian cycle is known. A three-group design in mice or
rats, for example, could compare males with females on two specific days of the estrous
cycle. Alternatively, a five-group design would compare males with females on each of the
four days of the mouse or rat estrous cycle [31]. The later design would allow for detection
of a sex difference, specifically isolated to a precise day of the estrous cycle.

3.3. Experimental Condition

The experimental condition may have inherent sex differences or existing biases
that make it difficult to include both sexes. Examples of this include situations such as
not including females because collecting vaginal smears to control for stage of estrous
cycle adds stress to the animal experience or only using adult females for a behavior study
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because adult males and juveniles of either sex rarely vocalize [5]. Neither of these examples
are strong justifications and push-back would be warranted. A more reasonable justification
to exclude one sex would be in the case of studying uterine tumors, which cannot occur
in the male sex, or prostate cancer, which does not occur in females. The justification for
excluding one sex based on experimental condition should be closely scrutinized to ensure
that the reasoning is scientifically sound.

3.4. Limited Sample Size

Sample size limitations can make it difficult to analyze data for sex-based effects. These
limitations may be due to either having a limited resource (e.g. small population of unique
animals) or costs. Potentially increasing the number of animals in a study is a concern
due to the associated costs; however, per the Guide for the Care and Use of Laboratory
Animals, cost is not an acceptable justification for reduction of animal numbers [38]. A
better approach to eliminating the sex bias implications of limited sample size is by using
factorial designs to reduce the need for additional animals while including both males and
females [8].

3.5. Inability to Sex Subjects

There are times when the sex of the animals or tissues being used is not obvious or is
truly unknown. This may be the case when working with embryos or slaughterhouse tis-
sues. However, the sex of these tissues can be determined through the use of various molecu-
lar techniques, including polymerase chain reaction (PCR), gas chromatography-mass spec-
trometry (GC-MS), high performance liquid chromatography/mass spectrometry (HPLC-
MS/MS), and enzyme-linked immunosorbent assay (ELISA) on those tissues [39–43].

3.6. Animal Husbandry

Animal husbandry limitations can unknowingly contribute to sex bias in research. This
can be due to limited vivarium space, sex-based aggression [44,45], response to husbandry
procedures [46], and relative ease of social housing [45] (see Section 4.3 below). To avoid
unscheduled breeding and unanticipated offspring, males and females are typically housed
in single-sex groups. The ease of social housing can vary by species and by animal age.
Aggression between same-sex conspecifics can be a significant welfare concern leading
to the use of housing strategies to meet the local or national regulatory requirements, as
well as the limitations of the vivarium size (see 4.3 below for a further discussion). An
investigator may opt to use one sex during fetal or neonatal development stages for part
of a study while using juveniles and adults for other portions of a study with the goal of
simplifying the husbandry. Unfortunately, this can create unintended sex bias in a study.
Identifying husbandry effects or limitations and effectively preparing for them can prevent
this unintended source of sex bias from animal studies.

4. The Impact of Sex Bias on Animal Welfare

There are many examples demonstrating how sex bias in biomedical research can
impact animal welfare. In this section, we will highlight how sex bias can result in over-
production of research animals, result in inadequate pain management, ignore underlying
differences in male versus female stress responses and physiology, and result in animal
wastage and poorly reproducible and translatable results.

4.1. Overproduction of Research Animals: Ethics and Sex Bias

Minimizing animal waste is an important component of reduction, one of the 3R’s
tenets. There is significant and continued interest within the laboratory animal community
in reducing surplus animals produced for biomedical research [47]. It has been estimated
that >110 million mice and rats are used in science and education each year, although
one recent estimate suggests that >110 million mice and rats are used in research each
year in the US alone [48–53]. Conservatively, and on average, at least 30% overproduction

78



Animals 2023, 13, 2792

exists in a given colony, even with the most efficient breeding methods in commercial
settings [54]. For the EU, this results in an estimated 12.5 million animal surplus; for the
UK, there is an excess of at least 1.6 million mice and rats produced [55]. Together, these
suggest that there could be overproduction of 25 million or more mice and rats worldwide.
Some of these unneeded animals may be used for training, harvesting tissues and fluids for
subsequent research, or humanely killed and donated or sold for animal feed; however,
many can only be incinerated after killing because of strict regulations surrounding disposal
of genetically engineered animals worldwide [56]. Some countries have tried to address
the ethical concerns created by animal overproduction. In 2022, in an effort to reduce
unwanted male dairy calves and male layer chicks produced on farms, German legislation
was enacted that makes it illegal to kill surplus production animals without cause, including
animals produced for biomedical research [57]. This approach may have the unintended
consequence of driving research animal production and, ultimately, biomedical science to
countries or regions with less rigorous animal welfare standards in an effort to minimize
the significant financial and resource burdens of providing lifetime care to unwanted and
unneeded research animals.

There are numerous reasons underlying surplus production of animals for biomedical
research; however, sex bias is a significant contributor for smaller species, including rodents
and rabbits (see Table 1). This can be exacerbated by age and weight restrictions for a given
experiment, animal order, or assay. For example, traditional pertussis vaccine potency tests
in mice have required all mice in a given group to vary by no more than 4g in body weight,
driving the use of one sex because of significant body weight dimorphism in mice, and
resulting in significant ordering wastage due to body weight gain variation between the
time when animals arrive in the facility and when they can be studied [58]. Some have
suggested using mixed sex groups for vaccine potency and challenge trials; however, this
is not practical for the majority of assays in which adult animals are used in studies with
a duration of three or more weeks [59] because of the risk of unwanted pregnancies. A
better approach when these assays must be conducted in mice is to challenge why such
tight weight ranges are required when they don’t exist in the human population to whom
the vaccines are administered. Broader weight range acceptability would permit animals
of both sexes to be used in these assays. Annually, hundreds of thousands of mice are still
used for vaccine potency testing, so the impact of this consideration is not insignificant.

Table 1. Primary issues related to overproduction of research rodents (adapted from [60]).

Issue Resulting in
Overproduction of Rodents

Definition of Issue

Sex preference Use of one sex in preference to equal use of both sexes. Remainder of lesser used sex becomes
surplus.

Body weight and age
requirement

Requirement for a narrow age and/or body weight requirement, such that any animals outside of
these requirements become surplus (any time up to study start).

Breeding pressures
Variable demand for animals of multiple strains, for example, changes in week-to-week orders, as
well as short notice orders for animals. Creates pressures to have large numbers of animals ready

at a given moment.

Timed mating Inexact procedure such that more animals are mated than are needed. Surplus also created if
study is cancelled after mating has occurred.

Poor health status
Animals with clinical disease may need to be euthanized, and more animals are bred to account
for these losses. In addition, a large surplus may need to be produced if mouse strains need to be

replaced or rederived because of unwanted colony infections (clinical or subclinical).

Part use of litter Selective use of animals in a litter with remainder as surplus.

Study cancellation Sudden cancellation of studies such that it may not be possible to reallocate animals to a different
study within a given institution.
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Table 1. Cont.

Issue Resulting in
Overproduction of Rodents

Definition of Issue

Genetics of breeding Proportion of animals may not have the required genotype, and some animals may not be of
appropriate quality, e.g., stunted or malformed.

Historical use Use of specific strains that are no longer in common use because of historical database

Duplication of animal colonies Duplication of in-house breeding colonies of multiple strains of mice and rats in large institutions

Ineffective management
practices

Failure to manage breeding colonies efficiently, for example, by maintaining breeding at low
levels when future use is uncertain.

When considering stock and inbred strains, sex bias generally leads to an overpro-
duction of female rats and male mice and rabbits [60,61]. Sex bias is a less of an issue
for purpose-bred large animal species, including dogs, primates, and pigs since, within
biomedical research, the majority are used for toxicology studies that often require equal
numbers of male and female animals [60]. It is more difficult to estimate the impact of sex
bias for genetically engineered rodent colonies as there may be a large breeding surplus
related to a specifically desired and restricted genotype or adverse phenotype that requires
colonies to be maintained largely as heterozygotes [62]. The examples in Figure 1 below
demonstrate how sex bias may contribute to overproduction of rodents from inbred, stock,
and genetically modified animal colonies. It is important to note that some males and
females need to be kept back as replacement breeders or to replace animals unsuitable
for study (e.g., with malformations), and these form part of the managed surplus. If the
scenario is repeated across many colonies or orders, the overproduction issue becomes
significantly magnified.

Figure 1. Use and surplus rats and mice by sex. In this example, the animals used for scientific
procedures are represented by black bars, the excess animals created but not used (Managed surplus)
are represented by grey bars, and the excess animals created but not used due to sex bias (Biological
surplus) are represented by red bars. (A) Rats used and surplus animals. (B) Mice (inbred and
outbred) used and surplus animals. (C) Mice (genetically modified) used and surplus animals.
Adapted from [60].

4.2. Pain Recognition and Mitigation in Laboratory Animals

The pain literature, including how pain is modeled, studied, and mitigated in lab-
oratory animals, is fraught with male bias [63]. This has contributed to challenges in
identifying pain and managing it appropriately in research animals.
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4.2.1. Pain Response by Sex

It has been recognized for many decades that male and female rodents respond
differently to acute pain initiated by standard analgesiometry tests, with female rodents
generally demonstrating a lower pain threshold to mechanical, hot thermal, chemical, and
inflammatory nociception assays (for a review, see [64]). Potential reasons underlying sex
differences in pain processing include the potential modulating effect of ovarian hormones
on pain-evoked behaviors in females, with hypersensitivity to pain noted in the proestrus
and estrus phases of the estrous cycle, that is likely linked to circulating estrogen and
testosterone levels [65]. In addition, there are sex differences in neural mediation of
pain, neuroimmune modulation of pain, and genetic mediation of pain, in addition to
qualitative sex differences in cognitive, social, and environmental factors that modulate
pain (reviewed by [63]). In contrast, for complex pain models, such as chronic inflammation
and neuropathic pain, there has been unclear evidence for sex differences in rodents in pain
perception [64], whereas in women, complex chronic painful conditions, such as irritable
bowel syndrome, migraine, diabetic neuropathy, postoperative pain, and fibromyalgia are
more commonly reported in women and last longer with a higher pain intensity [63,65]. The
lack of concordance in female rodents may be due to insufficient power in study designs to
detect sex differences in addition to a lack of recognition and study of biologically different
processes for pain signaling between sexes [63].

Surprisingly, there has been minimal study of sex differences in pain perception for
other animal species, including in research, farm, zoologic, and companion animal settings.
This may be because of the expense of these models and the difficulty in achieving sufficient
sample sizes of a given species and breed, let alone sex, when enrolling veterinary patients
in clinical trials. It may also be due to poor recognition in veterinary medicine of species
and sex differences in pain processing and response. For example, pain in cats is poorly
recognized by many veterinary practitioners compared to pain in dogs, even for the same
procedures [66,67]. It has only been relatively recently that neuter procedures for female
cats and dogs (i.e., ovariohysterectomy) have been objectively identified to be more painful
and require significantly more analgesia than neuter procedures for male cats and dogs (i.e.,
castration) [68]. Understanding sex differences in pain sensitivity and response in animals
are areas requiring more research to support animal welfare.

4.2.2. Pain Mitigation by Sex

Despite decades of research defining sex differences in response to acute and chronic
pain, a recent systematic review and meta-analysis examining potential differences in
opioid-induced pain relief by sex in humans found inconclusive findings [69]. This is
unlikely to be a result of sex having no effect on opioid-induced analgesia and is more likely
to be a result of confounding factors. Women typically have higher fat stores compared
to men, resulting in a higher apparent volume of distribution whereas men are typically
larger and have faster clearance rates for drugs [70]. Differential metabolism of drugs by
hepatic cytochrome P450 isoenzymes by sex may also explain differential responses to
analgesic drugs. For example, because hepatic expression of Cyp3A4 is higher in women,
the effects of some opioids, such as fentanyl, may be reduced compared to men. Conversely,
CYP2D6 has higher expression in males, meaning that codeine and other opioids which are
preferentially metabolized by CYP2D6 will have a lesser effect in males [71,72]. In mice and
rats, males tend to have more body fat than females of the same species, which may skew the
effects of lipophilic opioid analgesics oppositely than for humans [73]. Nonsteroidal anti-
inflammatory drugs (NSAIDs) and glucocorticoids are known to have different activities
and side effects in humans based on sex, likely due to differences in innate and acquired
immune system activity and hormonal fluctuations during ovulation in women as well as
differences between male and female NSAID pharmacokinetics and pharmacodynamics,
but this is poorly characterized [74]. Minimal information is available in the veterinary or
laboratory animal medicine literature about differential NSAID activities and sensitivities
within a given species by sex. Certainly, to ensure good animal welfare after painful
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procedures this topic should be prioritized as an area of research to avoid under- and
overdosing animals.

4.3. Welfare Impact of Differential Housing by Sex in Biomedical Research

An area that has received insufficient attention is the impact of differential housing
of many animal species by sex in research settings (discussed from a different viewpoint
in 3.6 above). This is an area that has an important impact on animal welfare as well
as reproducibility and translatability of experimental findings. In conventional housing
systems used in North America and elsewhere, it is not uncommon for intact, sexually
mature males of certain species, including mice, guinea pigs, domestic and mini-pigs,
primates, and rabbits to be housed individually because of space restrictions for housing,
which generally results in animals being unable to escape agonistic interactions and move
away, as would occur under more extensive housing environments. Fighting and wounding
can be significant, and males may be routinely housed individually after reaching sexual
maturity. In contrast, females of a given species are routinely housed in groups, with
offspring, if being held for breeding. For most species, this might somewhat mimic the
natural state in which few sexually mature males would be within the same social group;
however, these animals would be in constant contact with females and juveniles of the same
species rather than living completely solitary lives. These differential housing details are
rarely mentioned in published methodology, and yet social housing of vertebrate species
is thought to be a critical determinant of individual fitness and health [75]. In addition to
inducing states of chronic stress, social isolation may also impact metabolism, biological
rhythms, cognition, immunity and inflammation, and oxidative stress and aging in many
species, including humans (reviewed by [75]). How this commonly employed differential
housing environment impacts male behavior and physiology and whether this approach
may skew data when only male animals are used in some types of research are unknown.

Many efforts have been made to try to socially co-house some males of some species
to enhance their welfare, but it is impossible to make hard and fast rules for how to do
this successfully for all breeds and/or strains of a given species within the constraints of
conventional housing [76]. For example, keeping male mice from the same litter together,
grouping males prior to sexual maturity, and transferring less heavily soiled nesting
material at cage change have been successful methods for keeping some strains of male
mice together [77]. Other factors, such as increased cage density and specific strain, were
strongly predictive of significant aggression in mice [78], and more work needs to be done
to find solutions for compatible housing of male research animals across species [44].

4.4. Sex Bias and Research Animal Waste

The final example of how sex bias and research animal waste can adversely impact
animal welfare and the 3Rs relates to animal waste due to poor reproducibility and trans-
latability of research. In a review of >15,000 biomedical research publications in 2014, only
50% of authors reported animal sex, and when reported, sex bias was noted and varied by
preclinical model, with strongest male bias in cardiovascular studies and strongest female
bias in infectious disease studies [25]. Beyond initial investigative studies, this sex bias
in seeking therapeutic targets and new medicines creates a real risk for misinformation
given that female animals are not simply scaled down versions of males [79]). Animal
models can only be relevant for both male and female humans when both sexes are used.
Single-sex studies may result in animal waste if new test articles are inactive in one sex;
they can also result in human safety risks if an agent proves to be more potent in one sex,
and this is not identified because of single-sex animal studies. For example, calcitonin gene-
related peptide (CGRP) antagonists are of interest for the treatment of migraine in humans.
Injection of CGRP triggers migraines in people, and when initially modelled in rodents,
poor efficacy was noted in the CGRP-migraine model. Subsequently, when researchers
returned to the original studies, it was noted that the testing was conducted exclusively
in male rats. When female rats were used instead, very significant improvements were
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seen when CGRP antagonists were given [80]. Given that migraines occur more often
in women, this reinforces the need to use both sexes in animal studies to avoid making
incorrect generalizations and to avoid wasting animals in studies.

Not only is including both sexes in experimental design important, but reporting either
the existence or the lack of sex difference is also critical to minimizing animal waste. There is
a misconception that a finding of no sex difference (a negative result) need not be reported.
When both sexes are used, it remains common practice to only report when a difference
between sexes is identified. In fact, when a sex difference is identified, half of those studies
treat it as a major finding and highlight the finding in the title or abstract [81]. Conversely, in
the 44% of published studies in which a sex difference was not specifically found, there is no
mention of evaluating the data for a sex-based effect. Sex is not uniformly treated or ignored
as a biological variable between scientific fields. The sexes are most commonly compared
in endocrinology studies (93%) and least often evaluated in neuroscience studies (33%) [81].
As a result of this practice, experiments may later need to be repeated in both sexes due to
the missing information. This potentially contributes to significant animal waste.

5. How Can Sex Bias Be Minimized in Biomedical Research?

Increased awareness of the potential harms of sex bias is an important first step
in addressing the issue; however, the scientific community needs tangible and practical
solutions to help it overcome the pitfalls of sex bias. There are already several tools available
to help guide the scientific planning and reporting practices, and learning how to effectively
use these tools can help to propagate excellence in study design, data analysis, and reporting
behaviors. Funding agencies reinforce these good behaviors and emphasize minimizing
sex bias by increasingly requiring that investigators include both sexes in their research
proposals or include strong scientific justification for why they are not needed. Once funded
studies are completed, accountability for complete and transparent reporting in scientific
reports is key to minimizing sex bias in scientific literature. If the scientific community
doesn’t self-govern in this space, some countries may use legislation to minimize sex bias
and the associated animal wastage. On top of study design and transparent reporting
practices, technology advancements also may be helpful in minimizing animal wastage
when a single sex may be legitimately needed.

5.1. Awareness and Education

When there is awareness that sex bias exists and the associated welfare harms are
identified, refined practices can be taught and preemptively employed to prevent sex bias
at each step in the scientific process (Table 2). Mindful elimination of sex bias should follow
the PREPARE (Planning Research and Experimental Procedures on Animals: Recommen-
dations for Excellence) Guidelines through to reporting following the ARRIVE (Animal
Research: Reporting of In Vivo Experiments) Guidelines [82–84].

Table 2. A guide for incorporating sex as a biological variable in animal research studies (adapted
from [85]).

Study Aspect Actionable Items

Literature search
• Perform literature search for sex difference in research area of interest
• Critically evaluate the literature for quality of reference to identify sex differences
• Understand the strengths and limitations of available literature

Study design

• Use both sexes of animals unless scientifically justifiable
• Design studies with sufficient power to determine differences between experimental groups

and sexes
• Best practice: factorial design with the sample size split between males and females

Data collection
• Collect data from a similar number of animals of both sexes
• Collect data on variables that could influence sex differences (e.g., housing differences)
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Table 2. Cont.

Study Aspect Actionable Items

Data analysis • Separate male and female data sets and specifically test for sex differences

Reporting
• Describe study design
• Report numbers, ages, and weights of males and females used
• Report sex differences tested for and identified (or not)

The path toward minimizing sex bias in animal studies begins with an appropriate and
rigorous literature search for sex differences in the targeted area of research interest. Evalu-
ating the resulting search findings is important for developing an understanding of both
the strengths and limitations of the current literature and will aid in the development of
appropriate design of future studies. There could be known differences between the sexes
that may or may not be relevant to the current research question. Critically evaluating the
previous supporting work will help to determine if there is an underlying sex difference that
needs to be addressed and accommodated. As part of the literature search, the PREPARE
Guidelines checklist specifically recommends that researchers: (1) form a clear hypoth-
esis with primary and secondary outcomes; (2) consider the use of systematic reviews;
(3) decide upon databases and information specialists to be consulted and construct search
terms; (4) assess the relevance of the species to be used, including its biology and suitability
to answer the experimental questions with the least suffering and its welfare needs; and
(5) assess the reproducibility and translatability of the project. A complete literature search
will ultimately help minimize experimental bias, including sex bias, and inappropriate
statistical methodology, which are common contributors to poor study design [82].

A well-thought-out study design is key to adequately powering a study to clearly
identify and accommodate sex differences [6]. Because many researchers are not trained
to do this, it may be important to engage a biostatistician who can assist with the pro-
cess. Arguably, the most appropriate study design to identify a sex effect is a factorial
design [7,8]. This approach reduces the need for additional research subjects while appro-
priately powering the experiment to identify both the desired experimental effect and any
specific difference between the sexes. Factorial design simulations demonstrate that there
is no loss of power to detect treatment effects when splitting the sample size across sexes in
most scenarios [7]. It may be considered best practice to use a factorial experimental design
and split the sample size across both male and female animals.

Once a study has been appropriately designed, using a systematic approach to conduct
the experiment will help prevent introducing additional sex bias. One way to accomplish
this is to use housing strategies that avoid differential housing of animals based on sex
and that account for potential aggression between conspecifics of the same sex [86]. The
housing system can introduce sex bias and potentially undermine the most well-designed
animal study. As such, there is a need to assess housing effects on research animals
and research paradigms to minimize unintended introduction of sex bias into animal
studies [44]. Furthermore, blinding observers to the sex of the animals when possible will
help to remove any preconceived biases that observer may have.

Using appropriate data analysis methods, including blinding of analysts to animal
sex and treatment group, is important for identifying true positive differences between the
sexes. It is noteworthy that finding no sex difference is just as significant as the presence
of a difference. Similar to the issues with experimental design, many scientists are not
trained on best practices for detecting sex-based difference. As a result, it is common for
studies to incorrectly claim a sex difference when there is none, and vice versa [81]. As such,
there is a need for continuing efforts to train researchers on how to appropriately test for
and report sex differences in their data to promote rigor and reproducibility in biomedical
research [7,8,81].
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The final step in minimizing sex bias is transparent reporting of all aspects of the study.
Complete reporting, following the ARRIVE 2.0 Guidelines [83], ensures that a scientist from
another institution can accurately recreate the experimental condition and data analysis
from the details provided in the manuscript and achieve similar experimental results.
Complete and transparent reporting also allows the scientific community to assess study
results for sex effects or possible sex bias in the study design or study analysis. Following
this entire process from start to finish will help minimize sex bias in animal research and
improve reproducibility and translatability of animal-based research.

5.2. Funding Agency Requirements

Funding agencies have recognized that sex is an important biological variable in
biomedical research which should be controlled. Many now require researchers to use
both sexes in their experiments or clearly justify why they are only using either males
or females in their studies. This trend began with the National Institutes of Health [87]
announcing a policy aimed at integrating sex as a biological variable (SABV) into biomedical
research in 2014, which went into effect in January 2016. The Canadian Institutes of Health
Research [88] followed by requiring applicants to specifically integrate sex and gender into
experimental design. While the European Commission has had a long-standing policy to
question when sex and gender are relevant in the objectives and methodologies of a project,
it hasn’t included a reporting requirement like the NIH or CIHR. More recently, the UK
Research and Innovation Medical Research Council released their new guidance [89] that
requires the specification of sex in the experimental design, effective September 2022.

5.3. Accountability in Reporting Practices

There is a long-standing need to improve the reporting of experimental methods and
materials [25]. To improve the quality and utility of animal-based study results, it has been
previously recommended that journals and funding agencies mandate that reporting of
animal studies include complete descriptions of all experimental details [90]. In 2010, a
working group sponsored by the National Centre for the Replacement, Refinement and
Reduction of Animals in Research (NC3Rs) published the ARRIVE Guidelines [83]. The
purpose was to improve transparency in research reporting to help address the repro-
ducibility crisis. Improved reporting of animal sex was included in these guidelines. While
many journals have endorsed these guidelines, compliance and enforcement has been poor,
and there continues to be incomplete reporting [84].

Building on this need for improved accountability in reporting practices, sex has
been specifically identified as a variable to report. The SAGER (Sex and gender equity in
research) guidelines were released in 2016 [91]. These guidelines provide a comprehensive
approach to reporting sex and gender information in study design, data analysis, results,
and interpretation of findings. While the SAGER guidelines are primarily designed for and
by scientific writers, they are also useful to reviewers and editors to help ask questions such
as whether sex is relevant to the research in question and/or have the authors adequately
addressed sex-based effects or justified the absence of such analysis.

In 2020, after 10 years in practice, the ARRIVE guidelines were updated and reorga-
nized to facilitate their use and renamed as ARRIVE 2.0 [84,92]. These guidelines specifically
described sex as a property of the sample, and an independent variable that potentially
affects the outcome measures. The authors acknowledged that sex effects can be accounted
for in the randomization or blocking strategy and that including sex as a variable can
increase power, thereby increasing the ability to detect a real effect with fewer animals.
The ARRIVE 2.0 guidelines list animal details, including sex, as item 8 of the Essential
10 minimum reporting requirements [84].

While having guidelines and checklists that are endorsed by scientific journals is a
good starting point, it requires effort from all members of the scientific community to create
a culture of accountability in scientific reporting. Using guidelines such as SAGER and
ARRIVE 2.0 makes it easy to report important experimental variables, but consistent use of
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the guidelines can be difficult without behavior modification by all parties. It isn’t sufficient
for journals to simply endorse the guidelines; the guidelines must be fully adopted across
all roles (editors, reviewers, and authors) and integrated into standard writing practices.
Only together, through concerted efforts at the funding agency, institution, and publishing
levels will the consideration of sex as a biological variable become standard practice in
biomedical research [93].

5.4. Legislation

Using legislation to achieve sex balance of research animals is potentially an extreme
approach to achieving the goal, but it is not unheard of. As mentioned previously, cur-
rent German animal welfare legislation does not allow for killing of animals without a
reasonable cause [94]. As a result, there have been criminal complaints filed against at least
15 biomedical research facilities for euthanasia of surplus animals [54]. While criminal
charges have not been made to date, this highlights the importance of cooperative engage-
ment and adoption of guidelines by the entire scientific community to voluntarily address
sex as a biological variable to avoid such drastic measures.

5.5. Technology

Using a single sex is legitimately needed for some studies. In these cases, thoughtful
uses of technology can be paramount to minimizing needless animal waste resulting
from overproduction. Using sexed semen is commonplace in some fields of veterinary
medicine [95–98]. Sexed semen has been used in the beef and dairy industries since 1989 to
minimize production of select sexes with a high level of success [95], and this technology
has been expanded to use with pigs, horses, and small ruminants [99–101]. A pilot study
in Ireland demonstrated the welfare benefits of using sexed semen to reduce unwanted
production of surplus male dairy calves [102]. Although not without some financial costs,
use of this technology could occur for common laboratory species to minimize production
of the particular unwanted sex and decrease surplus animal creation. Similarly, CRISPR-
Cas 9 technology can be used to limit the in utero development of fetuses of a select
sex [103]. Production of sex-specific offspring can become a heritable trait, making it
easier to continue production of single sex litters in subsequent rounds of breeding. Using
these technologies could significantly decrease the number of animals being euthanized
due to overproduction, thus improving welfare for research animals. However, careful
evaluation of single sex litters for unanticipated effects of genetic manipulation must be
conducted and reported as intrauterine position and the sex of adjacent fetuses in utero
have well-documented effects on a number of traits and behaviors later in life [104–107].

6. Conclusions

Sex bias in biomedical studies is bad for both scientific advancement and animal
welfare. Not only has sex bias led to large financial losses for the pharmaceutical industry
and harms for women as patients, but there are also significant welfare impacts for animals.
There is currently a need to study both sexes in multiple research disciplines and to
recognize when sex may or may not be an experimental variable. Ultimately, it is critically
important that sex be considered at each stage of the scientific process. Additionally,
using technology to minimize animal waste when a single sex is justified is important to
ensure positive animal welfare. Collectively, these actions will improve both reproducibility
and translatability to propel scientific discovery and therapeutic success while promoting
animal welfare.
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Simple Summary: Animal experiments should be carried out in consultation with veterinarians,
who, having clinical knowledge, will help doctors choose the appropriate animal model. Our review
of the literature shows how the harmful and unethical duplication of research from other research
centers can be. Familiarization with the experimental protocols on an animal model is important each
time we want to later extrapolate the obtained results to the target species, i.e., human. This is due to
the law on the implementation of the procedures on people. This article focuses on orthodontic teeth
movement. While experiments with laboratory animals seem easy, there are many pitfalls. Our goal
in this article is to collect data on the maintenance of laboratory animals as models and to critically
analyze them based on our literature review.

Abstract: Animal testing was and remains the only method of introducing a certain treatment
and medical procedure on humans. On the other hand, animals have their rights resulting from
applicable legal acts, including Directive 2010/63/EU and, indirectly, the World Medical Association
International Code of Medical Ethics (Helsinki Declaration, 1975, amended 2000). Thus, the question
arises whether the credibility of the results of hormonal and orthodontic tests obtained so far and their
usefulness for the human population is scientifically justified and worth sacrificing laboratory animals
for. Especially that, according to statistical data, about 50% of laboratory animals are euthanized
at the conclusion of the experiments. The aim of this article was to determine whether animal
experiments are scientifically or morally justified in bringing significant evidence in studies that
may validate the influence of changes in the concentration of female hormones secreted by the
ovaries in various phases of the menstrual cycle in young patients on the duration of an increased
tooth movement rate in orthodontic treatment. Papers reporting the results of the original research
into female hormones, either natural or exogeneous ones, likely to alternate the orthodontic tooth
movement rate were critically evaluated in terms of animal selection. Thorough analysis supported
by veterinary knowledge proved that none of the publications enabled an extrapolation of the results
to humans. The evaluation of the relation between the rate of tooth movement upon loading with
orthodontic forces and hormones either secreted during the menstrual cycle of women or released
from the contraceptives already present in the market, does not require sacrificing laboratory animals.

Keywords: veterinary ethics; qualitative and quantitative research designs; animal experimental
model; steroid hormones
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1. The Use of Laboratory Animals in Orthodontics

Animal testing was and remains the only method of introducing a certain treatment
and medical procedure on humans. The social acceptance of such experiments has been
fervently debated since 13th century, when Saint Thomas Aquinas saw animals as useful
machines, whilst Saint Francis of Assisi believed them to be humans’ smaller brothers.
Descartes continued the debate in the 16th century. However, the real rebellion aimed at
anti-vivisection was pioneered by a woman, Fanny Matin, who in 1845 married Claude
Bernard who was infamous for conducting experiments on stray dogs [1]. Noteworthy, at
that time women had no voting rights, therefore Fanny Matin’s opposition to vivisection
reverberated across the scientific world and turned out to be the driving force behind the
shift in the researchers’ approach to respecting animals. Female sensitivity was also the
catalyst for a mass protest in London. A conflict between Professor William Bayliss, a
scientist who experimented on a terrier dog, thus discovering hormones, and whom the
majority of the society considered to be a sadist, ended with a bronze monument of a dog
being erected in London. The fate of a simple terrier had become the spur for adopting
legislation protecting laboratory animals. However, it was not until the 21st century that
the world of science changed forever: animals now have their ‘protection’ under existing
legislation, including Directive 2010/63/EU [2], and it is primarily recognized in European
Union countries. This directive was transposed into Polish legislation in 2015 [3], and states
that animals must be provided with medical and veterinary care and conditions adequate
to their health and until their natural death regardless of whether the experiment has ended.
However, it must be emphasized that animals subjected to experiments very rarely fully
recover, so their “natural” death issue is rather controversial [4]. Furthermore, animals react
and metabolize substances differently in comparison to humans. For example, the lethal
dose of potassium cyanide for rabbits and mice is, respectively, twice and seven times higher
(obviously relative to their body mass) than for humans. In this term, many researchers,
such as Ober [5] as well as Azkona [6], believe that in the case of interdisciplinary research
work, cooperation between clinicians and scientists and qualified veterinarians is necessary.

Since experimental animals are present throughout all fields of science related to
human healthcare, unsurprisingly, they are also involved in the development of dentistry,
specifically in the field of orthodontics. The treatment of malocclusions in the case of young
adult women, aged 20 to 30, is naturally linked to a menstrual cycle, which constitutes
a sequence of recurring fluctuations of hormones that prepare the body for potential
pregnancy: estrogens and especially progesterone. These hormones regulate osteoblast
activity and the production of collagen, responsible—among other things—for a proper
periodontal structure [7–12]. The natural cycle of sex hormones physiological fluctuations is
disrupted by ovariectomy or hormonal contraception taken by a patient. Although modern
oral contraceptives contain much lower doses of hormones when compared to medication
used in the past, they still may damage periodontium, as they contribute shifting a balance
between aerobe and anaerobe microorganisms towards the latter [13–15].

Any impairment in the alveolar bone structure immediately affects the rate of or-
thodontically induced tooth movement. It is therefore quite likely that if loading the teeth
is planned in accordance with the menstrual cycle, one obtains the most efficient tooth
movement due to the highest “plasticity” of periodontal tissues, which results in shortening
the treatment time. Nevertheless, the World Medical Association International Code of
Medical Ethics (Helsinki Declaration, 1975, amended 2000) requires that medical support,
including orthodontic procedures, be carried out on at least two species, animals, before
it can be used in humans [16]. Therefore, since the orthodontic experiment must burden
laboratory animals so much, the credibility of the results of hormonal and orthodontic
tests obtained so far and their usefulness for the human population should be critically
assessed. Especially that, according to statistical data, about 50% of laboratory animals are
euthanized at the conclusion of the experiments [17,18].

In this commentary, we aimed to determine whether animal experiments are scientifi-
cally or morally justified in bringing significant evidence to studies that may validate the
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influence of changes in the concentration of female hormones secreted by the ovaries in
various phases of the menstrual cycle in young patients on the duration of an increased
tooth movement rate in orthodontic treatment.

To this end, we searched PubMed, Elsevier ScienceDirect Journals, and EBSCOhost
(Medline) electronic databases for laboratory research performed on animals, concerning
orthodontic movement depending on the level of hormones during the menstrual cycle
and while using hormonal contraceptives. We included review, clinical, comparative, inter-
vention papers, and unusual cases, using the following keywords: estrogen, progesterone,
hormonal contraception, menstrual cycle, heat, orthodontics, and orthodontic treatment.
We disregarded the research performed on humans, as well as in vitro or in silico texts. We
found 12 studies published between 1997 and 2022, which discussed the related subjects
we target in this review.

2. Selected Studies

The impact of female hormones and hormonal contraception on orthodontic move-
ment has been the subject of research in various centers, done on different species of animals.
Most tests were done on Wistar rats, i.e., white rats used in pharmacological, toxicological,
nutrition, and behavioral testing, but similar studies were performed on rabbits and cats.
The canines, premolars, and incisors were moved predominantly. Open orthodontic springs
and nickel and titanium wires were usually used for this purpose, with some studies using
bone anchoring, i.e., mini implants. Some of the animals had their blood tested, others had
their vaginal mucus tested. The tooth movement ranges were measured on gypsum dental
casts poured on the examination day or inside the animals’ mouths using a caliper. Most
animals were euthanized after the research. Only healthy females took part in testing, with
their own heat cycle or sterilized and exogenously administered with hormones [15,19–29].

The publications were divided into groups and specific publications were selected
based on the scheme shown in Table 1.

Table 1. List of research methods and results obtained in papers analyzed as part of the review.

Authors
Animals and Their

Division
Tooth and Type of

Tooth Shift
Material Used

Method Used to Test
the Hormone Level

Results

Olyaee et al. [15]

Wistar rats
Age—3 months

N = 48
m = 250 ± 25 g

females

Central incisors
tipped distally

SS spring with a
diameter of 0.35 mm

Administration of
ethinyl

estradiol/norgestrel

Ethinyl
estradiol/norgestrel
(oral contraceptives)

can decrease the
amount of tooth

movement

Guo, Zhao, Chen [19]

Wistar rats
Age—not given

N = 120
m = not given

females

Not given Not given

Estradiol level in
serum and

periodontium tissue
using radioimmune

and immune-
cytochemical

methods

Estrogen affects teeth
movement

Zhao, Than, Guo,
Chen [20]

Wistar rats
Age—not given
N = not given
m = not given

females

Not given Not given

Estradiol level in
serum and

periodontium tissue
using radioimmune

and immune-
cytochemical

methods

Estrogen affects teeth
movement

Guo, Zhao, Chen [21]

Wistar rats
Age—3 months

N = 80
m = not given

females

Left upper incisor
and left upper molar

Tipped
Not given Not given Teeth movement

dependent on cycle
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Table 1. Cont.

Authors
Animals and Their

Division
Tooth and Type of

Tooth Shift
Material Used

Method Used to Test
the Hormone Level

Results

Zhao, Than, Guo,
Chen [22]

Wistar rats
Age—not given
N = not given
m = not given

females

Not given Not given Not given Estrogen affects teeth
movement

Guo, Zhao, Chen [23]

Rats, strain not given
Age—not given

Not given
N = 200

m = not given
females

Not given Not given Estradiol level in
serum

Estrogen affects teeth
movement

Haruyama et al. [24]

Wistar rats
Age—10 weeks

N = 85
m = 136 g
females

right and left, first
upper molar

Tipped

NiTi spring with a
diameter of
0.012 inch

Acc. to estrous cycle
with vaginal smear

Estrus can increase
tooth movement

Tan et al. [25]

Wistar rats
Age—3 months

N = 200
m = 300 g
females

Left distal incisor and
first left molar

Tipped

NiTi spring with a
diameter of
0.012 inch

Monitoring estrus
cycle and vaginal

smear

Estrus can increase
tooth movement

Celebi [26]

Domestic cat
Age—2–4 years

N = 18
m = not given

females

Jaw canine and mini
implant
Tipped

NiTi spring with a
diameter of 0.2 inch

According to estrus
cycle

Teeth movement
speed was higher in
sterilized specimens

Sirisoontorn [27]

Wistar rats
Age—10 weeks

N = 10
m = 170–190 g

females

Left distal incisor and
and first left molar

Tipped

NiTi spring with a
diameter of
0.012 inch

Monitoring estrus
cycle and vaginal

smear

Teeth movement
speed was higher in
sterilized specimens

Mackie et al. [28]

Sprague Dawley rats
Age—6 weeks

N = 55
m = 160 ± 20 g

females

Right distal incisor
and first right molar

Tipped

NiTi spring with a
diameter of

0.03 × 0.01 inch
Not given Estrus can increase

tooth movement

Poosti et al. [29]

Rabbit
Age—8 weeks

N = 24
m = 1850 g

females

Central incisors
tipped distally

SS spring with a
diameter of
0.014 inch

Administration of
progesterone

Progesterone affects
tooth movement

Legend: N—number of animals used in testing; m—body mass of animal used in testing; SS—stainless steel;
NiTi—nitinol.

3. Cross-Species Comparison with Humans

Factors crucial for hormonal and orthodontic experiments, differentiating women
from female animals selected for testing, are shown in Table 2.
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Table 2. Comparison of laboratory animals in terms of dentition, periodontium, reproductive cycle,
body temperature.

Species Size
Dental

Formula
Teeth Periodontium Hormones

Body
Temperature

Human
(Homo sapiens) Target species 212

212
2123
2123

Diphyodont
Heterodont
Bunodont

Thecodont
Brachydont

Cycle
24–33 days

Ovulation 24 h
36.6 ◦C

Laboratory rat
(Rattus) Acceptable size X 1003

1003
Monophyodont

heterodont

Thecodont
Monophyodont

Incisors—
hypsodont,

elodont
Molars—

brachydont

Cycle 4–5 days
Spontaneous

ovulation
Estrus 10–20 h

37.5–39 ◦C

Rabbit
(Oryctolagus

cuniculus)
Acceptable size X 2033

1032
Monophyodont

Heterodont

Thecodont
Hypsodont

Elodont

Cycle 16 days
Induced

ovulation
38.5–40 ◦C

Domestic cat
(Felis catus) Acceptable size 313

312
3131
3121

Diphiodont
Heterodont

Secodont

Thecodont
Brachydont 14–21 days 38–39 ◦C

Definition of terms (acc. to Kobryń, H.; Kobryńczuk, F.; Krysiak, K. Anatomia Zwierząt Tom 1–3 (Animal Anatomy
Vol. 1–3); PWN: Warsaw, Poland, 2011 [30]): X- does not occur; monophyodont—having one set of teeth;
diphyodont—having two set of teeth; heterodont—with tooth shape differences between incisors, canines,
premolars, and molars; thecodont—tooth embedded in a socket; brachydont—having short crowns with short
growth time; hypsodont—having high crowns with long growth time; secodont—having sharp enameled teeth;
bunodont—having rounded enameled teeth; elodont—teeth with an open top. An animal’s dentition for either
deciduous (first fraction) or permanent (second fraction) teeth expressed as a dental formula, written in the form
of a fraction, as I.C.P.M

I.C.P.M maxillary arch (above the line) and mandibular arch (below the line) I—incisors, C—canine,
P—premolar, and M—molar, f.ex human 2123—2-I, 1-C, 2-C, 3-M.

4. Rats

Rats (Figure 1a,b) procreate quickly and their genes have also been well-mapped. Their
transgenic strains, possible to be created nearly exclusively in small rodents, regardless of
certain difficulties in maintaining their permanence, are still an important aspect favoring
the selection of rats as experimental animals. This choice is also determined by the size of the
animal, which facilitates the conduct of treatments and the preparation of histopathological
materials. Rats are also cheap, which helps in testing their large groups. This is likely
why rats were experimental animals in the majority of reviewed studies [15,19–25,27,28].
The evaluated studies theoretically demonstrated that the forced tooth movement rates
are dependent on menstrual cycle or hormonal contraception. However, studies by Guo
et al. [19,20,22] and Zhao et al. [21,23], performed at various intervals on various groups of
rats, do not provide data for the measurements of the tooth movement and orthodontic
biomechanics in relation to the heat cycle. The full-text articles are available only in
Chinese, so we were able to review their abstracts, which merely summarized the research
and did not fully report the results. We attempted to contact the researchers, but they
did not reply to our emails. In turn, Mackie et al. [28] performed their tests on a strain
other than Wistar, namely Sprague Dawley characterized by longer jaws, which naturally
increases the distance between the incisors and the molars. Longer wires and springs
are more easily deformed during chewing, when the so-called trampoline effect caused
by the occlusal forces becomes evident [31]. Furthermore, the study used very young,
6-week-old specimens additionally subjected to stress that might drastically change their
hormone levels; rats are less willing to reproduce when experiencing distress. As many
as 4 specimens out of 55 died from stress, which undermines the entire test results, as
the intensity of the metabolism is significantly increased during stress. In another study,
also done on young rats, Olyaee et al. [15] used a spring between two incisors, which
also challenges the reliability of the outcomes; due to the high probability of the not-fused
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palatal suture, the diastema quite likely resulted not from the tooth movement itself, but
from separating the maxillary halves. Thus, it may be concluded that choosing a rat as
an animal model for hormonal and orthodontic research is also unfounded. Although,
similarly to humans, gaps between rat teeth (Figure 1c–e) are sufficiently wide to secure the
natural drift of molars, and the teeth may be affected by caries; this is where the similarities
end. Aside from the many evident differences (Table 2), the incisors in rats have enamel
only on their front surfaces and they grow throughout the animals’ lifetimes, which requires
continuous sharpening of those teeth; in addition, the enamel is harder than metals such as
iron, platinum, and copper. Continuous tooth eruption does not provide anchorage and
sufficient control over the direction of force, which may lead to bias while interpreting the
published data.

 

  

(d) (e) 

Figure 1. Rat teeth in a skull: semi profile view (a), lateral view (b), premolars and molars view (c).
Rat teeth: incisors, frontal view—enlarged overbite (d) and incisors, lateral view—enlarged overjet
(e) (by Małgorzata Peruga).

As for the periodontal ligaments (PDL) of rats, they are built of connective tissue
collagen fibers, which requires vitamin C (synthesized by rats in their kidneys or liver) to
grow. Rats therefore do not have to obtain vitamin C exogenously, in contrast to humans,
who do not produce L-gulonolactone oxidase (GULO), an enzyme contributing to vitamin
C synthesis. It is worth noting here that although rats without GULO have been bred,
they did not correctly reproduce the vitamin deficits seen in humans, which made the
extrapolation of the obtained results impossible.
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5. Rabbits

Rabbits, and specifically their thigh bones, are used in dentistry as a material for
research into the osseointegration of implants. However, rabbit is an animal with a fragile
anatomical structure, in particular its limbs, which often fracture under a load. Rabbits
not only show little aggression toward humans but are also the smallest and the cheapest
animals whose sperm can be harvested and used for artificial insemination. They produce
tears and have large eyeballs, which facilitates the testing of chemical substances. However,
apart from research into irritating substances, there is scant information available on other
experimental studies. Poosti et al. [29] demonstrated that orthodontic movement changed
after a female rabbit was provided with hormones from a human female that have a
different chemical structure to their own hormones. The teeth of rabbits (Figure 2a–c),
namely the incisors and the molars, can grow throughout their lifetimes. The incisors grow
even two to three millimeters per week. Rabbits’ teeth consist of clinical and anatomic
crowns almost entirely covered by a layer of enamel absent at the top of the tooth, in
the growth center. The PDL area is very limited (Figure 3a–c), which modifies the tooth
behavior under loading with occlusal or orthodontic forces [32–34]. Mastication is also
very different compared with humans. After reaching occlusal interdigitation, the rabbits’
mandibular teeth rest on pegs (second part of the maxillary incisors) in a reversed overjet. To
achieve normal occlusion, a rabbit must unilaterally and partially dislocate the mandibular
condylar process from the fossa to close the arcade (Figure 4a,b).

   
(a) (b) (c) 

Figure 2. Rabbit teeth: incisors frontal view—overbite (a) incisors lateral view—overjet (b) and
premolars and molars view (c) (by Jakub Kotowicz).

   
(a) (b) (c) 

Figure 3. Rodent incisor with open top and living pulp (a). Comparison with thecodont and
brachydont dog tooth (b) and human tooth (c) (by Małgorzata Peruga).
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Figure 4. Anisognathism in rabbits: in 1:1 scale (a), enlarged (b) (by Małgorzata Peruga and
Jakub Kotowicz).

Choosing rats and rabbits as test animals to assess the tooth movement during either
a menstrual cycle or the administration of hormonal contraceptives is also controversial
due to the fact that the estrus of these animals is too short [15,19–25,27–29,32–35] (Table 2)
to notice visible changes in the three-stage process caused by orthodontic forces. Moreover,
small animals do not match human biologically and do not live for long, not allowing for
longitudinal studies.

6. Cats

Celebi et al. [26] used the domestic cat as a research model in hormonal testing.
However, cats have no masticating surfaces (Figure 5a–c). The arrangement of their teeth
in the dental arches and high degree of nodularity precludes using cats for orthodontic
research, unless the bite is raised, which the authors did not mention describing their
methodology (Table 2). Although cats are used as laboratory animals, due to the fact that
their brain demonstrates the closest similarity to humans, these animals are primarily used
in neurological, ophthalmological, and immune deficiency research, and not in hormonal
and orthodontic studies.

 

Figure 5. Cat skull and teeth: semi profile view (a), lack of adhesion of the side teeth—scissor
arrangement (b,c) (by Małgorzata Peruga).

In a nutshell, a good understanding of the anatomy and physiology of experimental
animals will provide us with information that animals such as rats, rabbits, or cats were
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lacking validity as laboratory animals for orthodontic movement research. The analyzed
articles (Table 1) found numerous errors in the research assumptions, due to the fact that the
authors did not take into account the important aspects that were pointed out, such as the
different anatomical structure of teeth and periodontal and completely different occlusions.

7. Hormone Cycle

Most studies into the relation between the rate of the tooth movement and the action
of hormones secreted during the menstrual cycle were done on animals, who were ad-
ministered human progesterone, estrogens, and relaxin [36–41]. As far as progesterone is
concerned, experimental research on rats has demonstrated that the hormone modified
the orthodontic movement of their teeth by affecting the periodontium and elasticity of
the cortical plate of the alveolar process. On the other hand, the long-term administration
of progesterone to rabbits resulted in a reduced rate of the tooth movement; the authors
concluded that it was due to the fact that osteoclasts are observed primarily 2 days after
an orthodontic force is applied [31]. Administering relaxin to rats resulted in an increase
in the rate of orthodontic tooth movement when compared to control groups, as well as
the stretching of periodontium made of soft tissue [42–45]. Unfortunately, as the normal
hormonal cycle of animals was disrupted in every reviewed study, it cannot be stated
with certainty whether the changes in the rate of tooth movements were caused only by
the excessive amount of artificially introduced hormones or a disruption in the natural
hormonal balance, particularly given the short observation period.

8. Orthodontic Materials

Most of the reviewed studies used materials made from nickel and titanium (NiTi)
alloy, which has been popular in orthodontic treatment since the 1970s. Its elasticity
modulus approximately equals 20% of the modulus of the stainless steel, which secures
a very wide scope of working elasticity. The complex metallurgical nature of nickel and
titanium materials and its relation to clinical application have been the subject of many
scientific studies. It has been demonstrated that the NiTi alloy has two phases. The first
phase, austenitic, has an ordered structure, whereas the second phase, martensitic, is a
highly strained body-centered tetragonal form. Shape memory is linked to the reversible
transformation of martensite into austenite, which occurs as a result of a crystallographic
process. The microstructure of alloys in the temperature found in the human oral cavity
(36.1–37 ◦C) is not fully austenitic. The temperature of the complete transformation to
austenite is 40 ◦C, which is evidently higher than the temperature in the oral cavity. That is
why the alloy will behave differently in patients breathing through their mouth (27 ◦C) or
consuming hot food (40 ◦C). The issue of the natural bodily temperature of animals [46]
cannot therefore be ignored, as it changes the behavior of the nickel and titanium spring.

9. Conclusions

Many experimental tests have so far been done on various species of animals to obtain
a better understanding of their biological reactions to orthodontic forces. Unfortunately,
one of the main problems related to animal experiments is the fact that their results can-
not be extrapolated to humans. The two- or even four-year lifespans of rats and rabbits,
respectively, together with short estrus, enable us only to observe the immediate effects
of the tooth loading, which are impossible to extrapolate on humans due to severe dis-
similarities of the tooth anatomy, their PDL, as well as female hormone secretion cycles.
Additionally, the lack of long-term results, which are the most reliable scientifically, is a
serious limitation of the so-far designed experimental studies. The orthodontic treatment of
humans with fixed appliances has been ethically accepted since at least the beginning of the
previous century. Thus, evaluating the relationship between the rate of tooth movement
upon loading with orthodontic forces, and hormones either secreted during the menstrual
cycle of women or released from the contraceptives already present in the market, does
not require experimental testing. It is enough to interview the patient and to determine the
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adequate timing of a force application, with subsequent measuring of the rate of the tooth
movement during scheduled appointments. Perhaps a “reductio ad absurdum” argument
is irresponsible; however, orthodontic treatment is carried out successfully and, above all,
does not involve any risk, because the general principles of mechanics and biomechanics
are known. Our results should encourage researchers to analyze the methods and selec-
tion of animals for research in more detail. There is no moral justification for performing
orthodontic examinations on rats, rabbits, or cats, which we have proved.
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Simple Summary: Animal models are routinely used in pre-clinical studies to evaluate the safety
and efficacy of novel therapies, such as cell transplantation, but have limited predictive value. In
this study, we set up an experimental model using human stem cells grown in 3D, which form
rudimentary brain structures in vitro, called brain organoids. We investigated the possibility of using
these brain organoids to evaluate the safety of a cell therapy product, by comparing the results
obtained in our model with the standard mouse model. Our results suggest that brain organoids can
be informative in the evaluation of cell therapies, helping to reduce the number of animals used in
regulatory studies.

Abstract: Animal models currently used to test the efficacy and safety of cell therapies, mainly murine
models, have limitations as molecular, cellular, and physiological mechanisms are often inherently
different between species, especially in the brain. Therefore, for clinical translation of cell-based
medicinal products, the development of alternative models based on human neural cells may be
crucial. We have developed an in vitro model of transplantation into human brain organoids to
study the potential of neural stem cells as cell therapeutics and compared these data with standard
xenograft studies in the brain of immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice.
Neural stem cells showed similar differentiation and proliferation potentials in both human brain
organoids and mouse brains. Our results suggest that brain organoids can be informative in the
evaluation of cell therapies, helping to reduce the number of animals used for regulatory studies.

Keywords: brain organoids; cell therapy; neural stem cells; neural progenitors; translation; 3 Rs; reduction

1. Introduction

Cell therapies are perceived as medicines of the future and many pharmaceutical
companies are now investing in the development of advanced therapies to treat different
pathologies that to date have no cure [1]. However, for their translation into clinical practice,
these therapies face numerous challenges such as their high cost, regulatory requirements
for authorization and lack of predictive in vivo models to achieve effective translation [2,3].

For the development of cell therapeutics, a regulatory requirement is to perform
efficacy and safety studies. These experiments are usually performed in animal models,
most often in murine models, and may include homologous and heterologous models.
Homologous studies in which mouse cells are transplanted in mouse models of the disease
generally use mice with a C57BL/6J genetic background [4,5]. Heterologous models are
required to test the proliferation and differentiation potential of the cell therapeutic that will
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be used in humans and are commonly evaluated in nude and NSG immunodeficient mice
to avoid rejection of human cells [6–8]. These animal models have many limitations and
it has been shown that results from mice experiments are rarely predictive of the human
outcome [9]. These problems are even more accentuated in translational neuroscience
research, since the brain structure lacks much complexity in rodents and fails to mimic
many key features of the human brain [10,11]. Non-human primates can provide more
relevant information because of their homology to humans. However, high costs and
the need for special animal facilities, among other limitations, hinder generalization of
experiments with these animals. In addition to the lack of predictability, animal experiments
are expensive and laborious, and there is an increasing demand from society and regulatory
bodies to reduce the number of animals used for research [11].

In vitro models based on human cells cultured in 2D have been proposed as alterna-
tive systems to test specific safety and efficacy attributes of new therapeutics. However,
2D cultures also have important limitations. Growing cells as monolayers can lead to
alterations in the cytoskeleton, nucleus and cell shape, resulting in altered gene expres-
sion patterns [12,13]. Furthermore, 2D cultures fail to reproduce the 3D nature of in vivo
environments and lack crucial cell–cell as well cell–matrix interactions, limiting their use-
fulness [14,15]. Therefore, for an effective translation of new cell therapies to the clinic, the
development of more complex and predictive human models is crucial.

In recent years, alternative 3D in vitro models, which could replace the animal model
in certain studies have been developed. Among these, the most promising are organoids,
which are stem cell-derived mini-organs developed in the laboratory [16]. The emergence
of organoids has generated tremendous interest in the field of regenerative medicine [17].
Brain organoids are 3D in vitro aggregates generated from human induced pluripotent stem
cells (hiPSC), or human embryonic stem cells (hESC) that reproduce specific brain structures
simulating different human brain regions in their composition and cytoarchitecture [18].
They produce neural stem cells (NSC) that develop into mature cerebral cell types and
recapitulate both the transcriptome and the epigenome of the fetal brain [19,20]. In this
way, brain organoids allow obtaining in vitro information about the human brain to study
brain development and cellular interconnections, and are emerging as an excellent in vitro
model for the investigation of mechanisms involved in neurological diseases and for drug
testing [21]. For example, cortical organoids have been successfully used as drug screening
tools to test different chemical drugs for Rett Syndrome [22,23]. However, the applicability
of organoids for the evaluation of stem cell-based therapeutics has not been explored
to date.

NSC are multipotent cells that can potentially differentiate into neurons and glial cells
and secrete trophic and immunomodulatory factors. All these properties make NSC attrac-
tive for regenerative therapies and several clinical-grade NSC-based medicinal products
have been tested in clinical trials [24]. Evidence of their safety and efficacy profiles has been
collected in all those studies from experiments performed in immunodeficient animals,
mostly rodents.

Here, we have investigated whether human brain organoids can be used as in vitro
models for the evaluation of human cell-based therapeutics. We successfully transplanted
human NSC into brain organoids and compared these data with standard xenograft stud-
ies in the brain of NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice. Our results show that
brain organoids can be informative when exploring human NSC therapeutic potential,
helping to facilitate preclinical studies and to reduce the number of animals used for
regulatory studies.

2. Materials and Methods

2.1. Organoid Generation

The hiPSC line CBiPSS1sv-4F-5, derived from CD133+ umbilical cord cells (CB-hiPSC),
was used to generate cortical organoids. This cell line is available from the Spanish National
Repository, and data regarding characterization can be downloaded at https://eng.isciii.es
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(accessed on 1 November 2022). The use of CB-hiPSC was approved by the Andalusian
Ethical Committee of Research with Biological Samples of an Embryonic Origin and Similar
Cells (PR-02-2016). CB-hiPSC were maintained on Matrigel-coated plates, cultured in
mTeSRTM Plus medium (Stemcell Technologies, Vancouver, British Columbia, Canada, Cat.
#100-0276). Normal karyotype and pluripotency were verified before organoid generation
(Figure S1A,B).

Brain organoids were generated and cultured following a protocol slightly modified
from that described by Lancaster et al. [19,25] (Figure 1A). Briefly, on day 0, 3000 hiPSC/well
were seeded in mTeSRTM plus medium with 10 μM ROCK inhibitor Y-27632 (Tocris Bio-
science, Minneapolis, MN, USA, Cat. 1254) in agarose microwells to generate uniform
embryoid bodies (EB). Agarose microwells were prepared with a Micro Tissues 3D Petri
Dish spheroids micro-mold (size L, 9 × 9 array; Sigma, St. Louis, MO, USA, Cat. #Z764019-
6EA) with 2% D1 Low EEO agarose (Pronadisa by Conda, Torrejón de Ardoz, Madrid,
Spain, Cat 8010.22) in Dulbecco’s PBS without CaCl2 and MgCl2 (Sigma, St. Louis, MO,
USA, Cat. D8537). The solidified microwells were equilibrated with 2.5 mL mTeSRTM

plus medium for 15 min at 37 ◦C before use. For 6 days, EB were fed every other day
with mTeSRTM plus medium without ROCK inhibitor and then changed to neural induc-
tion media (NIM) containing Dulbecco’s modified Eagle Medium (DMEM):F12 (Gibco by
Thermo Fisher Scientific, Waltham, MA, USA, Cat. 21331020), 1X N2 supplement (Gibco
by Thermo Fisher Scientific, Waltham, MA, USA, Cat. 17502-048), Glutamax (Gibco by
Thermo Fisher Scientific, Waltham, MA, USA, Cat. 35050-061), minimum essential media–
non essential amino acids (MEM-NEAA) (Sigma, St. Louis, MO, USA, Cat. P4999) and
1 μg/mL heparin 1000 UI/mL (Rovi, Madrid, Spain, Cat. 641747). Then, EB were fed
every other day with NIM for 4–5 days. On day 10 of the protocol, organoids were covered
with Matrigel (Corning, New York, NY, USA, Cat. 354277) and grown in differentiation
media containing a 1:1 mixture of DMEM/F12 and Neurobasal (Gibco by Thermo Fisher
Scientific, Waltham, MA, USA, Cat. 21103-049) with 1X N2 supplement, 2X B27 supplement
without vitamin A (Gibco by Thermo Fisher Scientific, Waltham, MA, USA, Cat. 12587-10),
1X Glutamax, 1X MEM-NEAA, 1X P/S (Sigma, St. Louis, MO, USA, Cat. P4333), 0.09%
2-mercaptoethanol (Gibco by Thermo Fisher Scientific, Waltham, Massachusetts, USA, Cat.
21985-023) and 0.025% insulin (Sigma, St. Louis, MO, USA, Cat. I9278). After 4 days of
stationary growth, the organoids were transferred to an orbital shaker (Celltron, Infors HT,
Bottmingen, Switzerland) installed in a 37 ◦C incubator with differentiation media, but
adding B27 supplement with vitamin A (Gibco by Thermo Fisher Scientific, Waltham, MA,
USA, Cat. 17504-044).

Figure 1. Cont.
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Figure 1. Generation of human brain organoids. (A) Protocol used for the generation of brain
organoids. EB: embryoid body; hiPSC: human induced pluripotent stem cells. (B) Formation of brain
structures was assessed by detection of different markers by immunofluorescence: Glial fibrillary
acidic protein (GFAP), SOX2, Vimentin (VIM), OLIG2, Beta-III-tubulin (TUJ1), MAP2, SATB2, CTIP2,
Tubulin-beta-IV (TUBβIV) and transthyretin (TTR). Scale bar: 100 μm.

2.2. Transplantation into Brain Organoids

For transplantation experiments, we used human NSC isolated from the germinal
zone of the ventral forebrain (Gz-NSC) and purified for the expression of the stem cell
marker CD133+ [26]. For transplantation, two different NSC lines were first expanded
and transduced with a lentiviral vector with the green fluorescent protein containing a
nuclear localization sequence (EGFP-NLS) under the constitutive promoter of spleen focus-
forming virus (SFFV). NLS allows EGFP to enter in the nucleus of NSC facilitating the
quantification of transplanted cells. Lentiviral particles were pseudotyped with the VSVG
protein (vesicular stomatitis virus G protein). Viral particles were added to the culture
medium at a concentration of 25,000 TU/mL (transduction units/mL) for 6 h. Subsequently,
the medium was removed and EGFP expression was confirmed under a fluorescence
microscope at 24–48 h.

For cell transplantation, brain organoids were selected and individually transferred
to a low-adhesion 24-well plate without culture medium. Brain organoids were injected
under a stereomicroscope (SMZ1500, Nikon, Tokyo, Japan) located inside a laminar flow
cabinet using a Hamilton syringe with a 30GA small Hub RN sterile needle. Then, 1 μL of
cell suspension (1 × 105 NSC-EGFP in hypothermosol (HTS, Biolife Solutions, Bothell, WA,
USA Cat. 101102) was slowly injected (0.25 μL/30 seg). At least 3 brain organoids were
transplanted with each of the NSC-EGFP lines and with HTS alone (1 μL) to control for
background fluorescence. After transplantation, medium was slowly added to the wells
and organoids were maintained 24 h without agitation. Then, they were cultured again
under agitation until the end of the experiment. The presence of fluorescent transplanted
cells (NSC-EGFP+) inside the brain organoids was evaluated using a Nikon Eclipse Ti-S
inverted fluorescence microscope at different time points after transplantation.

Three weeks after the transplant, brain organoids were fixed with 4% paraformalde-
hyde (PFA, Santa Cruz Biotechnology, Dallas, TX, USA, Cat. sc-281692) for 20 min at room
temperature (RT), equilibrated in 30% sucrose (VWR, Radnor, PL, USA, Cat. M117-1KG) in
phosphate buffer saline (PBS, Gibco by Thermo Fisher Scientific, Waltham, MA, USA, Cat.
14190-144), embedded in optimal cutting temperature compound (OCT, Sakura Finetek Inc.,
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Torrance, CA, USA, Cat. 4583) and kept at −80 ◦C. Once frozen, serial sections of 20 μm
thickness were cut in the cryostat (CM 3050 S, Leica, Wetzlar, Germany) and processed
for immunofluorescence analysis. At least 2 organoids transplanted with each NSC line
were analyzed.

2.3. Transplantation into the Brain of Immunodeficient Animals

Animals were anesthetized by inhalation with sevoflurane (5% sevoflurane, 2% oxy-
gen) in an anesthesia induction chamber and were later transferred to a stereotaxic frame
where 3 μL of cell suspension (3 × 105 NSC in HTS) were injected into the caudate-putamen
(anteroposterior: 0 mm; dorsolateral: −2.5 mm from bregma; dorso-ventral −3 mm from
dura matter) [27] close to the lateral ventricle. In total, 8 animals were transplanted with
each of the NSC lines. Three weeks after transplantation, animals were anesthetized by
injection of a sublethal dose of 30–40 mg/kg of thiobarbital intraperitoneally and transcar-
dially perfused with a saline solution followed by 4% PFA diluted in cold PBS. The brains
were removed and post-fixed in 4% PFA overnight, cryoprotected in 30% sucrose in PBS
and then, embedded in OCT and kept at −80 ◦C. Once frozen, 20 μm-thick serial sections
were cut in the cryostat and immunofluorescence studies were carried out. Expression of
the different markers was investigated in at least 2 animals transplanted with each NSC
line. Animal care and experimental procedures were conducted according to the current
National and International Animal Ethics Guidelines and approved by the Research Ethics
Committee of University Hospital Virgen Macarena and Virgen del Rocío (0287-N-20).

2.4. Immunofluorescence

Immunofluorescence experiments were performed on mouse brains and human brain
organoids serial sections, which were permeabilized and blocked in PBS with 10% Donkey
Serum (DKS, Sigma, St. Louis, MO, USA, Cat. D9663) and 0.1% Triton X-100 (Sigma, St.
Louis, MO, USA, Cat. T8787) for 90 min. An antigen retrieval step with 10mM citrate
buffer (Thermo Fisher Scientific, Waltham, Massachusetts, USA, Cat. J63950) was per-
formed previously to overnight incubation with the primary antibodies at 4◦C. Samples
were subsequently incubated with secondary antibodies and Hoechst for 1 h at RT and
mounted with ProLong™ Gold Antifade Mountant (Thermo Fisher Scientific, Waltham,
MA, USA, Cat. P36930). Primary and secondary antibodies are listed in Table S1. Acqui-
sition of fluorescence images was performed in a Nikon Eclipse Ti-S or a Leica TCS-SP5
confocal microscope. Images were processed using Image J 1.53t software developed at
the National Institutes of Health and the Laboratory for Optical and Computational Instru-
mentation (LOCI, University of Wisconsin, Madison, WI, USA) [28]. For cell counting, at
least 100 transplanted cells were counted for each condition.

2.5. Statistics

Data are represented as mean ± standard deviation (SD). Significance was determined
using two-tailed Student’s t test for comparisons between two groups. A two-way analysis
of variance (ANOVA) was used to compare cell proliferation of each line in the two model
systems (mouse brain versus human brain organoids). p < 0.05 was considered significant.
All statistical analyses were performed using the GraphPad Prism 8.01 software (San Diego,
CA, USA).

3. Results

3.1. Transplantation into Human Brain Organoids

We generated brain organoids from hiPSC following the original protocol designed by
Lancaster and colleagues [19,25] with few modifications, the most important of them being
the use of agarose wells to favor uniform EB formation (Figure 1A).

We maintained organoids for 1–2 months in culture. The presence of several human
brain tissues and cell types was characterized by immunofluorescence analysis. We identi-
fied structures resembling the ventricular zone (VZ) with many NSC positive for the stem
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cell transcription factor SOX2 and relatively more mature cell types located in the outer
part of the VZ, such as neuroblasts positive for doublecortin (DCX) or neuron specific beta
III tubulin (TUJ1), precursors of oligodencrocytes positive for OLIG2 and more mature
neurons positive for the neuronal marker, microtubule-associated protein 2 (MAP2). We
also detected more mature structures such as cerebral cortex, with early-born and late-born
cortical neurons identified by the transcriptional regulators SATB2 and CTIP2 forming
rudimentary layers, ependyma (positive for TUBβIV and FOXJ1) and non-neuronal cuboid
epithelia characteristic of the choroid plexus, marked by the expression of transthyretin
(TTR) (Figure 1B). We next analyzed several markers expressed during human brain de-
velopment at two time points. We found that the expression of the early forebrain marker
FOXG1 and the NSC marker SOX2 decreased with time, while the expression of the neu-
roblast markers DCX and GAD increased with time, indicating progressive maturation of
cells in the brain organoids (Figure S1C).

For transplantation experiments, we used human NSC derived from the germinal
zones (Gz-NSC) of the developing human brain. These cells have been purified for the
expression of the stem cell marker CD133+ and have been extensively characterized by
us [26]. Gz-NSC lines isolated from different donors showed different levels of expression
of the ventral marker NKX2.1, depending on the gestational age of the donor. For this study,
we selected a line with high expression of NKX2.1 and another line with low expression
of NKX2.1 to investigate whether results were independent of the line differentiation bias.
Before transplantation, we transduced the two lines of Gz-NSC with a lentiviral vector
containing EGFP with an NLS in order to detect the grafted cells in the organoid. Gz-NSC
were effectively transduced, and we verified that after transduction, they did not lose the
expression of the NSC markers Nestin and SOX2 and maintained their inherent regional
identity determined by the expression of NKX2.1 (Figure 2A).

For cell transplantation into brain organoids, we evaluated two technical options:
(1) organoid–cell coculture, where the Gz-NSC forms a neurosphere that fuses with the
surface and cells slowly penetrate the organoid (Figure 2B); (2) injection into the organoid
parenchyma (Figure 2C).

For this study we decided to perform the injection into the organoid parenchyma
because it can help cell integration and it is more similar to the procedure in the animal
model. We injected the two Gz-NSC lines transduced with EGFP in 3-month-old organoids.
The brain organoids generated with our protocol were around 5 mm in size and injection
was easily performed with a Hamilton microsyringe under a stereomicroscope (Figure 2C).
The organoids were individually located in wells of a 24-well low binding plate without
medium and injections were performed by gently immobilizing the organoid against the
wall of the well (Figure 2C). Some organoids were mock transplanted with vehicle to control
for background fluorescence. After injection, medium was slowly added, and organoids
were maintained for 24 h without agitation to favor recovery after the puncture. In pre-
liminary studies, we slowly injected 3 μL per organoid, but the organoids collapsed and
most of the fluid came out. In this study, we injected 1 μL and there was no evident reflux,
and the organoid structure was maintained with no visible signs of damage. However,
24 h after injection, we could identify some neurospheres floating around the organoid,
indicating that some cells were ejected out of the organoid. Using live cell imaging, we
confirmed that NSC-EGFP+ injected into brain organoids survived, and were integrated
within the human tissue (Figure 2D). We detected cells in all transplanted organoids 24 h
after cell injection, but 3 weeks later, NSC-EGFP+ cells were visible in only 61% (19/31) of
all transplanted organoids.

Analysis by immunofluorescence 3 weeks after transplantation confirmed that cells
from both donor cell lines survived and integrated into the organoids (Figure 3A). Injected
cells mostly differentiated into DCX+ neuroblasts with some OLIG2+ oligodendrocyte
precursor cells and few GFAP+ astrocytes, while other cells maintained an immature,
Nestin+ NSC phenotype (Figure 3B).
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Figure 2. Gz-NSC transplantation in brain organoids. (A) Gz-NSC were transduced with a lentivi-
ral vector containing EGFP with a NLS to allow the detection of transplanted cells in the human tissue.
Upper panels show phase contrast images and fluorescent images of EGFP-NLS. Lower panels show
expression of the NSC markers Nestin and SOX2 and the ventral regional transcription factor NKX2.1
which is expressed at the level of the medial ganglionic eminence. The two Gz-NSC lines used for
transplantation experiments expressed different levels of NKX2.1. Scale bar: 100 μm. (B) Coculture of
Gz-NSC-EGFP and brain organoids. Gz-NSC EGFP form a neurosphere that fuses with the organoid.
Scale bar: 100 μm. (C) Cell injection under a stereomicroscope inside a laminar flow cabinet. Scale
bar: 100 μm and 1 mm in the inset (D) Detection of injected EGFP+ cells at different time points under
an inverted fluorescence microscope. Scale bar: 100 μm and 50 μm in the insets.
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Figure 3. Gz-NSC survive and differentiate in the human brain organoids. (A) Survival and local-
ization of two different lines of human Gz-NSC (EGFP+) transplanted into brain organoids. (B) Some
transplanted cells maintain the stem cell phenotype as shown by the expression of Nestin while other
cells differentiate into doublecortin (DCX)+ neuroblasts, OLIG2+ oligodendrocyte precursors and
glial fibrillary acid (GFAP)+ astrocytes. Insets show colocalization of EGFP in green and the different
markers in red. Scale bar: 50 μm and 20 μm in the insets.

3.2. Transplantation into Immunodeficient Mouse Brains

We compared the data from transplantation experiments into brain organoids with
data obtained from standard transplantation studies of the same two Gz-NSC lines into the
brains of adult NSG mice.
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In mice brains, Gz-NSC mostly remained at the transplantation site, which was sur-
rounded by reactive astrocytes positive for GFAP and activated microglia positive for IBA1
(Figure 4A). Three weeks after transplantation, Gz-NSC transplanted into the mouse brain,
mostly differentiated into DCX+ neuroblasts with some OLIG2+ oligodendrocyte progenitor
cells and few GFAP+ astrocytes, with some cells still maintaining a more immature Nestin+

phenotype (Figure 4B).

Figure 4. Gz-NSC survive and differentiate in the brain of immunodeficient mice. (A) Transplan-
tation site of two different lines of human Gz-NSC identified by the expression of human nuclear
antigen (HNA in green), surrounded by mouse reactive GFAP+ astrocytes and IBA1+ microglia (in
red). (B) Some transplanted cells maintain a stem cell phenotype as shown by the expression of
Nestin while other cells differentiate to DCX+ neuroblasts, OLIG2+ oligodendrocyte precursors and
human specific (h)GFAP+ astrocytes. Insets show colocalization of nuclear human markers, HNA or
KU80 respectively, in green, with the differentiation markers in red. Scale bar: 100 μm and 20 μm in
the insets.
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Since proliferation capability is an important safety issue for the development of cell
therapeutics, we studied the proliferation rate of the Gz-NSC lines when transplanted in the
human and mice models. In organoids, quantification of Ki67+ transplanted cells showed a
remarkably similar proliferation activity for both lines (6.54% of 2179 NSC-EGFP+ cells and
6.54% of 1493 NSC-EGFP+ cells, respectively) (Figure 5A). Quantification of Ki67 expression
in cells transplanted in mice revealed a variable proliferation rate (12.6% and 7.4%), with a
similar inter-line (between groups) and inter-subject (within groups) variability (Figure 5B).
The proliferation rate of transplanted cells was slightly higher in mice than in organoids for
both Gz-NSC lines, although the differences were not statistically significant (Figure 5C).

Figure 5. Gz-NSC proliferation rate after transplantation in the human brain organoids and in

mice brain. (A) Gz-NSC proliferate within the brain organoids as shown by the expression of the
proliferation marker KI67 in EGFP+ grafted cells 3 weeks after transplantation. Scale bar: 100 μm.
(B) Gz-NSC proliferate at 3 weeks after transplantation in mice brain as shown by expression of the
proliferation marker KI67 in HNA+ grafted cells. (C) Comparison of two Gz-NSC lines proliferation
rate in human organoid versus mouse model.

112



Animals 2022, 12, 3150

4. Discussion

In this work, we have explored whether human brain organoids can be used as
in vitro models for cell transplantation. We have successfully transplanted NSC lines into
brain organoids by injection and compared these data with standard xenograft studies
in the brain of NSG mice. NSC proliferation and differentiation potential were similar
in both models, suggesting that brain organoids can be informative when studying the
proliferative and differentiation potential of cell products, which are important safety and
efficacy indicators. Our results suggest that brain organoids can help reduce the number of
animals used for regulatory efficacy and safety studies in cell therapy and, importantly, to
facilitate preclinical studies.

The proliferation activity of transplanted cells was more uniform in brain organoids
than in mouse brains, probably reflecting the higher complexity of the animal as a model
system, with many factors affecting the reproducibility of the outcome. In this regard, brain
organoids may be advantageous for addressing some specific aspects of NSC biology.

Our brain organoid model for cell transplantation would facilitate regulatory studies,
since it is a relatively simple method that can be carried out in a cell culture cabinet without
the need for highly regulated and specialized animal facilities. Other in vitro models
for cell transplantation, such as brain slices, have been proposed, but that 3D model is
usually generated from mice brains. Brain organoids have the advantage of being a human
model, and provide more accurate information of human-specific cell–cell and cell–matrix
interactions. Furthermore, unlike brain slices, organoids can be kept in culture for a longer
time [25].

A limitation of our system is that, in the brain organoids, we cannot assess the host
immune reaction to the cell graft, as the organoids lack a vascular and hematopoietic
system, although with this protocol we can occasionally observe the presence of microglial
cells in some organoids [29]. In animals, we can better evaluate the immunogenicity of our
product, but we do not know if it will predict the reaction in immunocompetent hosts, as
we usually employ immunodeficient or immunosuppressed animals. In this regard, the
use of human brain organoids that consistently include microglial cells generated more
recently [30] could be informative in evaluating the immune reaction to cell transplantation,
and the interaction of the transplanted cells with the immune cells in the organoid.

Another limitation of our study is that our experiments have been performed with
brain organoids generated by a default protocol; therefore, different brain structures and
non-neural structures are formed. Furthermore, the generation of brain organoids is a
variable process, with significant batch-to-batch and organoid-to-organoid differences [31].
Attempts are being made in the scientific community to decrease this variability and to
automate the process. The use of small molecules to generate organoids of a specific
brain structure (e.g., cerebral cortex) with no contamination with non-neural tissues can
normalize identity and decrease variability [32], probably being a more robust tool to sys-
tematically evaluate differentiation and maturation of the NSC progeny. Finally, a technical
consideration is that, for the transplantation into organoids, we used EGFP-transduced
cells, and it is known that viral transduction can affect cell proliferation [33]. This can
lead to an underestimation of the proliferative state of transplanted cells. Nevertheless,
our preliminary findings might help guide future studies on the evaluation of safety and
efficacy of cell therapeutics using human in vitro models.

Overall, our results suggest that the use of brain organoids as in vitro human models
for study the safety and efficacy profile of new cell therapeutics is feasible and may help
reduce animal experimentation. This provides unprecedented opportunities for elucidating
mechanisms and studying cell integration in neural circuits. However, future studies
should determine key factors for performing an effective transplantation, such as the age of
the organoid in which the transplant is most effective and the optimal volume and number
of transplanted cells. Furthermore, larger experiments will be required to validate the
system and discern whether brain organoids increase predictability for future treatments.
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5. Conclusions

NSC differentiate into neuroblasts and oligodendrocyte precursors and generate few
astrocytes in both human brain organoids and mouse brains. Similar proliferation potential
was detected in both models, although it was more variable in animals. Overall, our results
suggest that brain organoids can be useful in the evaluation of cell therapy approaches,
facilitating preclinical studies and helping to reduce the number of animals used for testing,
being aligned with the philosophy of the 3Rs.
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Simple Summary: The recent United States Pharmacopeia general chapter <121> requires a non-
quantitative bioidentity test either as a rabbit blood sugar assay or as an in vitro insulin cell-based
assay using in-cell Western (ICW) technology for insulin batch release. However, for quantifica-
tion during stability or comparability studies, the rabbit blood sugar test is still required using a
minimum of 24 rabbits to obtain one result. Based on the 3R principle (replace, reduce, and refine),
this study sought to qualify the in vitro ICW cell-based bioassay approach for quantifying insulin
activity. A bridging study with different insulins and stress samples revealed a clear correlation
between the in vitro and in vivo test results. The replacement of the animal-based assay with the
quantitative in vitro ICW cell-based bioassay for batch quality control saved cost, reduced cycle times
while obtaining more meaningful and reliable data, and, above all else, reduced the suffering of
many rabbits.

Abstract: For the quantification of insulin activity, United States Pharmacopeia (USP) general chapter
<121> continues to require the rabbit blood sugar test. For new insulin or insulin analogue com-
pounds, those quantitative data are expected for stability or comparability studies. At Sanofi, many
rabbits were used to fulfil the authority’s requirements to obtain quantitative insulin bioactivity
data until the in vivo test was replaced. In order to demonstrate comparability between the in vivo
and in vitro test systems, this study was designed to demonstrate equivalency. The measurement of
insulin lispro and insulin glargine drug substance and drug product batches, including stress samples
(diluted or after temperature stress of 30 min at 80 ◦C), revealed a clear correlation between the in vitro
and in vivo test results. The recovery of quantitative in vitro in-cell Western (ICW) results compared
to the in vivo test results was within the predefined acceptance limits of 80% to 125%. Thus, the
in vitro ICW cell-based bioassay leads to results that are equivalent to the rabbit blood sugar test per
USP <121>, and it is highly suitable for insulin activity quantification. For future development com-
pounds, the in vitro in-cell Western cell-based assay can replace the rabbit blood sugar test required by
USP <121>.

Keywords: USP <121>; insulin cell-based bioassay; in-cell western; ICW; rabbit blood sugar test; 3R;
replacement; reduction; refinement; method bridging

1. Introduction

The early concept of replacing, reducing, or refining animal use in research and testing
was set in the late 1950s by Russell and Burch with their book The Principles of Humane
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Experimental Technique [1]. The concept of replacement aims to substitute traditional animal
models with non-animal systems such as biochemical or cell-based systems, the concept of
reduction aims to decrease the number of animals required for testing, and the concept of
refinement attempts to eliminate pain or distress in animals and enhance animal well-being.

This 3R principle comprises the ethical guidelines for animal experiments, which are
only allowed if no alternative method is available, as regulated by European legislation.
The EU directive 2010/63/EU on the protection of animals used for scientific purpose is to
be considered, and it represents “. . .an important step towards achieving the final goal of full
replacement of procedures on live animals for scientific and educational purposes as soon as it is
scientifically possible to do so. . .”.

Thus, the three Rs for animal-based experiments are a common goal of health authori-
ties and pharmaceutical industries worldwide [2–6]. The European Union article 13 of the
new directive 2010/63/EU further states that “Member States shall ensure that a procedure is
not carried out if another method or testing strategy for obtaining the result sought, not entailing
the use of a live animal, is recognized under the legislation of the Union” [7]. Consequently, the
European Medicines Agency has recommended to marketing authorization holders to
ensure compliance with the 3R methods described in the European Pharmacopoeia, and it
points to the fact that competent authorities for granting the approval of animal testing will
request the more animal-friendly European Pharmacopoeia method to be used [8].

Progress has been achieved for refinement [9,10], reduction [11], and replacement in
research and as quality controls for vaccines [12] or pharma products [13].

Nevertheless, animal tests still play an essential role in the research (e.g., to assess
toxicity [14]), development [15], and quality control of vaccines [16] or pharma products [17].
There are still legislative demands which require animal testing for quality control [10,15].

The animal-based biological assays such as the rabbit blood sugar test have a long his-
tory in the testing and development of human insulin and insulin analogues for release [18].
The current USP general chapter <121> requires the use of either the in vivo rabbit blood
sugar test or the in vitro in-cell Western cellular assay with a specification of not less than
15 units (U) per mg of insulin as a qualitative bioidentity measurement for the release
of insulin or insulin analogue batches manufactured for the United States market [19].
Quantitative measurements are needed to assess the long-term activity of insulin or an
insulin analogue during stability or comparability studies. For these quantitative mea-
surements, the in vivo rabbit blood sugar test is still mandatory. Alternatively, the in vitro
in-cell Western (ICW) cell-based bioassay could be used for quantitative measurements by
applying the same statistical significance as defined by USP general chapter <121>, with a
confidence limit of ±10%.

Within Sanofi, the in vivo rabbit blood sugar test had still been performed for the
development and approval of new insulins or insulin analogues to fulfil the regulatory
requirements of authorities in several countries, such as the United States, China, and
Japan. Until 2018, many thousands of rabbits were used to support these studies. Since
2018, Sanofi has relied on in vitro ICW cell-based bioassay data.

The in vitro ICW cell-based bioassay procedure was introduced in USP general
chapter <121> in 2020 [19]. Its use and the ICW methodology have been described
previously [13,20,21] in articles, and they were further characterized by the FDA [22] and
alternative cell-based assays have been proposed [23]. The ICW method measures the
biological effect of human insulin through the activation of the human insulin receptor (hIR).
The binding of human insulin or insulin analogs to the hIR induces a conformational change
that stimulates the auto-phosphorylation of the hIR on three tyrosine (Tyr) residues [24].
This auto-phosphorylation leads to the full activation of the hIR and enhances its activity
towards the intracellular substrates involved in the downstream signaling cascade, leading
to the metabolic end effects and, finally, to a decrease in blood sugar level [25,26]. Measuring
the auto-phosphorylation of hIR reflects the activity of the hormone, and it can be used for
mimicking the biological activity of human insulin or insulin analogs [24]. The initial step
of human insulin action, the activation of hIR auto-phosphorylation, is a highly efficient
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read-out for such biological activity because it is a direct approach that leads to accurate
data with low background noise.

The objective of this study was to demonstrate analytical equivalence between the
in vivo quantitative rabbit blood sugar test according to USP <121> (in short, the in vivo
test) and the in vitro quantitative bioassay by ICW (in short, the in vitro qICW).

The study was divided into two parts. The first part evaluated regular test items. The
second part evaluated decreased potent/stressed test items with the in vitro qICW and the
in vivo test.

2. Materials and Methods

2.1. Samples Set
2.1.1. The First Part: The Regular Test Items

Samples from the primary stability studies of Suliqua (a lixisenatide/insulin glargine
combination), the insulin lispro Sanofi drug product (DP), and the insulin lispro Sanofi
drug substance (DS) were analyzed with the in vitro insulin cell-based bioassay and in vivo
rabbit blood sugar test.

2.1.2. The Second Part: The Stressed Test Items

The insulin lispro Sanofi DP (LISDP001) was stressed at 80 ◦C for 30 min or diluted
to 50% of its initial concentration. The in vitro qICW and in vivo tests were performed to
compare the loss of potency.

The relevant parameters (appearance of solution (i.e., clarity and color), assay insulin
lispro by HPLC, product-related substances by HPLC, product-related impurities, and
particulate matter (i.e., visible particles)) of the temperature-stressed insulin lispro were
monitored to confirm the stability of the stress-induced changes.

2.2. Statistical Considerations

The objective of the evaluation was to demonstrate that the in vitro test results are
statistically comparable to the in vivo test results. To achieve this, an equivalence approach
was used as an appropriate statistical test (for the use of equivalence instead of difference
testing, also see USP <1033> [27] and ICH-Q2 [28]) as set out below.

In order to compare the in vitro and in vivo test results, recoveries were calculated.
The recoveries were calculated by dividing the in vitro qICW results by the in vivo test
results (ratio), followed by a multiplication by 100 in order to obtain the percentage values,
as follows:

recovery =
in vitro qICW result

in vivo test result
× 100.

A recovery of 100% therefore corresponded to identical results for the in vitro and
in vivo tests. To statistically demonstrate equivalence between the two methods (in vitro
and in vivo), a predefined acceptance criterion had to be applied to the mean recovery, with
a 90% confidence interval, by applying the following decision procedure:

- the in vitro and in vivo test results were considered comparable at the 5% signifi-
cance level and the in vitro tests were considered as performing acceptably if the
90% two-sided CI was totally within the acceptance interval

- the difference between the in vitro and in vivo test results was considered as significant
in cases where the point estimates of the recoveries were outside the acceptance
interval, and the performance of the in vitro test was considered as unsatisfactory for
using the method

- there was insufficient information to conclude that there were no relevant differences
between the in vitro and in vivo tests, beyond a reasonable doubt, in cases where
the point estimates of the recoveries lied within the acceptance interval and the CI
overlapped the acceptance interval, and the decision had to be based on the magnitude
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of the observed recovery and other supporting information (i.e., further experiments
may have been needed)

The below acceptance criteria (see Table 1) needed to be met to demonstrate equiva-
lency between the in vitro qICW and the in vivo test based on USP <1090> for demonstrat-
ing bioequivalency.

Table 1. Acceptance criteria for showing similarity.

Parameters Acceptance Criterion

Recovery means of in vitro qICW in a percentage of the
in vivo tests for the regular test items 80% ≤ recovery mean ≤ 125%

Recovery of in vitro qICW in a percentage of the in vivo
test for the stressed test items * 80% ≤ recovery mean ≤ 125%

*, described as ≤20% of the difference (0.0792 on a log scale).

The number of measurements (i.e., the sample size) for showing equivalence was
calculated to obtain accurate results with a power of 80%. A minimum of 12 measurements
were needed for a valid result. In this study, 19 samples were tested with each method to
demonstrate equivalency between the in vitro qICW and the in vivo test.

The mean recovery was calculated using the internally developed and validated
software BioSt@t-Stars version 2.6. The in vitro qICW data were obtained on a logarithmic
scale and the in vivo test data were obtained on a linear scale. Since the acceptance
criterion was given on the logarithmic scale, further calculations were continued on the
logarithmic scale.

2.3. In Vitro Cell-Based Bioassay using the In-Cell Western Cell-Based Method (USP <121> Method)

Chinese hamster ovary (CHO) cells expressing human insulin receptor B (hIR, genebank
accession number M10051) (ATCC, Manassas, VA, USA, CRL-3307™) were cultivated
with 90% Ham’s F12 nutrient mixture with glutamax, 10% fetal bovine serum, and 0.6%
hygromycin B (Life Technologies, Darmstadt, Germany) at 37 ◦C in a humidified atmosphere
of 5% CO2.

In order to determine the tyrosin (Tyr) phosphorylation status of the hIR [29], the cells
were seeded into 96-well microplates with a density of ~0.5 to 1.5 × 105 cells/mL and
grown for 2 to 4 days. The cells were serum-starved with serum-free Ham’s F12 nutrient
mixture with glutamax for 3 to 5 h at 37 ◦C in a humidified atmosphere of 5% CO2. The cells
were subsequently treated with serial dilutions of human insulin or insulin analog prepared
in serum-free Ham’s F12 nutrient mixture with glutamax (insulin glargine) or in 0.1% BSA
in D-PBS (insulin lispro) for 20 min at 37 ◦C and 5% CO2. For the potency determination of
the insulin or the insulin analog, two independent measurements of triplicates on different
microplates were performed. An insulin reference standard was analyzed in parallel on
each plate.

After stimulation, the medium was discarded and the cells were fixed in 3.7% freshly
prepared para-formaldehyde (Merck, Darmstadt, Germany) in Dulbecco’s phosphate-
buffered saline without calcium and magnesium (D-PBS; Life Technologies, Darmstadt,
Germany) for 20 min. After permeabilization with 0.1% Triton®-X-100 (Merck, Darmstadt,
Germany) in D-PBS for 2 × 10 min, blocking was performed with a blocking solution
containing 2% bovine serum albumin (BSA; Sigma Aldrich, Taufkirchen, Germany) in
D-PBS overnight at + 2–8 ◦C. Immersion in an incubation mixture with the anti-p-Tyr 4G10
mouse monoclonal antibody (Millipore, Schwalbach, Germany) [30] prepared in D-PBS
and 0.1% (v/v) polysorbate 20 (AppliChem, Darmstadt, Germany) for insulin glargine
or in 2% BSA in D-PBS and 0.1% (v/v) polysorbate 20 for insulin lispro for 2 h at room
temperature was followed by a washing step with D-PBS containing 0.1% polysorbate 20.
Incubation with an IRdye 800 CW goat anti-mouse IgG antibody (Li-Cor, Bad Homburg,
Germany) and cell/DNA staining dye prepared in D-PBS and 0.2% (v/v) polysorbate 20 for
insulin glargine or in 2% BSA in D-PBS and 0.2% (v/v) polysorbate 20 for insulin lispro was
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performed for 1 h at room temperature. The application of near-infrared-labeled antibodies
had the distinct advantage of a high signal-to-noise ratio due to very little auto-fluorescence
from both cellular materials and plastics. Fluorescence was detected by the Odyssey
Infrared Imaging System (Li-Cor, Bad Homburg, Germany) using the 800 nm channel
for the detection of the tyrosine phosphorylation at the hIR. The results were normal-
ized to the cell number by combined cell- and DNA-staining with Sapphire700™ (Li-Cor,
Bad Homburg, Germany) and DraQ5™ (BioStatus, Leicestershire, UK) and detected with
the 700 nm channel.

The normalized data of the dilution curves of a reference standard and the test samples
were used to perform a 4-parameter logistic (4-PL) regression analysis and calculate the
EC50 value (the half maximal effective concentration), which represented the potency of
the insulin and insulin analog samples. The relative potencies were calculated based on
dividing the EC50 value of the reference standard by the EC50 value of the sample, which
was then multiplied by 100%. The obtained relative potency was further calculated to
units/mg (or U/mg) with the known activity of the reference standard. The final potency
results were reported either as relative potencies in percentages or in U/mg.

The Suliqua and insulin lispro DS and DP were measured with the in vitro qICW
method. For the Suliqua, eight replicate measurements for the in vitro qICW and insulin
lispro were calculated using the same requirements, which are described in USP <121> for
the in vivo test, with 95% CI ≤ 0.082 (CL within ±10%).

2.4. HPLC Method for Assay Quantification

The assays for the insulin, product-related substances, and product-related impuri-
ties, including the degradation products of the insulin lispro in the drug product, were
quantified using validated reversed phase liquid chromatography (HPLC) methods at
Sanofi (Frankfurt, Germany). The assay for the insulin was determined by external
standard calibration whereas the product-related substances and product-related impu-
rities, including the degradation products of the insulin lispro, were quantified by the
100% peak area method (i.e., the normalization method). Three independent determina-
tions per testing time-point were performed for each sample, and the mean values of those
measurements were calculated. As per internal Sanofi rules for analytics procedures, the
individual measurements did not differ from each other by more than 2%.

2.5. HPSEC for Determination of High-Molecular-Weight Proteins

The determination of any impurity with a molecular mass greater than that of insulin
was performed by size-exclusion chromatography as prescribed in the Ph. Eur. and USP.
The use of the methods for the individual insulins was verified or validated, respectively.
The quantification was performed by the 100% peak area method (i.e., the normalization
method). The sum of the areas of the peaks with retention times less than those of the
principal peaks (i.e., the peaks due to the insulin monomer) was regarded to be the sum of
the high-molecular-weight proteins. Any peak with a retention time greater than that of
the peak due to the insulin monomer was disregarded.

2.6. In Vivo Rabbit Blood Sugar Test

The experimental design and management procedures were approved by the District
Government of South-Hesse in Darmstadt under animal use permit nos. HMR-7/Anz. 02
and FH-1009 according to the German Animal Welfare Legislation implementing the
European Directive 2010/63/EU. The studies were conducted in an AAALAC International-
accredited facility of Sanofi in Frankfurt.

2.6.1. Animals and Husbandry

New Zealand White (NZW) female rabbits aged 10–16 weeks with body weights of
at least 1.8 kg were purchased from two rabbit breeders (Bauer, Neuenstein, Germany
and Zimmermann, Untergröningen, Germany). After arrival, the animals were kept
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in groups of a maximum of 32 animals in solid-floor pens with elevated platforms for
at least 7 days before the study start and between the study parts. The animals were
housed in environmental conditions as follows: a temperature range of 15–21 ◦C, a relative
humidity rate of 40–70%, and an air change rate 18–21 times/hour. Water and food (sniff
rabbit maintenance diet, Soest, Germany) were provided ad libitum, and hay and aspen
sticks were given as environmental enrichment. All the animals were inspected daily by
skilled personnel.

2.6.2. Experimental Design

The quantitative rabbit blood sugar test was performed according to USP general
chapter <121>. For the testing of one test article, the rabbits were randomly assigned to
4 groups of at least 6 animals.

Fourteen hours before the dosing food was withdrawn and approximately 1 h be-
fore dosing, the animals were transferred into a rabbit restrainer and arterial catheters
were implanted in their central ear arteries. Two solutions of standard preparations and
two solutions of test articles were prepared and applied in volumes of 0.5 mL subcuta-
neously to two respective groups of rabbits.

At 1 and 2.5 h, blood samples (1.3 mL) were collected from the rabbits’ central ear
arteries into tubes coated with fluoride-heparin (microtubes from Sarstedt). After blood
sampling, the catheters were removed, and the animals were brought back to their home
areas. The whole period in the restrainer normally lasted 3.5 h.

Two to six days later, the second part of the study was performed using a twin cross-
over design (see Figure 1).

Figure 1. Double cross-over design of the rabbit blood sugar test according to USP <121>.

The human insulin and the other insulin analogues used are xenoproteins for rabbits,
and as with all xenoproteins, there is a risk of the production of anti-drug antibodies
(ADA) against these xenoproteins, especially after several exposures. These ADAs were
considered as a risk for under-estimating the activity of the insulin in the samples, and
therefore, they represent a risk for patients who receive too much insulin. Finally, after
extensive discussions with immunologists and the animal welfare authority, it was decided
to re-use the animals once. After the second test, the possibility of animal re-use for the
other rabbit experiments was evaluated. If re-use was not possible, then the animals were
handed over to a local zoo in accordance with local veterinarian authorities to be used for
the feeding of carnivores.

After blood centrifugation, the plasma samples were analyzed for their blood glu-
cose concentrations with the Hexokinase method using a multianalyser (KonelabPrime 30)
(Thermo Fisher, Dreiech, Germany). The basic principle of this method is the phos-
phorylation of glucose to glucose-6-phosphate in the presence of ATP and hexokinase,
followed by the oxidation of glucose-6-phosphate to 6-phosphogluconate by glucose-
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6-phosphatedehydrogenase. In this reaction, an equimolar amount of NADP was reduced
to NADPH2, with a resulting increase in the absorbance at 340 nm. The increase was
measured by the KonelabPrime 30 instrument.

The final calculations were completed according to USP <121>. The 95% confidence in-
terval of the final result needed to be smaller than 0.082, which corresponded to confidence
limits of approximately ± 10%. For all regular test items, the in vivo test was performed in
the course of the respective stability studies.

3. Results

The regular test items and stressed test items were tested, and the results are summa-
rized below.

3.1. Regular Test Items

Nineteen different insulin/insulin analogue batches were tested during the stabil-
ity studies in order to cover the different conditions such as the storage temperature
(−20 ◦C, 5 ◦C, 25 ◦C, 37 ◦C, and 40 ◦C), age (freshly produced (T0), 36 months), for-
mulations (DS and DP), and concentrations (approximately 25 U/mL to 100 U/mL).
Two different insulin analogues (insulin lispro and insulin glargine) were used for this
study. All the single results for the contents of the bioactive insulins are listed in Table 2.
The individual recoveries varied between 80.11% to 118.75%. The mean recovery of the
regular test items was 95%, with a 90% confidence interval (CI) ranging from 91% to 99%
and a geometric coefficient of variation (CV%) of 12% (95% one-sided upper confidence
limit (CL) of 17%).

Table 2. Single results of each measurement and recovery (the in vitro qICW and the in vivo test) for
each insulin lispro and insulin glargine batch.

Batch Comment
Content–In Vitro

qICW (U/mg)
Content–In Vivo

Test (U/mg)

Recovery:
In Vitro qICW/

In Vivo Test (%)

Insulin lispro Sanofi
LISDP001 5 ◦C, t0 DP 101.28 * 103.30 98.04
LISDP001 37 ◦C, 1 month DP 89.48 * 104.85 85.34
LISDP001 25 ◦C, 6 months DP 95.48 * 98.48 96.85

Insulin
Suliqua

(lixisenatide/insulin
glargine combination)

GLADP001 5 ◦C, 12 months DP 118.76 113.41 104.72
GLADP002 5 ◦C, 12 months DP 123.63 104.11 118.75
GLADP003 5 ◦C, 12 months DP 125.00 108.18 115.55
GLADP004 5 ◦C, t0 DP 107.04 106.18 100.81
GLADP005 5 ◦C, t0 DP 93.16 111.07 83.88
GLADP006 5 ◦C, t0 DP 93.97 105.48 89.08
GLADP005 40 ◦C, 1 month DP 108.03 98.27 109.93
GLADP004 5 ◦C, 12 months DP 108.03 109.04 99.07
GLADP005 5 ◦C, 12 months DP 109.02 110.85 98.35
GLADP006 5 ◦C, 12 months DP 102.87 122.77 83.79

Insulin lispro Sanofi

LISDS001 −20 ◦C, 24 months DS 27.4 28.4 96.64
LISDS002 −20 ◦C, 24 months DS 27.5 30.0 91.72
LISDS003 −20 ◦C, 24 months DS 24.9 29.0 85.79
LISDS001 −20 ◦C, 36 months DS 26.2 28.2 92.81
LISDS002 −20 ◦C, 36 months DS 26.1 30.0 86.88
LISDS003 −20 ◦C, 36 months DS 23.2 29.0 80.11

* the in vitro qICW data were obtained with four replicates based on USP <1032> requirements [27].

The data were statistically analyzed, as shown in Figure 2. The 19 final recovery results
with the geometric mean in the interquartile range are given in a box blot for the data.
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Figure 2. The results for the mean recovery and the 90% CIs for the regular test items are displayed.
A total number of 19 drug substance and drug product batches of either insulin lispro or insulin
glargine were compared by calculating the recovery of the in vitro qICW concentration (U/mg) in
the in vivo test concentration (U/mg), as shown in Table 2.

3.2. Stressed Test Items

Different reduced biological potencies were determined using either the stressed or
the diluted samples. As for the regular test items, the recoveries were calculated to show
similarity. Furthermore, a set of physicochemical tests were performed to demonstrate the
sample suitability for the study and to monitor the heat-stressed test items.

As these measurements were dedicated only to this study, the number of experiments
was kept as low as possible to comply with the 3R principle for the in vivo tests.

The results of the physicochemical characterization are listed in Table 3, and they show
highly stressed insulin lispro. The amount of the product-related substance 3B-Asp insulin
increased to 4.28% from 0.79%, and other impurities increased to 1.78% from 0.35% while
the aggregates (i.e., the high-molecular-weight proteins) increased to 32.48%.

All the single results obtained for the contents by HPLC and the bioactivity by the
in vitro qICW or the in vivo test are listed in Table 4. While the unstressed starting mate-
rial revealed potencies of 101.28 U/mL and 103.3 U/mL as determined by the in vitro
qICW and the in vivo rabbit blood sugar test, respectively, the recovery was calcu-
lated to be 98.04%. Lower potency values, either by dilution (47.45 vs. 51.87 U/mL)
or stress (63.59 vs. 64.77 U/mL), showed very good recovery rates of 91.48% and
98.18%, respectively.

The clear correlation between the in vitro qICW and the in vivo rabbit blood is visu-
alized in Figure 3. The contents in U/mL are given for the unstressed items on the right,
for 50% potency in the middle, and for the stressed insulin lispro Sanofi on the left. The
in vitro qICW test system is shown in black, the in vivo rabbit blood sugar test is shown in
white, and the RP-HPLC contents are shown in grey.

Thus, the stressed samples method confirmed the similarity between the in vitro qICW
and the in vivo rabbit blood sugar test.
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Table 3. HPLC results for the heat-stressed LISDP001.

Test
Acceptance
Criterion *

Results from the Certificate
of Analysis (CoA)

Results from the Heat-Stressed Test Items

Assay insulin lispro (HPLC)
3.30 to 3.64 mg/mL
(95.0% to 105.0% of

the label claim)

3.53 mg/mL
(101.7% of the label claim)

101.7 USP insulin lispro units/mL

1.97 mg/mL
(56.7% of the label claim)

Product-related substances (HPLC)

Total of 3B-Asp insulin lispro and
3B-iso-Asp insulin lispro

≤1.5% 0.79% 4.28%

27B-allo-Thr insulin lispro ≤0.5% 0.35% 0.24%

Product-related impurities and
degradation products (HPLC)

21A-Asp insulin lispro ≤1.00% 0.21% 0.27%

Any other unspecified
unidentified impurity

≤0.5% RRT ** % RRT ** %
0.90 0.07%
0.95 0.06% 1.25 1.78%
1.10 0.07%
1.17 0.05%
1.15 0.10%

Total of other impurities ≤2.00% 0.34% 7.40% ***

High molecular weights ≤0.50% 0.10% 32.48% ***

* only for scientific information; ** RRT (relative retention time); *** the observed level was found to be out of the
validated range of the analytical method; Asp and Thr refer to aspartic acid and threonine, respectively, at amino
acid positions 3, 21, or 27.

Table 4. Results and calculated ratios of the stressed test items.

Substance Batch Comment
Content–

In Vitro qICW
(U/mL)

Content–
In Vivo Test

(U/mL)

Recovery:
In Vitro qICW/

In Vivo Test (%)

Content–HPLC
Assay (U/mL)

Insulin lispro LISDP001 No stress DP 101.28 a 103.30 98.04 101.7 b

Insulin lispro LISDP001 50% diluted sample DP 47.45 51.87 91.48 50.9 c

Insulin lispro LISDP001 80 ◦C, 30 min (heat stress) DP 63.59 64.77 98.18 56.7

a, data taken from the stability start; b, data taken from the release certificate; c, initial value of 101.7 U/mg divided
by 2 to obtain the 50% content.

Figure 3. The results for the stressed and unstressed insulin lispro Sanofi LISDP001 and the recoveries.
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4. Discussion

All acceptance criteria were met for the regular test items, with a mean recovery of
95% and a 90% confidence interval of 91% to 99%. Furthermore, each single recovery met
the predefined acceptance criteria. It could be concluded that the in vitro qICW and the
in vivo test deliver similar results.

Seven different DP batches of either insulin glargine or insulin lispro and three different
DS batches of insulin lispro were used for this study. The in vivo tests were performed
on a regular basis for the primary stabilities during development. No additional in vivo
tests could be performed for the regular test items due to animal welfare regulations and
ethical reasons. Hence, the in vivo data from existing studies were used. The in vitro
qICW data for Suliqua consisted of the initial Bio-ID (two plates) combined with additional
experiments (six plates) to reach USP <121> precision, and all plates of the in vitro qICW
for the insulin lispro Sanofi DS and DP were performed at the same time. The insulin lispro
batch LISDP001 was tested with fewer replicates, which led to higher variability in the test
results and represented a worst-case scenario for this bridging study.

Many of the in vitro qICW results showed lower potencies than those of the in vivo
tests. It appeared that the in vitro qICW was more susceptible to stability-induced changes
in the insulin lispro.

The acceptance criterion of a ≤20% difference (0.0792 on a log scale) was equivalent to
the acceptance criterion of an 80% ≤ recovery ≤ 125%. For the purpose of harmonization,
the acceptance criterion expressed as 80% ≤ recovery ≤ 125% is used.

Both stressed test items met the acceptance criterion of 80% ≤ recovery ≤ 125%, with
recovery rates of 91% (the 50% test item) and 98% (the heat-stressed test items).

The 50% test item was used as a positive control for the potency reduction. Both the
in vitro qICW and the in vivo test showed potency results very close to 50%.

The heat-stressed test items showed slightly increased potencies (from 7% to 8%) with
the in vitro qICW and the in vivo tests compared to the HPLC data. This may have been
caused by degraded or aggregated insulin lispro molecules which were still functional.

Potency measurements are needed to reflect the integrity of a complex three-dimensional
structure in a solution, and this cannot be measured using chromatographic techniques [31].
Thus, for biotherapeutics, a potency assay for measuring biological activity is required for
all release, stability, or study measurements [32]. As insulin/insulin analogues are man-
ufactured with very well-established and robust processes and are characterized by well
-defined and stable conformational structures, HPLC data could be representative of the
biological activity. Therefore, many authorities rely on physicochemical determination for
the biological activity of an insulin [18]. Nevertheless, insulins are a class of biotherapeutics
where the integrity determines the biological activity, clinical efficacy, and safety.

The biological activities of human insulin and insulin analogues are currently assessed
by the in vivo rabbit blood sugar test for quantitative determinations [19]. The in vitro
cell-based ICW bioassay based on detecting human insulin receptor auto-phosphorylation
in intact cells as the first step of the insulin signaling pathway is quite representative of the
mode of action already used for batch release bioidentity measurements [13,19,21,22].

This ICW as a quantitative version (qICW) was investigated as an equivalent test
system to the in vivo rabbit blood sugar bioassay test for human insulin and insulin
analogues. At Sanofi, several thousand rabbits per year (ranging from 1000 to 4000) were
used for quantitative insulin bioassay determinations depending on the number of studies
performed in research and development until the rabbit blood sugar test was replaced with
the proposed in vitro insulin cell-based bioassay (qICW). Thus, this alternative should also
be applied by other companies developing or producing insulin for marketed use.

Furthermore, this ICW is more precise, at least as accurate, and as robust as the in vivo
rabbit blood sugar bioidentity test, and it allows for quantitation of the results with high
reproducibility, which is beneficial for patients.

The assay is favorable from an ethical point of view because it can replace animal
testing for the quality control of new insulin batches. This is especially relevant since
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many initiatives are ongoing and great efforts are being made to replace, reduce, and refine
animal-based testing in line with the 3R principle.

Nevertheless, this replacement does not replace all animal experiments as, for example,
in vivo toxicity tests (e.g., embryotoxicity, reproductive toxicity, carcinogenicity, etc.) are
still needed to assess the safety profiles of new insulin analogues, for example, those that
have been performed for insulin glargine [33] and insulin lispro [34].

In summary, the in vitro qICW can be regarded as a superior alternative to the currently
prescribed rabbit blood sugar test to quantify the biological activities of insulins and
insulin analogues.

5. Conclusions

All batches tested to demonstrate method similarity were within the predefined
acceptance criteria, as shown in Figures 2 and 3. Thus, the in vitro test system is similar
and comparable to the in vivo test system for testing insulin bioassay activity according to
USP general chapter <121>.

The data in this study clearly indicated that the rabbit blood sugar test can be replaced
with the in vitro insulin cell-based bioassay (ICW) for the quantitative measurement of new
insulins or insulin analogues during development or after post-approval changes. This will
reduce the suffering of many rabbits and provide more meaningful and precise data for the
determination of insulin potency for patient safety and efficacy.
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Simple Summary: More than 10 years have passed since the publication of Directive 2010/63/EU
on the protection of animals used for scientific purposes based on replacement, reduction, and
refinement (3Rs). These principles state that if animals have to be used in experiments, researchers
should make every effort to replace them with non-sentient alternatives, reduce them to a minimum,
and refine experiments and housing conditions so as to cause the minimum possible pain and distress.
In this systematic review, we aimed to identify and summarize published advances in the refinement
protocols made by European Union-based research groups from 2011 to 2021, and to determine
whether or not said research was financially supported. Our results indicated that the majority of
advances were related to improvements in experimental procedures for mice, and the research groups
were mostly from universities and the United Kingdom. More than two thirds of the studies received
financial support, mostly national. There is a clear willingness in the scientific community to improve
the welfare of laboratory animals. However, we believe that more progress in refinement would have
been made during these years if there had been more specific financial support available at both the
national and European Union levels.

Abstract: Refining experiments and housing conditions so as to cause the minimum possible pain and
distress is one of the three principles (3Rs) on which Directive 2010/63/EU is based. In this systematic
review, we aimed to identify and summarize published advances in the refinement protocols made
by European Union-based research groups from 2011 to 2021, and to determine whether or not said
research was supported by European or national grants. We included 48 articles, the majority of
which were related to improvements in experimental procedures (37/77.1%) for mice (26/54.2%) and
were written by research groups belonging to universities (36/57.1%) and from the United Kingdom
(21/33.9%). More than two thirds (35/72.9%) of the studies received financial support, 26 (mostly
British) at a national level and 8 at a European level. Our results indicated a clear willingness among
the scientific community to improve the welfare of laboratory animals, as although funding was not
always available or was not specifically granted for this purpose, studies were published nonetheless.
However, in addition to institutional support based on legislation, more financial support is needed.
We believe that more progress would have been made in refinement during these years if there had
been more specific financial support available at both the national and European Union levels since
our data suggest that countries investing in refinement have the greatest productivity in successfully
publishing refinements.

Keywords: 3Rs; refinement; financial support; European Union

1. Introduction

In the European Union (EU), the protection of animals used for scientific purposes is
regulated by Directive 2010/63/EU [1]. In order to harmonize standards across the EU,
member states were required to transpose the Directive into national legislation and most of
them did so during 2013 [2]. In 2019, the Directive was amended to increase transparency [3].
This Directive is considered an essential piece of legislation with which anybody who carries
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out fundamental biological research and preclinical development potentially involving live
cyclostomes, cephalopods, and/or vertebrate animals must be familiar [4].

Overall, the Directive promotes both animal welfare and high-quality scientific re-
search and establishes one of the most progressive and stringent mandatory lab animal
protection frameworks in the world [4]. It was drafted with four very clear fundamental
principles in mind. First is the recognition that the ultimate goal is to replace the use of
animals. Second is the acknowledgment that animals, including non-human primates, are
still needed today. Third is the acceptance that animals have intrinsic value in themselves
and must be respected. Fourth is the agreement that the principle of the Three Rs (3Rs) is
the key to ensuring more humane and better science [5].

The principle of the 3Rs—replacement, reduction, and refinement [6]—is the corner-
stone of the Directive. These principles state that if animals have to be used in experiments,
researchers should make every effort to replace them with non-sentient alternatives, reduce
them to a minimum, and refine experiments and housing conditions so as to cause the
minimum possible pain and distress. Thus, the 3Rs concept is both a framework designed
to minimize the use and suffering of animals (harm to the animal) and a means to support
high-quality science and translation (benefit to society). The conflict between these two
aims is usually resolved on a case-by-case basis by weighing up the harm to the animals
involved and the benefits of the research, or by prioritizing the experience of the animals
(i.e., refinement) over reduction [7].

Whereas there is a greater consensus regarding the replacement and reduction princi-
ples, the implementation of the refinement principle has caused the greatest controversy.
Refinement is an ongoing process that requires input from all those involved in the use of ex-
perimental animals [8] and covers all animal and human interactions throughout the entire
life of the animal. It is not limited solely to experimental procedures, but rather also en-
compasses the transport, husbandry, and euthanasia of animals [9]. Recently, we observed
that people who work with laboratory animals are clearly aware of this and show great
sensitivity to their well-being [10,11]. Moreover, perceived animal stress/pain negatively
affects the professional quality of life of people working with laboratory animals [12].

In this systematic review, we aimed to identify and summarize published advances
in refinement protocols made by EU-based research groups from 2011 to 2021 and to
determine whether or not the research was supported by European or national grants.

2. Materials and Methods

This systematic review is reported in accordance with the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA statement) flowsheet.

2.1. Search Strategy

Web of Science and PubMed were chosen for the search. The search was carried out
on 13 May 2022. As the main aim of the study was to examine the number of original
publications developing and/or improving a refinement technique (considering Russell
and Burch’s 3Rs) in laboratory animal research, the following search terms were used in
both databases: (3 Rs OR 3 R OR 3R OR 3Rs) AND (refinement) AND (animal*) AND
(techniqu* OR strateg*). The filters included were publication year (from 2011 to 2021),
document type (article), and language (English). In the Web of Science database, the
countries/regions filter was also applied (countries from the European Union), whereas
PubMed articles from outside the European Union were excluded manually. Since our
goal was to select articles refining animal techniques, we also used Web of Science filters
to exclude human research. We comprehensively searched for published full-text studies.
The study selection was performed by A.D.-S., and G.A., who independently examined
the full texts of potentially relevant studies and applied the eligibility criteria in order
to select, by consensus, those studies to be included. The information extracted from
the articles included the title, authors, year of publication, DOI, animals in which the
refinement technique was implemented, country in which the study was performed, the

132



Animals 2022, 12, 3263

kind of procedure that was refined and a brief description of it, the institution to which
the authors were affiliated, whether or not the article had received any kind of financial
support, and which type of institution funded the studies. These data are provided in
Supplementary Table S1.

2.2. Eligibility Criteria

Original articles were deemed eligible if they met the following criteria:

- The articles were published from 2011 to 2021 (both years included).
- At least one of the authors of the article belonged to an institution/research cen-

ter/university (public or private) from the European Union.
- The studies were not classified as reviews, meta-analyses, or reports, nor were they

guidelines, protocols, surveys, or ethical discussions for research reflection.
- The main topic of the studies was the improvement or development of a refinement

technique, not a replacement or reduction method, even when this was linked to the 3Rs.
- The studies were published in English.

2.3. Categorization of Refinement Procedures

We categorized studies based on whether they proposed improvements in exper-
imental procedures, husbandry, transport, or euthanasia. Within these categories, we
defined sub-categories with the aim of grouping studies in accordance with the common
characteristics of the procedures.

2.4. Statistical Analysis

Frequency (%) statistics were used to describe the sample.

3. Results

3.1. Study Selection

We systematically searched for references related to refinement procedures in labo-
ratory animals. A total of 384 references were identified by electronic search; 338 full-text
studies were evaluated in accordance with the eligibility criteria and 290 were excluded.
Finally, 48 studies [13–60] complied with all the established eligibility criteria and were
included in the study (Figure 1).

3.2. Refinement Procedures by Category

First, we categorized the different refinement procedures into previously defined
categories (Table 1). Experimental procedure was the category into which most studies fell
(37/77.1%), followed by husbandry (10/20.8%), with only one study being categorized as
refinement in transport (2.1%). We did not find any studies refining euthanasia protocols.

Of the experimental procedure sub-categories, sampling encompassed the most studies
(10/28.6%), followed by analgesia (4/10.8%) and animal training (4/10.8%). Regarding
husbandry, welfare assessment in the animals’ natural environment and social housing
were the sub-categories containing the highest number of published studies (3/30% each).
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Figure 1. PRISMA flowchart of study selection.

Table 1. Classification of the studies by category and sub-category.

Category Sub-Category Brief Description Reference

Experimental
procedure Analgesia Buprenorphine is mixed with a desirable nut paste for mice to

ensure its voluntary ingestion. [13]

Evaluation of different analgesic methods in order to improve
their quality in surgical interventions. [14]

Refinement approach in the spinal cord injury model. [15]
Description of an intrathecal technique to administer morphine in
order to minimize the interaction between this substance and the

research itself.
[16]

Behavioral Testing Refinement of the Radial Arm Test to avoid animal handling and
water and food deprivation. [17]

Reliable alternatives to the Water Maze Test in order to avoid the
stress associated with deep water swimming. [18]

Diagnosis
Categorization of animals suffering from either hyperacusis or
tinnitus through a model based on operant conditioning with

positive reinforcement.
[19]

Dosing A new application of a device enabling the long-term enteral
administration of drugs or nutritional supplementation. [20]

Syringe feeding as an alternative to the commonly used water
bottles and oral gavage dosing in the administration of probiotics. [21]

Identification A new tagging protocol to preserve animal welfare. [22]
A non-invasive technique for sexing in fish. [23]

Imaging Thermographic imaging as an alternative method of examining
tumor growth in a non-invasive way. [24]

Magnetic resonance imaging as a non-invasive imaging technique
to detect early cancer onset and its development. [25]

The early detection of animal disease through
imaging techniques. [26]
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Table 1. Cont.

Category Sub-Category Brief Description Reference

No need to use anesthesia for the procedure. [27]

Handling A method to inject substances using a non-restrained technique. [28]

Others Development of an implantable device for long-term Deep Brain
Stimulation which provides mice with the freedom of movement. [29]

Reduction in exposure time to smoke and analyzing lung lobes
separately in tobacco product testing. [30]

Refinement of a respiratory monitoring setup for an in vivo
bioluminescence and fluorescence imaging device. [31]

Sampling
A non-invasive method for determining liver weight gain that

reduces the number of animals needed and avoids the
post-mortem technique.

[32]

Blood micro-sampling from the ear capillary. [33]
Cutting feathers instead of plucking them from the animal’s skin

in order to avoid this painful method. [34]

Non-invasive collection of murine hair follicle cells to
avoid biopsies. [35]

Monitoring immunoglobulins via fecal pellets as a new
non-invasive way to assess the immune response. [36]

Comparison of blood sampling techniques. [37]
Non-invasive ocular (tear) sampling for genetic ascertainment of

transgenic mice. [38]

Refinement of sperm sampling techniques. [39]
Blood volume reduction in each sample. [40]

Swabbing the skin of non-anesthetized fish for DNA extraction. [41]

Surgery Development of a surgical procedure to induce myocardial
infarction in order to reduce mice mortality and distress. [42]

Refinement of a heterotopic cardiac transplantation model. [43]
Use of non-operated rather than sham-operated controls. [44]

Training Cognitive enrichment allows mice to better lead with their
home environment. [45]

Training dogs for gavage administration. [46]
An approach to alternative rewards (social stimuli instead of fluid

droplets) in animal training. [47]

Refinement in training pigs prior to the oral glucose tolerance test. [48]

Welfare Assessment
Identification of pain and distress signals among macaques

during experimental procedures in order to promote
their wellbeing.

[49]

Husbandry Breeding Three techniques to refine the activation of CreERT2
in maternal mice. [50]

Environmental
enrichment

An environmental enrichment tool to enhance animal welfare in
large-scale mouse husbandry. [51]

A comparison of different environmental enrichment techniques
and their advantageous effect on mice pups’ wellbeing and

survival rate.
[52]

Health Optimization of a device to prevent mites from penetrating the
skin of experimental hens. [53]

Social housing

A perforated transparent wall that divides the cage into two
compartments and allows olfactory, acoustic, and visual

communication between two mice but prevents fighting and
injuries.

[54]

Improvement in social housing in toxicology studies. [55]
An automated homecage system to register social alterations after

pharmacological exposure. [56]

135



Animals 2022, 12, 3263

Table 1. Cont.

Category Sub-Category Brief Description Reference

Welfare Assessment A new tool to assess animal wellbeing, drawing on
their natural behavior. [57]

Welfare Assessment Use of home cage running wheels to obtain daily measurements
of motor function in SOD1G93A mice, with minimal intervention. [58]

Welfare Assessment Voluntary wheel running as an indication of distress suffered by
mice in an experimental procedure. [59]

Transport Training Reinforcement (positive and sometimes negative) to help
monkeys acclimate more quickly to transport devices. [60]

3.3. Refinement Procedures by Animal Species, Institution, and Country

More than half of the published studies described refinement procedures for mice and
just over twenty percent did so for rats, meaning that most of the protocols described were
for rodents. The remaining procedures were described as refinements for other mammals
such as macaques, dogs, or pigs, as well as for fish and birds (Figure 2a).

Figure 2. Cont.
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Figure 2. (a) Animal species for which the refinement protocols were described; (b) country; and (c)
institution in which the research groups were working. Data are presented in percentages (total number).

More than half of the research groups belonged to universities, just over a quarter
belonged to research institutes, and just under ten percent were from private companies
(Figure 2b). Moreover, 14 (29.2%) of the studies were collaborations between different
institutions: private company and research institute (1); university and private company (2);
university, a private company, and research institute (1); university and research institute (9);
and university and zoo (1).

In terms of country, most research groups were based in the United Kingdom (UK),
followed by Germany (Figure 2c). Of the 48 articles selected, 13 (27.1%) were collaborations
between groups from several countries: Austria and Germany (3); Belgium and the UK (2);
Czech Republic, Denmark, and Sweden (1); Denmark and Sweden (1); France and Norway (1);
Germany and Spain (1); Germany, the UK, and Spain (1); Hungary, Finland, and the UK (1);
the UK, Australia, and New Zealand (1); and the UK, Australia, and South Africa (1).

3.4. Financial Support for the Studies

More than two-thirds (35/72.9%) of the studies received financial support, 26 in
the form of national funding, 7 from their own institution, and 2 from private founda-
tions. Moreover, 8 received European funding: (1) COST Action (the Behavioral Manage-
ment and Training of Laboratory non-human Primates and Large Laboratory Animals—
PRIMTRAIN) [61], (1) the European Regional Development Fund, (2) the European Re-
search Council (ERC), (1) the EU Integrated Project (Xenome), (1) the Innovative Medicine
Initiative (IMI), (1) the Sex’NPerch program by the European Maritime and Fisheries Fund,
and (1) the Seven Framework Program (FP7-HEALTH-MITOTARGET). Of the remaining
studies, 8 (16.7%) received no financial support and 6 (12.5%) did not specify (Figure 3).
Supplementary Table S2 shows the number of un-funded and funded articles per country.
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Figure 3. Financial support by country and organization. Data are presented in total numbers.

Studies carried out by the UK research groups obtained the most funding at both
the EU and the national level. Of the 21 UK articles published, 18 (85.7%) were funded,
16 (76.2%) of which were funded nationally. Of these 16, half (8/50%) were partially or
fully funded by the National Center for the Replacement, Refinement, and Reduction of
Animals in Research (NC3Rs), and a quarter (4/25%) were also funded at a European level.
The remaining two studies were conducted by groups working in private companies and
were funded by their own institution. Of the 16 studies published by German groups,
11 (43.75%) received funding, 7 (63.6%) at a national level. Of these, one also received
European funding and another one received private funding. The rest (4/36.4%) received
institutional funding. One of these institutions is the Charité 3R of the Universitätsmedizin
Berlin, which actively promotes the 3Rs principle in biomedical research and education.
One Swedish study received funding from a private foundation that promotes scientific
research against painful animal experiments (Torvald and Britta Gahlin’s foundation).

4. Discussion

An important component of good scientific practice is to reduce the suffering of
laboratory animals through refinement techniques. In our systematic review, we identified
48 studies conducted by EU-based research groups between 2011 and 2021 that aimed to
improve the welfare of animals used in research. We chose these 10 years because they
correspond to the decade following the publication of Directive 2010/63/EU, which clearly
promotes refinement [1].

During these ten years, tissue sampling improvements have been described to min-
imize the stress and pain associated with this procedure. Many of these methods are
non-invasive and do not require great technical skill, thus reducing both the stress on the
experimenter during handling and the harm to the animal. Similarly, other studies have
sought to improve analgesia protocols by refining drug combinations or administration
routes. The use of training both to condition and to habituate animals to a procedure is
also worth noting. Although time consuming, training is a very good strategy for reducing
animal stress and discomfort. Improvements have also been described in husbandry, with
one area of focus being social housing. Many of the animals used in biomedical research
belong to social species, and Directive 2010/63/EU recommends their group housing [1].
Technological advances are increasingly enabling animals to be monitored in their home
cage, thereby reducing the stress associated with interaction with humans and improv-
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ing their welfare. A COST (European Cooperation in Science and Technology) action is
currently underway for this purpose [62].

Recent statistics on animal use in the EU indicate that mice are the most commonly
used animals [63–65], and we observed the same trend in our review; more than half of
the selected articles described refinements in mouse protocols. Regarding the origin of
the research groups, in terms of institution and country, our results follow the same trend
observed in the biomedical area [66], with university-based research groups from the UK
being the ones with the most publications to their name.

Scientists are currently working to produce valid data on measuring and improving
all laboratory animals’ welfare. In addition to the COST actions described above [61,62],
the Eurogroup for Animal Welfare, a lobbying organization, is working to implement
refinement methods in research [67]. However, we observed that there were only a few
studies funded by European entities, and only one was specific to laboratory animals [61].
The rest of the European grants were oriented toward biomedical research. By country, the
UK is the leading national funder of projects. It should be noted that the NC3Rs funded
half of all the UK projects during this period. Other European countries also have centers
dedicated to the achievement of the 3Rs, and a list of these can be found on the Norecopa
webpage [68]. Our results show that specific funding for the achievement of the third R
during this decade was far from substantial. We should not forget that scientists have
been constantly asking for more public resources and interdisciplinary teams to solve the
quandary of how to strike a balance between animal welfare and science [69].

The present study has certain limitations. First, since the word refinement can be
applied to many scientific fields, the search was restricted to articles that also mentioned
either animals or the 3Rs. In this sense, we were unable to identify some types of articles,
such as, for example, strategies to reduce singly housed male mice [70], as well as others in
which the authors did not identify the term refinement as a keyword [71]. Our strategy also
has the possibility of underestimating the scope of refinements because some refinements
are often published as part of the scientific work that animals are used in. Furthermore,
our search would not have identified the refinements developed by research groups or
animal facilities and implemented in their centers that were not published. In this sense,
the use of platforms dedicated to the 3Rs may be a good tool to collect and disseminate
these protocols, as it is sometimes difficult to publish them in indexed journals. The
Animal Welfare Institute’s website contains protocols and scientific papers describing
methods for reducing or eliminating pain, stress, and discomfort for animals, not only
during experimental procedures but also in relation to their daily social and physical
environment [72]. Our search did not include patented protocols such as, for example, the
project “HaPILLness-Voluntary oral dosing in rodents”, which replaces oral gavage with
voluntary dosing [73]. Finally, the results of the funded projects completed in 2021 may
still be under preparation or under consideration.

Overall, our findings show that, in recent years, advances have been made in the
refinement of procedures using laboratory animals. Currently, there are refined protocols
that are used on a daily basis in many animal facilities, such as administering substances
with sweetened condensed milk [74] or transporting mice through a plastic tube instead of
holding them by the tail [75]. Moreover, statistics indicate that protocols classified as severe
have been decreasing slightly in recent years, by 1% per year [65]. However, we cannot
forget that in order to be able to carry out experiments to refine a technique, in addition to
a multidisciplinary team in which veterinarians must play an essential role [76], financial
support is still necessary.

5. Conclusions

Our results indicate a clear willingness among the scientific community to improve
the welfare of laboratory animals, as although funding was not always available, or was
not specifically granted for this purpose, studies were published nonetheless. However, in
addition to institutional support based on legislation, more financial support is needed. We
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believe that more progress would have been made in refinement during these years if there
had been more specific financial support available at both the national and EU levels since
our data suggest that countries investing in refinement have the greatest productivity in
successfully publishing refinements.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ani12233263/s1: Table S1: Information extracted from the included
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Simple Summary: It is well recognized that companionship is important to animals and that they
need to be provided with an environment accompanied by materials for enrichment, such as toys.
However, few studies have evaluated whether specific environments actually benefit animals. There-
fore, we designed various environments for laboratory animals and scientifically evaluated which
environments reduced these animals’ stress. We found that an environment with freer air circulation
and the provision of enrichment materials reduced animal stress, and no risk or benefit could be
determined for the presence or absence of a companion. We do not consider that our results nec-
essarily indicate the lack of a need for a companion, but, rather, the importance of having a good
companion. Our results can serve as a meaningful guideline for the creation of suitable environments
for laboratory animals.

Abstract: Animal welfare is recognized as essential for the coexistence of humans and animals. Con-
sidering the increased demand and interest in animal welfare, many methods for improving animal
welfare are being devised, but which method reduces animal stress has not been scientifically verified.
Therefore, reducing animal stress by providing a proper breeding environment and environmental
enrichment can be the basis for animal study. In this study, stress levels were assessed based on the
mouse-breeding environment. We considered that the higher the body weight and the lower the
corticosterone concentration, the lower the stress. According to the results, animals in the individual
ventilation cages were determined to have lower serum cortisol concentrations, while the body
weight of the animals was increased when in individual ventilation cages compared with individual
isolated cages and when providing environmental enrichment compared with group breeding or
not providing environmental enrichment. The results provide appropriate guidelines for improving
laboratory animal welfare.

Keywords: animal welfare; environmental enrichment; housing; laboratory animals; stress evaluation

1. Introduction

With the recent increasing interest in animal ethics, there has been a growing focus
within the international laboratory animal research community on improving the housing
environment and welfare of laboratory animals [1]. Although related laws and systems
have been continuously strengthened in the field of laboratory animal studies, issues
regarding ethical relations between humans and animals in bioscience research laboratories
remain. Since the United States of America first enacted the laboratory animal welfare
act in 1966, laws related to animal welfare have continued to be strengthened [2]. The
Animal Welfare Act: From Enactment to Enforcement of the Europe Union (E.U) also
extensively revised laws regarding animal welfare, including for laboratory animals, since
1974 [3]. The Ministry of Agriculture, Food, and Rural Affairs (MAFRA, Republic of Korea)
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announced a five-year comprehensive plan for animal welfare to raise public awareness of
and sympathy for animal protection and welfare, and to enhance animal laboratory animal
ethics by reinforcing the function of the Institutional Animal Care and Use Committee
(IACUC). Furthermore, recent debates on laboratory animal welfare have been conducted
at the National Assembly.

In addition, unlike domestic companion animals, laboratory animals are limited to a
fixed space for the entire experimental period, so laboratory animals are more exposed to
stress from the housing environment than companion animals. This constrained environ-
mental condition can cause stress in animals, which affects their physiological indicators
and can change the results of experiments. Studies associated with laboratory animal
behavioral analysis have also reported that housing conditions, such as a socially isolated
environment, group size, or cage size, are an important factor influencing animal behav-
ior [4–7]. Therefore, to obtain reliable experimental results in laboratory animal research,
considering animal welfare is important, as it can alleviate the stress experienced by labo-
ratory animals, affecting the experimental results [8]. Furthermore, policies and practices
with respect to laboratory animal housing, husbandry, and quality care can enhance animal
welfare [9–11]. A previous study demonstrated that the welfare of laboratory animals
contributes to improving the quality of life for the people involved in animal research
facilities. Animal welfare staff showed a more positive correlation with a professional
quality of life than researchers who were reported to perceive animal stress/pain [10].

Laboratory animals are used in a variety of research fields, and stress induced during
experiments can change the background data. Stress is defined as the body’s nonspecific re-
sponse to external stimuli, environmental demands, or stimuli beyond the body’s ability to
cope [12]. Vladimir K et al. reported that stress causes changes in the limbic–hypothalamic–
pituitary–adrenal (LHPA) neuroendocrine axis, De Kloet ER et al. described that stress
induced structural and functional change in the limbic brain, and B Olivier demonstrated
that stress increases the body temperature of laboratory animals [13–15].

Most studies on stress involve experiments with artificially applied stress, including,
among others, repeated social defeat stress (RSDS), electric shock, wire netting, and re-
peated stress [16–20]. In addition, previous studies on the efficacy of newly developed
drugs have been based on either the use of an artificially induced stress model [16,20]
or measuring the hormonal changes caused by different levels of stress exposure [21].
The interest and demand regarding the welfare of zoo animals and laboratory animals
is also elevated because of their stereotypic behavior affected by limited breeding space.
Many methods for improving their behavior are devised with environmental enrichment to
respect their natural habits [22]. However, studies on stress levels after exposure to various
housing environments with regard to the improvement of laboratory animal welfare for
animals that live in limited space are lacking. Furthermore, it is necessary to evaluate
environmental effects on the stress of laboratory animals depending on the type of cage
and/or social isolation.

Stress–response hormones include cortisol and corticosterone. Cortisol is widely
considered in studies on large laboratory animals such as beagles [23,24], whereas for
smaller animals, such as rodents, corticosterone is the more important glucocorticoid in
responding to stress exposure [19].

Therefore, in this study, we aimed to evaluate the changes in the serum corticosterone
concentration and body weight as stress indicators according to the presence or absence
of environmental enrichment (E.E), different types of cages (individually ventilated cages
(IVC) or individually isolated cages (ISO)), and social isolation stress (single breeding or
group breeding). It is hoped that these results will be useful for enhancing the environmen-
tal conditions for laboratory animals and improving animal welfare by reducing stress on
laboratory animals throughout the entire experimental period.
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2. Materials and Methods

2.1. Animals and Husbandry

Four-week-old CrljOri:CD1 (ICR) male mice were purchased from Orient Bio (Seong-
nam, KyungKi, Korea). The animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee at the Daegu Gyeongbuk Medical Innova-
tion Foundation (K-MEDI hub) (approved IACUC Number: DGMIF-20032407, approved
date: 23 March 2020), and the animals were maintained in a facility accredited by the
Ministry of Food and Drug Safety in Korea as a Korean Excellent Laboratory Animal
Facility (KELAF), and by the Association for Assessment and Accreditation of Labora-
tory Animal Care International (#001796). The animals were fed an autoclaved pellet diet
(SAFE+40RMM; SAFE Diets, Augy, France) and provided with drinking water ad libitum.
The animals were housed in environmental conditions with a temperature of 22 ± 1 ◦C,
50 ± 10% humidity, illumination at 150–300 Lux, and a breeding room ventilation cycle of
10–20 times/h. All of the animals were monitored every day and there were no mortality
injuries or clinical signs. Cages, shavings, and fresh enrichment materials were exchanged
once a week.

2.2. Experimental Design

The experimental design is shown in Figure 1a. The mice were divided into six groups
(nine mice/group) after an initial week of acclimatization, as follows: (A) IVC/Single;
(B) IVC/Single + (Environmental Enrichment) E.E; (C) IVC/Group (Group: three mice in
one cage); (D) IVC/Group + E.E; (E) ISO/Single; and (F) ISO/Group. Both cage systems
(Tecniplast, Buguggiate, Varese, Italy), IVC (Cat No: GM500) and ISO (Cat No. ISO cage-N),
had an air-circulation system in each cage, with the main difference being whether room air
outside the cage was allowed to enter into the cage with mice inside. In the IVC cage, the
air in the cage is not only circulated by the automatic blower system, but room air outside
the cage also enter into the cage. Room air outside the cage can enter through the HEPA
filter (size: 141 mm × 170 mm, efficiency: 0.3 micrometer of the particle at 99.5%) on the
IVC lid, while in the ISO cage (size: 73 mm × 73 mm × 24 mm, efficiency: 0.3 micrometer
of the particle at 99.97%), room air outside the cage is completely blocked and air in the
cage is forcibly circulated only by the automatic blower system. Therefore, the air in the
IVC cage is circulates better than the air in the ISO cage.

Figure 1. (a) Experimental design; (b) representative photographs of environmental enrichment
(harbor mouse retreat, top; diamond twist, bottom).
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Two environmental enrichment (E.E) materials were used simultaneously, the first
being a harbor mouse retreat (Figure 1b top, Cat No. K3583, Bio-serv, Frenchtown, NJ,
USA) and the second being a diamond twist (Figure 1b bottom, Envigo, Madison, WI,
USA), which were provided to groups B and D until the end of the experiment. The
harbor mouse retreat and the diamond twist were selected as the E.E materials as the
standard environmental enrichment required and an additional enrichment, respectively,
with reference to the IACUC policy of the University of California, Irvine (Figure 1).

2.3. Preparation of the Blood Serum and Corticosterone Assay

In the present study, blood collection was performed once every 2 weeks, with three
mice in each group. The mice were anesthetized using isoflurane at 17:00–18:00 p.m.,
and blood was rapidly collected to minimize the stress caused by the anesthesia process,
and euthanasia was performed by exsanguination under anesthesia. Because of the slight
possibility of survival, cervical dislocation was performed under anesthesia. As it is painful
to live after bloodletting, cervical dislocation was performed to block the weak possibility
of living under anesthesia. Blood was collected from the abdominal vein (approximately
600 μL) in serum-separating tubes (SST tube, Becton, Dickinson and Company, Franklin
Lakes, NJ, USA) and was centrifuged (3000 rpm, 10 min, 4 ◦C) to separate the serum.

Triplicate serum corticosterone assays were conducted using an ELISA kit (Cat No.
K014, Arbor assays, Ann Arbor, MI, USA), and the optical density (OD) was read using a
synergy H4 microplate reader (BioTek Instruments, Inc., Winooski, VT, USA).

2.4. Statistical Analysis

Statistical significance was determined using GraphPad Prism 8 (GraphPad Software
Inc., San Diego, CA, USA). All the data are presented as mean ± standard deviation (SD)
and passed tests for normality. Two-way ANOVA with Bonferroni’s multiple comparisons
test and unpaired t-test were used.

3. Results

3.1. Body Weight

After an initial week of acclimatization, the body weight was measured weekly until
euthanasia. During the experiment period, group D had the highest average body weight,
followed by groups A, C, B, F, and E. There was a significant difference (p < 0.05) between
groups D and F, and E was significantly different from A, B, C, and D (Figure 2).

3.2. Concentrations of Serum Corticosterone

From 2 to 4 weeks, the serum corticosterone concentrations decreased in all groups;
from 4 to 6 weeks, the concentrations decreased in groups C and D, which had been group-
reared, and increased slightly again in the remaining groups. The serum corticosterone
concentration showed the order of F, E, A, B, C, and D at week 6, with a significant difference
(p < 0.05) between groups C and E, C and F, D and E, and D and F (Figure 3).

3.3. Concentrations of Serum Corticosterone/Body Weight

The relative corticosterone concentration (corticosterone/body weight) had an overall
similar tendency to the serum corticosterone level. The only observed difference was that
the order of A and B was reversed at 2 and 4 weeks. In addition, there was a significant
(p < 0.05) difference between groups C and F, D and E, and D and F (Figure 4).

3.4. Overall Analysis

The IVC cage/Group + E.E group mice had the highest body weight and the lowest
corticosterone concentration on average, the ISO cage/Single group mice had the lowest
body weight, and the ISO cage/Group mice had the lowest corticosterone concentration on
average. All IVC cage mice weighed more and had lower corticosterone concentrations
than all ISO cage mice on average. The mice from groups with E.E had a higher body
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weight and lower corticosterone concentration than those of groups without E.E on average
(IVC cage/Group + E.E vs. IVC cage/Group, IVC cage/Single + E.E vs. IVC cage/Single)
(Table 1).

Figure 2. Body weight changes in (a) each group and (b) groups A + C and E + F (* p < 0.05
and *** p < 0.001 compared to E, # p < 0.05 compared to F), (0~2 weeks: n = 9/group, 2~4 weeks:
n = 6/group, 4~6 weeks: n = 3/group).
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Figure 3. (a) Corticosterone concentration in the serum change for each group; (b) corticosterone
concentration in the serum change for groups A + C and E + F (* p < 0.05 compared with E, # p < 0.05
compared with F, ## p < 0.01 compared with F).
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Figure 4. Corticosterone concentration in the serum/body weight change for (a) each group and
(b) groups A + C and E + F (* p < 0.05 compared with E, # p < 0.05 compared with F).

Table 1. Overall analysis of body weight, serum corticosterone concentration, and corticosterone
concentration/body weight.

Stress Level Less Stressful More Stressful

Body weight (g)

1st 2nd 3rd 4th 5th 6th

IVC cage IVC cage IVC cage IVC cage ISO cage ISO cage
Group Single Single Group Group Single
E.E * E.E *
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Table 1. Cont.

Stress Level Less Stressful More Stressful

Corticosterone
concentration in
serum (pg/mL)

6th 5th 4th 3rd 2nd 1st

IVC cage IVC cage IVC cage IVC cage ISO cage ISO cage
Group Group Single Single Single Group
E.E * E.E *

Corticosterone concen-
tration/body weight

6th 5th 4th 3rd 2nd 1st

IVC cage IVC cage ISO cage IVC cage ISO cage ISO cage
Group Group Single Single Single Group
E.E * E.E *

* E.E: environmental enrichment.

4. Discussion

In this study, we created six different environmental conditions for mice at the Preclin-
ical Research Center (PRC), K-MEDI hub to evaluate the levels of stress.

Studies have been carried out on the effectiveness of E.E [24–27] at preventing ox-
idative injury and restoring cholinergic neurotransmission in cognitively impaired aged
rats [25], as well as in alleviating the behavioral changes in a mouse model of post-traumatic
stress disorder [28]. In addition, studies regarding the relationship between housing condi-
tions, such as single housing or grouped housing, and behavioral phenotypes have been
conducted [29]. Both isolation and environmental enrichment have fundamental effects
on mouse behavior and should be considered in the course of experimental design with
stress-related animal models and in animal welfare assessment.

In this study, body weight can be an indicator of stress level, as it is generally known
that stress can cause the amount of feed intake and body weight to decrease [16–18]. This
study reports that animals exposed to stress might have a decrease in the body weight gain
rate. Based on the results of body weight for the groups, group D (IVC cage/Group + E.E),
in which body weight increased the most, was less stressed, and group E (ISO cage/Single),
with the least body weight gain, represented the more stressful environment (Table 1).
Corticosterone in the blood is a factor widely known to increase when a mouse is exposed
to stress [19]. Therefore, based on the results of the serum corticosterone concentration,
the mice of group D (IVC cage/Group + E.E), with the lowest concentration, were the
least stressed, and those of group F (ISO cage/Group), with the highest concentration,
were the most stressed. Overall, the concentration of serum corticosterone was the highest
in the second week and then decreased. The results of the relative serum corticosterone
(corticosterone/body weight) were generally similar to the serum corticosterone results,
with the only change being in the order of group A (IVC/Single) and group B (IVC/
Single + E.E). This slight change means that stress had no biased effect on either body
weight or corticosterone blood levels. The serum corticosterone concentrations were similar
between weeks 0 and 2, but the relative corticosterone levels decreased at week 2. We
judged that this was due to the maintained corticosterone concentration contrary to the
increased body weight.

Based on these results, group D (IVC/Group + E.E) was the group with the highest
body weight and lowest corticosterone concentration, on average, and it was thus the group
that was the least stressed.

Furthermore, the groups with E.E showed a less stressful environment than the groups
without E.E. However, there was no difference in body weight or corticosterone concen-
tration between group breeding and single breeding. Moreover, it was difficult to judge
the results of the relationship between the group housing and single housing conditions,
and we did not consider a sufficient number of individuals in our experiment. In addition,
opinion is divided regarding the factors attributed to social ranking, which can also be a
hindrance when judging the results. Benaroya-Milshtein and Hollander et al. reported that
E.E reduces anxiety and weakens stress reactions in mice, while Chapillon et al. reported
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that environmental energy in mice reduces anxiety [27,30]. Although the mouse is a social
animal, it is judged that there can be differences among animals exposed to the same stress
due to differences in hierarchy that are determined by the group. Both group and single
breeding are known to have pros and cons, and the various experiments show conflicting
results [9]. Liu and Wang et al. reported that single mice had a reduced concentration of
corticosterone, while Kamakura and Kovalainen et al. reported that group-housed mice
had higher levels of corticosterone than single-house mice, indicating that those mice living
in groups had higher levels of stress [31,32]. On the other hand, Norman et al. reported
that single mice had a significantly reduced memory, and according to a study by Kamal
et al., the level of LTP injury was increased in the hippocampus of C57BL/6J mice in the
single-breeding group, which also had higher blood corticosterone concentrations [33,34].

In addition, in this study, the average weight of the ISO cage mice was lower than that
of the IVC cage mice, while the blood corticosterone concentration was higher on average,
so it was judged that the stress was higher because the ISO cage has limited air circulation.
The graph pattern for the change in corticosterone value and corticosterone/body weight
value was not significantly different, even if the ranking of the average value for each factor
was slightly different.

Furthermore, stress effects may differ depending on the mouse strain, so further
studies are needed on stress using diverse strains and species of animals with disease as
models [15]. In addition, with the growing interest in animal welfare, stress assessments
could be expanded to abandoned animals or industrial animals [26].

Full accreditation for The Association for Assessment and Accreditation of the Lab-
oratory Animal Care International (AAALAC-i) is a recognized certification awarded by
a nonclinical study institution that encourages the humane treatment of animals in the
field of science by maintaining a high level for laboratory animal care and use [35]. In
addition to this full AAALAC-i accreditation, the PRC at the K-MEDI hub is devising and
continuing to develop ways to promote the welfare of laboratory animals.

These results suggest that IVC cages are preferable to ISO cages and that providing
E.E would be more effective for relieving stress. However, the appropriate composition of
different animals raised in the same cage is needed because it may influence whether stress
is more active. The results of this study are helpful by serving as appropriate guidelines for
the management and operation of laboratory animal breeding and the welfare of laboratory
animals.

Animals are originally organisms that live in nature, but laboratory animals inevitably
live in a limited space. It is difficult to derive reproducible and reliable experimental
results from psychologically fatigued animals [36]. We judged that the environmental
conditions that reduced stress in this experiment were conditions close to the animal’s
natural habit. Therefore, our study suggests that environmental enrichment that respects
their natural habits should be provided for reliable animal test results. Ultimately, our
society already knows that animals are not voluntarily subjected to experiments. We believe
that any facility that raises animals should be induced to change to a facility that values the
autonomy of animals, and this study can serve as a basis for inducing that change.

Future studies regarding the effects of stress on animals should include behavioral
assessments. Luo et al. demonstrated that displacement movement can be predicted by
evaluating random behavior permutation in ungulates, and they reported that the differ-
ences could be found when comparing the isolated environment considered as stressful and
an enriched environment considering their natural habits [37]. Considering their report, we
judge that meaningful behavioral data can be achieved if we conduct a study by applying
our experimental environmental conditions on mice as a laboratory animal.

5. Conclusions

We have scientifically confirmed a reduction in stress with environmental enrichment,
or for animals raised together with other animals, or in a well-ventilated environment
in mice.
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With the results of this study, we determine that animals raised in limited space such
as an animal research facility should be provided with environmental enrichment, a well-
ventilated environment. Because the environments that reduce stress are thought as a result
of the natural habits of animals, we should devise various methods to respect their natural
habits as much as possible, and evaluate whether these methods reduce their stress.

This data will be guideline to all researchers who work in a laboratory animal facil-
ity. Laboratory animals with improved environmental enrichment can achieve reliable
scientific results.
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Simple Summary: In recent years, awareness of laboratory animals’ wellbeing and the refinement of
their house conditions have increased considerably. Mice (Mus musculus) are the most widely used
animal species in research in the European Union and are sociable and hierarchical creatures. It is
important to determine whether experimental conditions may affect research results and whether
housing conditions (isolated or grouped) may be one such condition. The aim of this study was,
therefore, to determine whether 4 weeks of social isolation (usual practice in our animal facility
and some laboratory procedures) could induce changes in different physiological parameters (body
weight, number of blood cells, and stress hormones) in adult mice. Although we did not observe
changes in body weight, red blood cells, and platelets, mice that were socially isolated for 4 weeks
did have a decreased count of some white blood cells. Moreover, levels of the main stress hormone
were higher in single-housed mice after 1 week, although they decreased after 4 weeks to the same
levels as those recorded for grouped mice. We can, therefore, conclude that social isolation affects
some physiological parameters, and that this should be taken into account in the interpretation of
research data.

Abstract: In the last years, different research groups have made considerable efforts to improve the
care and use of animals in research. Mice (Mus musculus) are the most widely used animal species
in research in the European Union and are sociable and hierarchical creatures. During experiments,
researchers tend to individualize males, but no consideration is given to whether this social isolation
causes them stress. The aim of this study was, therefore, to explore whether 4 weeks of social isolation
could induce changes in different physiological parameters in adult Crl:CD1(ICR) (CD1) males,
which may interfere with experimental results. Body weight, blood cells, and fecal corticosterone
metabolites levels were the analyzed parameters. Blood and fecal samples were collected at weeks
1 and 4 of the experimental procedure. Four weeks of single housing produced a significant time-
dependent decrease in monocytes and granulocytes. Fecal corticosterone metabolite levels were
higher in single-housed mice after 1 week and then normalized after 4 weeks of isolation. Body
weight, red blood cells, and platelets remained unchanged in both groups during this period. We can,
therefore, conclude that social isolation affects some immune and endocrine parameters, and that this
should be taken into account in the interpretation of research data.

Keywords: CD1 male; single-housed; stress; white blood cells; fecal corticosterone metabolites

1. Introduction

People working with laboratory animals display a high level of awareness of and
sensitivity to their wellbeing [1]. Indeed, perceived animal stress/pain has been found
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to negatively affect their professional quality of life [2]. In the last few years, different
research groups have made considerable efforts to improve the care and use of animals in
research, regardless of receiving specific funding for that purpose [3]. In the near future,
this new scientific knowledge will provide new evidence to improve the welfare and
housing conditions of animals used in scientific procedures. Current European legislation
on the protection of animals used for scientific purposes (Directive 210/63/EU) establishes
suitable environmental conditions and minimum enclosure measures by age and animal
species. It likewise indicates that social laboratory animals must be socially housed in
stable groups of compatible individuals. Moreover, procedures in which social animals
(e.g., dogs and monkeys) are completely isolated for prolonged periods are classified as
“severe” [4]. However, the legislation does not specify what exactly is considered to be a
“prolonged period”, and it does not mention other social species.

Despite the current debate about their predictive value in basic and regulatory stud-
ies [5–10], mice (Mus musculus) continue to be the most widely used animal species in
research in the European Union [11]. Mice are sociable and hierarchical animals that, in
nature, live in small groups. These groups are usually composed of a dominant male,
along with various females with their offspring, both young and juvenile. The size of the
territory occupied by a mouse family varies according to different factors. These include the
availability of different resources such as water and food, as well as the density of the group.
Occasionally, depending on the aggressiveness of the dominant male and the density of the
group, young males are found in the aforementioned family groups. Generally, however,
males are usually rejected from the group when they reach sexual maturity and can be
found in the wild alone or in groups of young males. As for the females, they usually
become part of the family group once they reach sexual maturity [12].

Unfortunately, in animal facilities, mice are not housed as in their natural environment,
thus interfering with their natural ethogram. Standard laboratory protocols stipulate that
mice’s weaning and maternal separation should occur 21 days after birth. Thereafter, it
is recommended that animals should be housed separately by sex and strain in stable
groups of 2–5 members, a step that fosters the formation of affiliate relationships between
individuals in the same group [13] and reduces aggression between males [14]. The
main reason for housing male mice individually is aggression between cage mates [15,16].
Recently, a series of recommendations were published to minimize aggression between
males [17].

Keeping newly weaned animals in the company of other animals is important for
the correct development of their brains. It has been shown that post-weaning social
deprivation by isolating mice induces neurochemical and morphological alterations, which
have a behavioral impact in adulthood [13,18–23]. Indeed, the lack of social experiences
before adulthood has been used in mice as a model to study some impaired behavioral
phenotypes, such as depression and anxiety-like behavior types [21–23], as well as social
and cognitive deficits [19,22]. In light of the above, in our animal facility, we implemented
two different strategies in order to minimize the number of single-housed newly weaned
male mice [24,25].

There is still an ongoing debate about whether adult male mice should be housed
individually [15,26]. Years ago, “isolation syndrome” was described, with authors argu-
ing that the inability to interact socially is likely to have a harmful effect on the animal’s
emotional state [27]. Indeed, it has been proven that adult male mice prefer the proximity
of another male over individual housing [28], which is considered a stressor. The gold
standard to measure the immediate physiological responses to stress is the activation of the
hypothalamic–pituitary–adrenal (HPA) axis, which induces the secretion of corticosterone
from the adrenal gland [29]. The effect of solitary versus social housing on corticosterone
levels has been explored with varying results. Some studies observed that single-housed
male mice had increased corticosterone levels after 14 days [30] and 15 months [31], whereas
others found that corticosterone levels remained stable up to 42 days of individual hous-
ing [32–36], and two studies reported that single housing caused less stress for mice than
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group housing [37,38]. Other indications of stress include changes in body weight and a
decrease in circulating leukocytes. A meta-analysis of the effects of individual housing
on body weight found considerable heterogeneity in different mice strains, with higher,
unchanged, or lower body weights being reported after social isolation [39]. Although it is
well documented that chronic stress results in immunosuppression [40], differences in the
total number of white blood cells have also been observed [36,41]. Among other factors,
these discrepancies may be due to differing isolation periods.

In our animal facility, researchers tend to individualize males during experiments for
a maximum period of 4 weeks, mainly for reasons of convenience and habit. However, no
consideration is given to whether individually housing animals may cause them stress. The
aim of the present study was, therefore, to determine if 4 weeks of social isolation could
induce changes in body weight, blood cells, or fecal corticosterone metabolite levels in
adult Crl:CD1(ICR) (CD1) males, which may interfere with experimental results.

2. Materials and Methods

2.1. Animals

Mice born in our specific pathogen-free (SPF) breeding zone were housed in pressur-
ized and individually ventilated 1145T (403 × 165 × 174 mm; 435 cm2 floor area; Tecniplast)
(PIV) cages (70 air changes/h). We used black poplar/aspen shavings (Lignocel Selectfine;
Rettenmaier Ibérica S.L.) as litter bedding, two sheets of tissue (Tork®; Essity Spain S.L)
irradiated by Ionisos Iberica as nesting material, and an in-house autoclaved cardboard
cylinder (12.5 × 9 × 0.5 cm; Sodispan Research S.L.) as enrichment. Once a week, socially
housed mice (four mice per cage), together with their nesting material, were transferred to
clean cages by picking them up at the base of their tails. This same procedure was carried
out with individually housed mice every other week. New irradiated tissue was added if
the nest was dirty or did not have enough material. Similarly, if the cardboard was broken,
a new cylinder was provided. Mice had ad libitum access to water and diet (irradiated
Special Diet Services RM1). Rooms were maintained under standard environmental con-
ditions (humidity: 55 ± 10%; temperature: 20–24 ◦C) with a 12 h light/dark cycle (lights
on at 8:00 a.m.). Animals were monitored every day. The animal care and use program
was accredited by AAALAC International. The Catalan Government and the PRBB Ethics
Committees approved the experimental protocol (DAAM 10576).

2.2. General Procedure

Eight-week-old CD1 mice were randomly assigned to two groups (grouped or single;
n = 8 per group, 16 in total) and housed in the same room in which they were born. We
selected CD1 adult male mice because they are outbred, are the most commonly used strain
in toxicology studies [42], and have a high propensity to fight, resulting in suggestions
that they may benefit from individual housing [15]. This does not apply to females, since
chronic social isolation is used to model separation-induced depression [43].

Animals were weighed on the same day of the week for 5 weeks (weeks 0–4; 9:00–11:00
a.m.). Sampling was carried out in a laboratory adjacent to the room where they were
housed, and the animals were transferred there 1 h before sampling, around 8:00 a.m.,
because the technician started their working day at this time. Sampling was carried out
at two different time points to minimize the influence of handling as much as possible.
Thus, on weeks 1 and 4 (9:00–11:00 a.m.), whole blood and fecal samples were obtained
from each animal (Figure 1). No signs of fighting were observed during the experimental
period. None of the animals had adverse events, and all completed the procedure. Animals
became part of our colony once the experiment was completed.

159



Animals 2023, 13, 1026

Figure 1. Experimental procedure.

2.3. Hematological Parameters

Blood samples were obtained by facial vein puncture with a 21 G sterile hypodermic
needle. We collected blood from the facial vein because this procedure has been found to
have the least adverse effects on welfare parameters in mice [44,45]. Samples (15 μL) were
collected using a Microvette® 200K3E with potassium salt of ethylenediaminetetraacetic
acid (EDTA) as an anticoagulant. After sampling, mice were returned to their home cage.
No residual bleeding was noted in any of the animals. The blood was immediately analyzed
for complete blood count: white blood cells (WBC), lymphocytes, monocytes, granulocytes,
red blood cells (RBC), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume
(MCV), hemoglobin (MCH) and hemoglobin concentration (MCHC), red cell distribution
width (RDW), platelets (PLT), mean platelet volume (MPV), platelet distribution width
(PDW), and platelet crit (PCT), using the fully automated CVM-Procell analyzer (CVM
Diagnóstico Veterinario SL). Since the provider could not give us information about the
exact mouse strain, age, or sex where the values were obtained, we first determined if the
blood value range of male and female adult mice of different commonly used strains were
within the normal range indicated by the analyzer. Our results indicated that the normal
range provided for mice by the CVM-Procell analyzer can be used for adult male and
female inbred C57BL/6J, outbred CD1, and immunodeficient CB17.Cg-PrkdcscidLystbg-J/Crl
(SCID Beige) mice (see Supplementary Materials).

2.4. Fecal Corticosterone Metabolites

Fecal samples were obtained by placing each animal on a grid. The fecal boluses were
obtained directly, without possible contamination, placed in an Eppendorf, and stored at
−80 ◦C to determine corticosterone metabolite levels. After sampling, mice were returned to
their home cage. This sampling method may allow a more accurate interpretation of chronic
stress [46]. Moreover, since there is no need to restrain the animals when collecting the
samples, this is a good method for enabling repeated sampling without affecting the animal,
meaning that fecal samples are less affected by hormone secretion fluctuation or pulsatility.
Each fecal sample was homogenized, and an aliquot of 0.05 g was shaken with 1 mL of 80%
methanol in Tris/HCl 20 mM, pH 7.5, for 30 min on a multi-vortex. After centrifugation,
each aliquot was frozen at −80 ◦C until analysis. Fecal corticosterone metabolite levels
were quantified in duplicate using an enzyme immunoassay (Corticosterone Elisa Kit, Enzo
Life Sciences; ADI-900-097), in accordance with the manufacturer’s recommendations, and
a Synergy HT microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). Data were
analyzed by means of a four-parameter logistic curve fit using MyAssays (Data Analysis
Tools and Services for Bioassays; available at https://www.myassays.com/ accessed on 10

160



Animals 2023, 13, 1026

March 2023). The sensitivity of the assay was 27.0 pg/mL, and the intra- and inter-assay
variation coefficients were between 7% and 8%.

2.5. Statistical Analyses

Experimental data were analyzed using GraphPad Prism software (6.01, GraphPad
Software, Inc, San Diego, CA, USA). Group comparisons were performed using a two-way
repeated-measures ANOVA, followed by Bonferroni’s post hoc test. Values of p < 0.05
were considered statistically significant (95% confidence). Data are expressed as the
mean ± standard deviation (SD). The results are described in accordance with the AR-
RIVE guidelines [47].

3. Results

3.1. Body Weight

Both groups of animals gained weight over the duration of the experiment
(F(4,56) = 34,78, p < 0.0001). Grouped mice weighed 36.27 ± 2.46 g at week 0 and
39.46 ± 2.99 g at week 4. Single-housed mice weighed 38.20 ± 3.55 g at week 0 and
41.19 ± 4.29 g at week 4 (Figure 2). No significant differences were observed between
grouped or single-housed mice.

Figure 2. Body weight (g). Data are expressed as the mean ± SD; n = 8 per group.

3.2. Hematological Parameters

The results indicated no significant differences between grouped and single mice in the
number of cells in the white series at either week 1 or week 4. However, significant differences
were observed as a function of time (F(1,14) = 5.52; p < 0.05; Table 1). The post hoc analysis
indicated a significant decrease in WBC after 4 weeks of single housing (t = 2.21; p < 0.05).
When white cell type was analyzed in more detail, significant time-dependent differences
were observed in monocytes (F(1,14) = 10.45; p < 0.01), and the post hoc analysis indicated a
significant drop in monocytes in single-housed mice after 4 weeks (t = 2.714 p < 0.05). Similarly,
significant time-dependent differences were observed in granulocytes (F(1,14) = 7.63; p < 0.05),
which dropped in single-housed mice after 4 weeks (t = 2.46, p < 0.05).
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Table 1. White blood cell population values. Data are expressed as the mean ± SD; n = 8 per group; *
p < 0.05 (week 1 single vs. week 4 single).

Week 1 Week 4 Normal
Range

Unit
Grouped Single Grouped Single

WBC 8.45 ± 3.33 8.15 ± 4.59 7.18 ± 2.59 4.50 ± 1.83 * 0.8–6.8 109/L

Lymph 5.81 ± 2.42 5.73 ± 3.08 4.76 ± 0.81 4.13 ± 0.52 0.7–5.7 109/L

Mon 0.33 ± 0.14 0.34 ± 0.31 0.26 ± 0.11 0.10 ± 0.08 * 0.0–0.3 109/L

Gran 2.33 ± 0.93 1.96 ± 1.50 1.70 ± 0.48 1.07 ± 0.56 * 0.1–1.8 109/L
* White blood cell (WBC), lymphocyte (Lymph), monocyte (Mon), and granulocyte (Gran).

The results indicated no significant differences between groups or timepoints in terms
of the number of red blood cells and platelets (Table 2).

Table 2. Red blood cell and platelet values.

Week 1 Week 4 Normal
Range Unit

Grouped Single Grouped Single

RBC 8.79 ± 1.18 8.32 ± 1.42 8.76 ± 0.95 8.53 ± 0.93 6.36–9.42 1012/L

HGB 14.59 ± 1.85 13.81 ± 2.79 14.73 ± 1.67 13.71 ± 1.42 11–14.3 g/dL

HCT 43.20 ± 5.24 42.15 ± 6.79 44.08 ± 4.64 42.09 ± 4.65 34.6–44.6 %

MCV 49.30 ± 1.09 50.83 ± 0.98 50.20 ± 1.69 49.41 ± 1.88 48.2–58.3 fL

MCH 16.58 ± 1.42 16.38 ± 0.42 16.46 ± 0.36 14.79 ± 0.78 15.8–19 pg

MCHC 337.13 ± 4.78 325.63 ± 5.06 328.86 ± 18.8 325.63 ± 11.4 302–353 g/L

RDW 13.30 ± 0.77 14.74 ± 0.33 13.55 ± 1.13 12.86 ± 1.27 13–17 %

PLT 1021.8 ± 582.3 762.4 ± 498.0 1140.0 ± 226.6 892.4 ± 273.7 450–1590 109/L

MPV 4.91 ± 0.35 5.39 ± 0.15 5.31 ± 0.430 5.13 ± 0.53 3.8–6 fL

PDW 16.88 ± 1.10 17.31 ± 1.47 16.67 ± 1.14 17.21 ± 1.28 - -

PCT 0.41 ± 0.20 0.30 ± 0.27 0.44 ± 0.25 0.31 ± 0.23 - %

Hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), hemoglobin (MCH) and hemoglobin
concentration (MCHC), red cell distribution width (RDW), platelets (PLT), mean platelet volume (MPV), platelet
distribution width (PDW), and platelet crit (PCT).

3.3. Fecal Corticosterone Metabolites

The statistical study of fecal corticosterone metabolite levels revealed a significant
interaction between variables (F(1,14) = 11,40, p < 0.01). The post hoc analysis indicated
significantly higher corticosterone metabolite levels in single-housed (0.225 ± 0.05 ng/mg)
than in grouped animals (0.132 ± 0.02 ng/mg) after 1 week (t = 4.523; p < 0.001). At 4 weeks,
no differences were observed between groups (grouped: 0.165 ± 0.06 ng/mg vs. single:
0.168 ± 0.04 ng/mg; t = 0.488, p > 0.05), and single-housed corticosterone metabolite levels
were normalized (Figure 3).
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Figure 3. Fecal corticosterone metabolites (ng/mg feces). Data are expressed as the mean ± SD;
n = 8 per group; *** p < 0.001.

4. Discussion

It is well known that animal welfare has an effect on the outcome of experiments. We
must, therefore, always consider this factor when designing and carrying out experimental
procedures. However, many researchers systematically tend to individualize animals in
their experiments. Thus, the question we aimed to answer in this study was whether
a lack of social interaction may modify physiological parameters, which may in turn
interfere with experimental results. Our findings indicate that social isolation modifies
some physiological parameters.

As previously reported for CD1 male mice [48–50], social isolation for 4 weeks did
not affect body weight gain. Similarly, our results revealed that social isolation did not
modify RBC parameters. As far as we are aware, this is the first study in mice to analyze
RBC parameters; thus, we cannot compare our results with previous findings.

Mice that were changed from sharing a cage with littermates to living alone showed
higher fecal corticosterone metabolites than those maintained in the group after the first
week, although levels normalized after 1 month. These same results were recently observed
in adult CD1 mice housed in the same conditions as our animals, in a ventilated rack with
environmental enrichment [50], which may indicate habituation to the new situation. Due
to the nature of our experimental design, we were unable to determine when exactly corti-
costerone metabolite levels normalized, and this is one of our study’s limitations. However,
data from a previous study [33] indicated that fecal corticosterone metabolite levels start to
decrease and remain stable from the second week onward. These data are consistent with
those described previously in relation to the return of plasma glucocorticoids to baseline
values during the first week after transport or translocation [51–54]. Among the grouped
animals, no significant changes were observed across individuals, and the standard devia-
tion within groups was very small. Our data, therefore, seem to suggest that, in contrast
to observations by some authors [37,38], remaining grouped together does not appear to
cause the animals any stress. We believe the main reason for this is that, as has indeed
been pointed out previously [32], our mice were littermates and were grouped together
from weaning.

It is well known that increased glucocorticoid levels suppress cellular immunity [55].
No changes in monocytes and granulocytes were observed in single-housed animals after
7 days, although changes were found after 4 weeks. A previous study found no significant
differences in the overall number of blood-circulating leukocytes between CD1 male mice
that were socially isolated for 2 weeks and their socially housed counterparts [36]. However,
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C57BL6/J adult mice separated into individual cages for 2 h every day for 25 days were
found to have a decrease in T cells, B cells, monocytes, and neutrophils [41]. Unfortunately,
our system is not able to distinguish between the different types of lymphocytes and
granulocytes; however, overall, our results are consistent with these findings and highlight
the fact that isolation time is a factor to be considered. Another limitation of the study is that
we did not study humoral immunity; previous studies found that fecal immunoglobulin
A (IgA) excretion (a marker of long-term stress) takes at least 4 weeks to normalize [53].
It is important to note that CD1 adult males isolated for 21 days and subjected to mild
psychological stress had lower splenocyte proliferation and lower IL-2 and IL-4 cytokine
plasma levels than their grouped counterparts [32]. The same results were reported using
shock as a stressor [55].

In addition to the limitations outlined above, our study had some further limitations.
When designing the experiment, we wanted it to be as realistic as possible in terms of the
day-to-day management of our animal facility technicians and researchers. Therefore, the
animals were moved from dirty to clean cages by picking them up by the tail. In recent
years, less aversive handling methods (e.g., tunnel or cup handling) have been shown to
mitigate anxiety and depressive-like behaviors [56–58]. However, a recent study showed
that picking mice up by their tail may not be a significant source of chronic husbandry
stress [59]. In view of the results of this study and our daily practice, we decided to change
the location of animals in this experiment by picking them up by their tail. We are all
aware that efforts have to be made to implement less aversive methods of handling in
daily practice in animal facilities. Nevertheless, it should also be kept in mind that this
procedure takes more time; hence, the amount of work assigned to each technician when
changing cages should also be reviewed. In our work, we did not study whether social
isolation induced behavioral changes in our animals, because we were more interested
in peripheral biomarkers than behavioral parameters. In a recent study performed on
C57BL/6JRj mice housed singly for 10 weeks, no behavioral changes were observed in
exploratory activity, anxiety, working memory, and fear memory [60]. However, a previous
study using C57BL/6J and DBA/2 kept in individual housing for 7 weeks revealed that
individual housing has strong strain- and test-specific effects on emotional behavior and
impaired memory in certain tasks. Single-housed mice were hyperactive and displayed
reduced habituation to novel environments. Reduced anxiety was established in the
elevated plus-maze, but not in the dark/light test. Immobility in the forced swimming
test was reduced by social isolation. Novel object recognition and fear conditioning were
impaired in the single-housed mice, whereas water-maze learning was not affected [61].
In the same way, 2 weeks of single housing plus acute injection stress induced anxiety-
like behavior in C57BL6/J mice [30]. Mouse strain and social environment also influence
depression-like behavior caused by an immune challenge. In this sense, group-housed
CD1 mice exhibited depression-like behavior 1 day after bacterial lipopolysaccharide (LPS)
injection, while the behavior of single-housed CD1 mice was little affected during the
4 weeks of the experiment. In contrast, both grouped and single-housed C57BL/6 mice
responded to LPS with an increase in depression-like behavior [62]. It would be interesting
to conduct future behavioral studies to determine if, under our conditions, single-housed
CD1 male mice show any behavioral changes. Another parameter we did not measure
was body temperature. In recent years, it has been observed that laboratory mice suffer
from thermal stress, and that this affects their immune system, among other physiological
parameters [63,64]. In this sense, huddling, a form of social thermoregulation, is a major
contributor to mice’s thermal physiology. Thus, single-housed mice are usually more
affected by cold temperatures than grouped mice [65]. In order to mitigate this effect,
two sheets of tissue were added to their home cage, and we ensured that they made a
proper nest.

In light of all these data, we recommend keeping males in stable groups from weaning
onward. Researchers should be aware that the change from grouping to living alone
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induces stress and mild immunosuppression in CD1 male mice; hence, if the mice need to
be separated for experimental reasons, these factors should be taken into consideration.

5. Conclusions

We conclude that social isolation has an effect on the immune–endocrine system.
Consequently, the stress associated with the new social situation should be taken into
consideration in the interpretation of research data.
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Simple Summary: When male mice are kept in groups at animal facilities, aggressive interactions
between cage mates are not uncommon. Systematically reviewing previous studies that explored
the cause of male mice aggression, we found that studies were disparate, using several different
strains, a diverse set of environmental enrichments and different ways of grouping and housing mice,
as well as different ways to observe aggression. Understanding the cause of male mice aggression
is difficult when researchers use different methods and study designs. Nevertheless, our results
suggest that home cage aggression is best studied in home cage environments and not by introducing
unfamiliar mice to each other in a novel environment. In addition, while we were able to provide
recommendations on how to minimize aggression, our assessment was that there is no universal
solution that could be used by all animal facilities. Instead, it is important to realize that aggression is
complex and that animal facilities might have to try different possible solutions to find what works
best under their specific conditions.

Abstract: Aggression among group-housed male mice is a major animal welfare concern often
observed at animal facilities. Studies designed to understand the causes of male mice aggression
have used different methodological approaches and have been heterogeneous, using different strains,
environmental enrichments, housing conditions, group formations and durations. By conducting
a systematic literature review based on 198 observed conclusions from 90 articles, we showed
that the methodological approach used to study aggression was relevant for the outcome and
suggested that home cage observations were better when studying home cage aggression than
tests provoking aggression outside the home cage. The study further revealed that aggression is
a complex problem; one solution will not be appropriate for all animal facilities and all research
projects. Recommendations were provided on promising tools to minimize aggression, based on the
results, which included what type of environmental enrichments could be appropriate and which
strains of male mice were less likely to be aggressive.

Keywords: male mice; group housing; aggression; animal welfare; environmental enrichment; group
formation; housing conditions; resident-intruder; social dominance; wound scoring
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1. Introduction

In recent years, several publications have addressed the challenges of keeping male
mice in groups (e.g., [1–5]). Mice are social animals and, according to current legislation
and guidelines [6–8], mice should be group housed when used in research. However,
aggression between male cage mates is one of the main problems in laboratory mouse
husbandry, affecting both animal welfare and scientific quality [2].

Some general recommendations on how to prevent and minimize aggression have been
listed [3,4,9,10]. These include keeping siblings together or grouping familiar mice before
sexual maturity, housing male mice in small groups, transferring nesting material at cage
cleaning, avoiding disturbances, handling mice with care and using strains with low level
of aggression. However, despite being housed according to the general recommendations,
mice sometimes fight when kept in groups, illustrating the complexity of the problem.

Aggression in group-housed male mice has been studied using several different
methodological approaches [2]. One such approach is to observe undisturbed groups
of mice in their home cages; these are usually referred to as home cage observations.
There are also a number of different test protocols used to measure aggression and social
dominance, such as the resident intruder test [11], the social defeat test [12], the novel
arena social encounter test [13] and the tube test [14]. These types of tests mainly focus on
territorial aggression and are designed to induce stress, emotional conflict and frustration,
with aggression as a readout [2]. They are commonly used in studies where mice are
used as animal models to study aggression, social defeat, deficits in social interaction or
mood-related disorders (e.g., [12,15]). In these test situations, mice are removed from the
social context in their home cage, placed in a novel cage or test arena, and often exposed
to unfamiliar conspecifics in different staged encounters. Another way of measuring
aggression is to score wounds on the body of the mice, continuously throughout the study
and/or after the mice have been euthanized [16]. Sometimes a combination of home cage
observations, different test protocols and wound scoring is used.

Aside from differences in methodology, there is a wide variation in different treatments
used to study the effects on aggression, such as group composition, differences between
strains, handling and cleaning routines, housing conditions and access to environmental
enrichment. Environmental enrichment is used to enhance animal welfare by enabling
animals to perform positive natural behaviors and increase their ability to gain certain
control over their environment [17]. Transferring nesting material at cage cleaning has been
shown to decrease aggression [9]. However, the effects of different structural enrichment
items on aggression in male mice remain unclear [17]. For example, different studies
using shelter as enrichment report both increased aggression [18,19] and no effect on
aggression [20–22], while combinations of enrichment items with shelter included have
been reported to decrease aggression [23,24].

In general, few experimental studies have addressed the problem of home cage ag-
gression under normal husbandry conditions [5]. This might be another reason why results
from experimental studies can be difficult to interpret and implement to daily practice in
the lab.

To our knowledge, this is the first systematic review on aggression in group-housed
male laboratory mice. In this dataset, data were systematically collected from articles
investigating this subject. We also included articles that did not have aggression as the
primary outcome, but rather as an additional finding. These articles were selected because
they could contain valuable information and might not have been included in previous
reviews with a focus on animal welfare. Our aim was to map how the literature in the field
support, or do not support, available recommendations on how to prevent aggression in
group-housed male mice, and to detect knowledge gaps that ought to be filled. We also
wanted to address and describe how aggression has been measured in the literature, since
this could influence the possibility of translating outcomes to normal husbandry conditions
and contribute to useful recommendations.
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2. Materials and Methods

2.1. Literature Search

We conducted a systematic literature search on the 12th of December 2018 using the
online databases Medline, Embase and Web of Science. The search included words in titles,
abstracts, author keywords and keywords of scientific publications (henceforth referred to
as records) and was performed via the University Library at Karolinska Institutet, Sweden.
We used the Preferred Reporting Items for Systematic reviews and Meta-Analyses, PRISMA
2020, statement [25]. Details on the search strings are available in the Supplementary
Information. Details of the systematic review protocol have also been registered in the Inter-
national Platform of Registered Systematic Review and Meta-analysis Protocols (INPLASY)
with registration number INPLASY2022120078.

Additional articles from reference lists of three relevant and recent literature
reviews [1,2,9] were also included. Duplicate records were removed so that each reference
was only represented once.

2.2. Inclusion and Exclusion Criteria

The records were screened in a two-step procedure (Figures 1 and S1). In the first
step, titles and abstracts were screened to identify empirical studies on group- or single-
housed male mice, investigating aggression, social dominance, wounds, stereotypies,
stress, physiological parameters or details on husbandry, such as group size, cage cleaning
procedures or enrichment. All records that matched these criteria were preliminarily
included and the reports were assessed for eligibility in full text following set inclusion
and exclusion criteria (Supplementary Figure S1). To be included the article had to: (i) be
available as full text and written in English; (ii) investigate the effects of group housing of
male mice (or male mice and castrated male/female mice); (iii) investigate aggression or
social dominance. Studies that did not have a specific aim to measure aggression but still
drew conclusions about aggression were included. Studies of wild mice or other rodents
than mice were excluded.

2.3. Data Extraction

The methodology, treatment, outcome of experiments and additional relevant informa-
tion were extracted from the included articles. Each experimental outcome will hereafter
be referred to as an observation.

Sometimes, more than one observation was extracted from the same article, e.g., if the
same study explored how enrichment affected aggression in two different strains, or if one
study investigated the effect of both group size and kinship.

The 90 included articles were divided between two authors, who extracted informa-
tion independently. The data were then verified by the author who had not performed
the data extraction. The complete dataset, with all extracted information, is present in
Supplementary Table S1.

2.4. Data Analysis

The author’s original conclusions were extracted from the articles and summarized
and have in no way been reanalyzed.

The methods used to assess aggression were divided into four categories: home cage
observations, test for aggression, wounding and general observation. General observation
refers to studies where no specific method could be identified, but the author had made a
comment about aggression in the specific experiment.

The treatments used to investigate the effects on aggression were categorized as
follows: strain (different strains, substrains or genetically modified strains), enrichment
(enriched/non-enriched conditions or different enrichment items used, as well as cage com-
plexity and resource distribution), time spent in group (amount of time spent in a group),
group formation (group size, sibling/non-sibling, communal nesting, weaning age, age
at group formation, group composition and applying changes to the group composition),
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housing condition (cage size, density, cage setup, cleaning procedure, female mice close to
cage, lightning paradigm, location, scent and identification method) and other (castration,
castrated male or female partner, brain weight and general observations where no specific
treatment had been applied).

 

Figure 1. PRISMA flow diagram. Potentially relevant records collected from a systematic literature
search using three databases (Medline, Embase and Web of Science) and from scanning the reference
lists of three recent literature reviews. Selection performed in two steps; 90 articles suitable for
inclusion. Records refer to title, abstract, author keywords and keywords of scientific publications,
while reports refer to the full text article.

The enrichment items used were first categorized into five major types, related to
which behavioral needs they fulfilled: social (contact, non-contact), occupational (psycho-
logical, exercise), physical (cage, accessories), sensory (visual, auditory, other stimuli) and
nutritional (delivery, type) [26]. To handle the large variation in enrichment items used and
facilitate comparisons within these groups, the enrichments used were then further catego-
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rized into the following eight subgroups, according to the supposed purpose of the item:
shelter, feed enrichment, nesting material, climbing structure, hiding device, locomotor
enrichment, gnawing device and other (Supplementary Tables S3 for categorization and S4
for references). Shelter included items specifically designed to function as a shelter (e.g.,
nest box), whereas hiding device were structures that mice could hide behind, in or under,
but not specifically designed for use as a shelter (e.g., tube).

3. Results

3.1. Search and Study Selection

The database literature search revealed 1420 potentially relevant articles. The reference
lists of three recent literature reviews [1,2,9] added another 316, for a total of 1736 articles.
After removal of duplicates, 1062 abstracts were screened and 605 articles were preliminarily
included. In the full text screening, 90 articles were identified as suitable for inclusion in
the systematic review (Figure 1).

3.2. Description of Data Set

In total, 198 observations were extracted from the 90 articles (Supplementary Table S1).
Each observation corresponded to the outcome of an experiment with respect to the effect
on aggression in group-housed male mice. In most cases, the observations referred to a
specific strain and a specific treatment used to affect aggression. Thus, one article, and even
one experiment, could include several observations (Table 1). Therefore, comparisons of
the outcome on aggression had to be performed among the observations and not between
articles.

Table 1. Treatments used to study the effect on aggression. The different treatments are de-
scribed in detail in the Methods section. One article can contain observations from more than one
treatment category.

Treatments Number of Articles Number of Observations

Enrichment 33 64
Time in the group 27 38

Strain 26 35
Group formation 23 30

Housing condition 16 23
Other 7 8

Data extracted from the articles were divided into different categories based on differ-
ent treatments used to study the effect on aggression (Tables 1 and S2). The most common
treatment used to study effects on aggression was enrichment, followed by time spent in
group, strain and factors related to group formation such as group size and kinship of
groups. Details of the housing conditions, such as cage size and cleaning procedure, were
less commonly studied. Thirty-one articles contained observations from more than one
treatment category.

3.3. Different Methodological Approaches Used to Study Aggression

The methodological approaches used to study aggression can be divided into three
categories: home cage observations, test protocols to measure aggression and scoring of
wounds. Home cage observations were most common, alone or in combination with other
methodological approaches (Figure 2a, Supplementary Table S2). Nineteen articles used
methodological approaches from more than one category e.g., home cage observations and
wound scoring.
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Figure 2. Different methodological approaches to study aggression in the data set. Number of articles
(a) using the different methodological approaches to assess aggression, and proportion of articles
(b) using the different methodological approaches before 2000, between 2001 and 2010 and after 2011.
The color scheme for the different methodological approaches used in (a) also applies to (b). The
proportion of increased, decreased and no effect on aggression varied between the use of home cage
observation, test for aggression and wounding for assessment (c). In panel (c), observations using
more than one methodological approach have been excluded.

The use of different methodological approaches has changed over time (Figure 2b).
Home cage observations, alone or in combination with other approaches, have increased in
publications after 2001 as well as the practice of using more than one type of method to study
aggression. Contrarily, the use of tests to measure aggression as a single methodological
approach has decreased.

When using home cage observations as a single approach to study aggression, obser-
vations showed decreased aggression, increased aggression and no effect on aggression
(Figure 2c). On the other hand, when using tests to measure aggression outside the home
cage and wound scoring, as single approaches to study aggression, decreased aggression
was seldom observed, while observations of increased aggression or no effect were more
commonly reported (Figure 2c). In the sections describing the effects of different treatments
below, the methodological approaches used are not described for each observation. Details
can be found in Supplementary Tables S1 and S2.

3.4. Details and Description of Housing and Husbandry

Details on cage interiors were included in 70% of the articles published before 2011
and in 80% of the articles published after 2011 (Figure 3). During the period 2001–2018,
two-thirds of the articles included information on cleaning routines, compared with only
one third of the articles published before 2001. On the contrary, information about kinship—
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whether groups were put together with male mice from different litters or with siblings—
were included in a larger proportion of the publications before 2011, compared with articles
published between 2011–2018 (from 75–78% before 2011 to 68% during 2011–2018; Figure 3).

 
Figure 3. The availability of details on housing and husbandry has changed over time.

3.5. The Effect of Enrichment on Aggression

In many of the articles included in this systematic review, mice were housed in cages
with enrichment (Supplementary Table S1). However, the results presented in this section
only include papers that specifically studied the effects of enrichment on aggression. In
these studies, the standard cages may have had a baseline level of enrichment (not only
bedding). Thus, the treatment was defined as additional items added to the enriched cages.

Enrichment was the most commonly used treatment to study effects on aggression
(Table 1). More than 40 different enrichment items were used in the different articles
(Supplementary Table S3) and different types of enrichment items were often studied
together (Supplementary Table S4). The majority of all enrichment items used fell under the
major type physical enrichment (38 items in total), including the subgroups nesting material
(5 items, 18 observations), shelter (6, 18), hiding device (10, 23), climbing structure (9, 13),
locomotor enrichment (1, 10) and other (7, 11). The remaining belonged to nutritional
enrichments (4 items in total), including the subgroups feed enrichment (2, 9) and gnawing
device (2, 2). Of the eight subgroups, hiding device was the enrichment category that most
frequently resulted in decreased aggression (Figure 4). This category also had the highest
number of observations, some with only one enrichment item and others where the hiding
device was tested in combination with other items.

From all articles that studied enrichment, there were 13 observations of decreased ag-
gression [21,23,24,27–31], 32 where the enrichment did not have any effect [20–23,29,32–41]
and 15 observations of increased aggression [18,19,22,32,34,37,42–47]. In addition, there
were 4 observations with different outcomes depending on the method used to measure ag-
gression [48–51] (Supplementary Table S4). More than half of the observations of decreased
aggression were based on groups formed from non-sibling mice, or substrains of BALB/c
mice. Non-sibling groups and groups with BALB/c mice were commonly used also in
the observations reporting no effect on aggression. Conversely, sibling groups were more
common among the observations of increased aggression and all observations except two
were based on other strains than BALB/c. When looking at experiments that investigated
the effect of enrichment in C57BL/6, no effect on aggression was most often observed. In
one case there was a decrease in aggression, but increased aggression was never observed
(Supplementary Table S4).
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Figure 4. Effect on aggression using different types of enrichment. Note, this includes experiments
where either one specific enrichment is used, or when several enrichments are used in combination.
In the figure, the category other (11 observations) is excluded due to the variation of enrichments
included in that category. Gnawing device is excluded due to a low number of observations (2). Four
observations with different outcomes, dependent on the method used to measure aggression, are
also excluded.

Cage complexity and resource distribution have also been studied [29,52]. Nadiah et al.
(2014) used two connected cages and found that distributing a combination of enrichment
items over both cages reduced aggression compared to putting all enrichment items in one
cage [29]. Bergmann et al. (1995) studied an enriched setting with one or nine passages to
the fodder rack. The enriched condition resulted in an increased proportion of wounded
mice and the setting with only one passage to the fodder rack had the highest proportion
of injuries [52].

3.6. Aggression Observed over Time

Changes in aggression over time have been studied in multiple articles (Table 1).
However, the amount of time the mice were observed varied from a couple of days to
weeks or months, and were therefore seldom comparable. With no exceptions, a within
approach was used where aggression was measured multiple times and each mouse or
group was compared with itself. In addition, in these studies, there were often interacting
factors, such as enrichment items in the home cage, which sometimes had a direct influence
on the results (Supplementary Table S1). For example, Haemisch et al. in two publications
from 1994, reported increased aggression with time in enriched cages but did not see
any effect in non-enriched cages [32,48]. Ambrose and Morton (2000), on the other hand,
reported increased aggression with time in both enriched and non-enriched cages [24].

From all articles that studied the impact of time spent in a group, there were nine ob-
servations of decreased aggression over time [36,53–61], ten with no effect [32,48,59,61–65]
and 19 observations of increased aggression [13,18,20,24,32,33,48,57,66–72] (Supplementary
Table S5). Aggression as an effect of time has been studied repeatedly in BALB/c [18,20,24,
33,36,65,69,70], C57BL/6 [33,61,65] and CD-1 [13,20,67,71] mice. BALB/c and CD-1 were
more often observed to become increasingly aggressive with time [13,20,24,33,67,69–71].
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3.7. Strain Differences in Aggression

The most commonly used strains in this dataset of 90 articles were BALB/c (24 articles),
C57BL/6 (17 articles) and CD-1 (14 articles) (Supplementary Table S2). Other strains were
used in ≤7 articles.

Differences in aggression between strains, substrains or genetically modified lines
were reported in 34 observations from 26 different articles (Supplementary Table S2). This
included 22 observations of comparisons between two strains (Table 2). Similar to the
complete dataset, BALB/c and C57BL/6 were the most commonly used strains. C57BL/6
was observed to be less aggressive than another strain on six occasions [23,73–75] and
more aggressive only once [33]. BALB/c was observed to be less aggressive than another
strain on five occasions [20,33,73,74,76] and more aggressive than another strain on three
occasions [73–75]. Six direct comparisons between C57BL/6 and BALB/c were identified;
three identified BALB/c as more aggressive [73–75], two did not see any difference [30,65]
and one identified C57BL/6 as more aggressive [33]. C57BL/6 and BTBR have also been
repeatedly compared but no differences in overall aggression were observed [61,77].

Table 2. Aggressive behavior, comparing two strains. BALB/c, C57BL/6, and CD-1 were most
commonly used in the complete dataset and are therefore color-coded in this table; BALB/c in purple,
C57BL/6 in pink and CD-1 in grey.

Methodological Approach Used to Study Aggression

Less
Aggressive

More
Aggressive

Home Cage
Behavior

Test For
Aggression

Wounding
General

Observation
Reference

C57BL/6 BALB/c x [75]
C57BL/6 BALB/c x x [73]
C57BL/6 BALB/c x [74]
C57BL/6 129S a x [23]
C57BL/6 Swiss x x [73]
C57BL/6 NIH x [74]
BALB/c CD-1 b x x [20]
BALB/c FVB x x [76]
BALB/c Swiss x x [73]
BALB/c NIH x [74]
BALB/c C57BL/6 x x x [33]
CBA/J DBA2 x [32]
CD-1 BKW x [78]
NOD FVB x x [76]

No Difference
Home Cage

Behavior
Test for

Aggression
Wounding

General
Observation

Reference

C57BL/6 129S c x [23]
C57BL/6 BALB/c x [30]
C57BL/6 BALB/c x [65]
C57BL/6 BTBR x [77]
C57BL/6 BTBR x [61]

C57BL/6 d BTBR x [77]
C57BL/6 DBA/2 x [79]
BALB/c NOD x x [76]

a In non-enriched cages only. b In severity of wounds. BALB/c had higher number of wounds. c In cages enriched
with a combination of several types of enriched items. d More chasing observed in C57BL/6.

Differences in aggression between different substrains of C57BL/6 or BALB/c were
studied on two occasions [21,41]. Gaskill et al. (2017) compared six different substrains of
C57BL/6 and observed no difference in aggression [41] while Giles et al. (2018) saw more
aggression after cage change in BALB/cJ as compared to BALB/cByJ [21].

Differences in aggression between genetically modified strains, compared to the
corresponding wildtype, have also been observed [72,80–87]. Out of ten observations, six
reported increased aggression in the genetically modified strain [72,83–87]. Martinez-Cue
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et al. (2005) observed a decrease of aggression in a trisomic strain compared to its disomic
control [80] while Trainor et al. (2007) saw no effect on aggression comparing a knockout
strain with its wildtype [81]. Lewejohann et al. (2010) observed a decrease in aggression in
a homozygous knockout strain but no difference in the heterozygous knockout strain [82].
In addition, Sorensen et al. (2005) saw decreased aggression in a transgenic C57BL/6 strain
when housed in mixed groups with wildtype animals [72].

3.8. Size and Group Composition

An effect of group size on aggression was identified in twelve observations from ten
articles (Table 3). However, the definition of small or large groups tended to vary between
articles and, while small groups usually refer to three or sometimes four or five mice, large
groups can refer to five mice all the way up to 10–12 or even 20 mice. Five observations saw
the least aggression in small groups [54,59,70,88,89] while six observed the least aggression
in large groups [42,90–92].

Table 3. Articles that studied the effects of group size on aggression. For each study, the group size
with least aggression is marked in green. Yellow represents no difference between groups.

Group Size
Methodological Approach Used to

Study Aggression

Strain 2 3 4 5 6 8 9 10 12 20
Home Cage

Behavior
Test for

Aggression
Wounding

General
Observation

Reference

BALB/c x x x x x [70]
BALB/c x x x x [88]

Varying strains x x x x x x [89]
Randomly bred x x x x x x [54]

DD/S strain x x x [59]
MF1 x x x [38]

BALB/c x x x [92]
CFLP x x x x [42]
CFLP x x x x [91]

DUB/ICR Swiss x x x x x [90]
DUB/ICR Swiss x x x x x x [90]
DUB/ICR Swiss x x x x x [90]

In this dataset, 65 articles presented information on kinship, whether groups were
formed from sibling or mice from different litters (Figure 3, Supplementary Table S2). It
was more than twice as common to form groups from non-siblings as compared to siblings:
41 and 16 articles respectively. Only six articles studied the effects of group formation on
aggression [58,59,63,64,69,93]. In four articles, no effect on aggression was observed when
comparing groups of siblings with groups of mice from different litters [59,63,64,69]. In the
remaining two articles, one using wild type CD-1 and the other a transgenic line of CD-1,
there was increased aggression in the non-sibling groups [58,93].

Bartolomucci et al. (2004) studied group formation from non-sibling CD-1 mice
at weaning or adolescence and observed increased aggression in groups formed from
juvenile CD-1 mice [93]. The effects of other early life events, such as weaning age [41,94]
and nesting condition (standard or communal) [95], were also studied. The two articles
studying weaning age showed contrary results; one observed increased aggression after
early weaning [94] while the other observed increased aggression after late weaning [41].
When comparing standard or communal nesting, increased aggression was reported in
communal nesting [95].

The effects of regrouping mice were studied in seven articles [41,89,94,96–99]. The
group formation in the experiments varied widely and included single housing at delivery
to be grouped later [96], rearranging group-housed mice into new groups [41,94,97,98] and
removal of alpha males [99]. Only one of these treatments, breaking up groups of fighting
mice into smaller groups with wounded mice only, resulted in decreased aggression [89].
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3.9. Housing Conditions and Male Mouse Aggression

In this dataset, procedures and factors that related to housing conditions were the
least studied category of treatments that could affect aggression (Table 1).

Aggression in relation to different cleaning procedures was studied in four
articles [24,69,72,100]. Transferring the mice to a clean cage and moving nesting mate-
rial to the new cage reduced aggression [69,100]. Placing clean sawdust in a soiled home
cage and moving soiled sawdust or enrichment items to the clean cage increased aggres-
sion [24,69,100].

Another aspect that relates to housing conditions is the cage size, or density in the
cage. Eleven observations from seven articles were related to this aspect: three defined as
density [38,75] and eight as cage size [43,55,70,88,101]. All three observations of density, as
well as three observations of cage size, showed no effect on aggression [38,43,75,101]. These
six observations were made in six different strains. Increased aggression with increasing
cage size was observed three times [70,76,88]. Two of these observations were based on
BALB/c [70,88]. Contrarily, Poole and Morgan (1976) observed decreased aggression with
increasing cage size in LACA/CFW mice, both comparing different groups and from within
analysis of the same mice in different-sized cages [55].

Other practices relating to housing conditions have also been studied [36,41,102].
Disturbed lighting and having female mice close to the male mice cage increased aggres-
sion [36,102]. Gaskill et al. (2017) studied several parameters of the housing condition and
observed increased aggression in mice identified by ear notch as compared to tail tattoo
and increased aggression in lavender-scented cages, as well as a difference in aggression
between racks. No differences were observed within the same rack [41].

4. Discussion

In the articles included in this systematic review, researchers investigated how aggres-
sion among group-housed male mice was affected by environmental enrichment, strain,
age, housing conditions, group formation and time spent in groups. In all treatment cate-
gories, there were observations of decreased aggression, increased aggression, as well as
no effect on aggression. When compiling the results, it was, in many cases, not possible
to single out a clear effect of a specific treatment because of potential bias presented from
other parameters. For example, effects of enrichment in the home cage could be affected
by characteristics of the strain tested, the amount of time the mice were grouped together
before the study or the length of the study itself. Altogether, this confirmed what has been
pointed out in previous review articles on aggression in male mice [1,2]: that the problem
is complex and that it is unlikely that one solution will fit every situation. We also found
indications that the method used to assess aggression could influence the outcome, further
complicating interpretation of results. Still, aggression was decreased when using certain
environmental enrichment items and certain strains.

4.1. Methods Used for Assessment of Aggressive Behaviour

In the included articles, assessments of aggression among group-housed male mice
were performed by observations in the home cage, using tests for aggression outside the
home cage, by registration of wounds, or by a combination of these methods. Home cage
observations of aggression were used in more than half of the articles and this approach has
been more frequently used in recent years (Figure 2b). Studying aggressive behavior in the
home cage is likely more relevant for understanding aggression under normal husbandry
than using aggression tests outside the home cage, as the fighting observed in the home
cage will be linked to social behavior in the group, whereas fighting in a novel environment
or with an intruder captures aggressive behavior in relation to those factors.

Many conclusions of aggression in male mice have historically been drawn from
assessment of aggressive behavior outside the home cage, using tests such as the resident
intruder test and social defeat test (Figure 2b). This approach was used, alone or in combi-
nation, in about one third of the articles in the present systematic review (Supplementary
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Table S2). Not surprisingly, decreased aggression was rarely seen as an outcome in articles
where the aggression was measured outside the home cage (Figure 2c). The large propor-
tion of increased aggression seen when studying aggression outside the home cage could
be a result of the method itself rather than a treatment effect, since the purpose of these
tests is to provoke aggression. Aggression assessed in the home cage, on the other hand,
resulted in decreased, increased or no difference in aggression, evenly distributed between
the included articles. The importance of using reliable methods relevant for assessing
aggression in the home cage when developing/evaluating preventative measures for group
housing male mice was therefore elucidated in this systematic review. The observed effect
of the treatments used to study the effects on aggression varied between articles regarding
strain, environmental enrichment and group formation. In some cases, the results were
contradictory even when using the same comparison/hypothesis. It is thus possible that
the increased aggressive behavior was a result of the aggression test methods rather than
true effects of the specific treatment.

4.2. Environmental Enrichment

Enrichment is commonly used as a means to improve animal welfare and for re-
finement of animal use in research [103,104]. However, general recommendations on
how enrichment should be used to prevent aggression are not straightforward, as enrich-
ment has been reported to have both positive results, negative results or no impact on
aggression [2,17]. This was consistent with the results in this review; in almost half of the
observations, enrichment had neither positive nor negative observed effects on aggression.
Interestingly, enrichment increased aggression in only about 20% of the observations. It is
worth mentioning that some research groups are reluctant to use enrichments because of
a strong belief that enrichments will increase aggression. The presented results indicate
that the type of enrichment used was important, e.g., hiding devices, feed enrichment and
nesting materials, used alone or in combination with other enrichments, were associated
with decreased aggression in male mouse groups (Figure 4). These enrichments resulted
in increased aggression in only seven out of 50 observations (Supplementary Table S4).
Enrichment items that mice can interact and work with, such as nesting material, often
decrease aggression and are generally included in advice for reducing aggression among
male mice [3,4,9,10]. In a study based on data from group-housed male mice in 40 animal
facilities by Lidster et al. (2019), transfer of clean and dry nesting material at cage cleaning
had a clear positive effect, with reduced aggression [3]. Transfer of nesting material was
also perceived as the most effective approach to prevent fighting and aggression in male
mouse groups when asking animal technicians and researchers at Swedish universities at
workshops and in a survey [4]. The workshop and survey respondents also mentioned
adding extra nesting material as efficient. In other species, such as non-human primates,
visual barriers were recommended to minimize aggression when housing animals in social
groups [105]. It could be that providing hiding devices to allow mice to remove themselves
from sight of one another mimics the natural behavior response of fleeing when threatened
by a conspecific [2,41], thus decreasing aggression in mice.

In the present review, locomotor enrichment (wheel) and shelter were associated with
increased aggression in more than half of the observations. Interestingly, a combination
of shelter and wheel were used in five of these nine observations. Mice can defend and
monopolize valuable physical enrichment items, and only a limited number of items can fit
in a conventional mouse cage. Lower levels of aggression when enrichment items were
dispersed was found in both male [29] and female [106] mice. It might be that the shelter
and wheel were only accessible for one or a few mice at a time, especially when the wheel
was connected to the house, resulting in mice displaying resource aggression. If there were
only one entrance, it might also be difficult to escape an aggressive encounter, with the risk
of escalating aggression as a consequence. This could explain why increased aggressive
behavior was found when these types of enrichments were used.
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Interestingly, the results presented herein could indicate that environmental enrich-
ment had a more pronounced positive effect when used in non-sibling male groups. There
were no observations of decreased aggression in sibling groups when assessing effects of
environmental enrichment. This could be due to the overall lower levels of aggression in
groups of siblings. On the contrary, increased aggression in enriched environments was
observed for both sibling and non-sibling groups (Supplementary Table S4).

Recommendations to prevent aggression that considered housing conditions for mice
include transfer of nesting material at cage cleaning [3,4,9,10], avoiding disturbances and
handling mice with care [9]. However, there are no clear recommendations for enrichment.
This could be due to the wide variety of enrichment items and combinations of different
items studied. In the reviewed studies, 42 different enrichment items were used in combi-
nation with different strains and group constellations, making it very difficult to interpret
results and give clear recommendations. Many parameters of normal husbandry can affect
aggression in group-housed laboratory mice. Some, such as enrichment, are often repre-
sented in empirical studies. Despite this, systematic evaluation of many enrichment items is
lacking. Experienced personnel working with mice on a daily basis learn, through trial and
error, what type of enrichments reduce or trigger aggression—but this type of information
is rarely collected systematically by researchers. Information on basic husbandry and
routines were missing in many articles in the present review. A complete methods section
is a prerequisite to be able to repeat experiments, or to implement suggested practices
in normal husbandry. The ARRIVE guidelines [107], originally published in 2010 [108],
should ensure that studies are reported in enough detail. However, several important
parameters were often missing from the reviewed studies.

4.3. Strain

A previously published recommendation advises the use of strains with low preva-
lence of aggression whenever possible [3]. In a study from 2019, Lidster et al. collected
significant data on incidents of aggressive behavior in group-housed mice at animal facili-
ties and determined strain to be one of the key factors influencing prevalence of aggression.
They concluded that C57BL/6 and BALB/c were the two strains that showed lower preva-
lence of aggression [3]. Among the herein included articles, similar tendencies were found.
For example, C57BL/6 mice were less aggressive than their counterparts in all but one
study investigating the difference in aggression between strains. BALB/c mice also showed
low levels of aggression when compared to other strains. In fact, BALB/c mice were more
aggressive only when compared with C57BL/6, indicating that both these strains showed
low levels of aggression. Contrary to these results, C57BL/6 has sometimes been reported
as an aggressive strain when doing surveys and workshops at animal facilities [1,4]. Be-
cause C57BL/6 is a commonly used strain, it is possible that this conception among survey
respondents reflected the large number of C57BL/6 housed at facilities, rather than it being
a more aggressive strain. That being said, if animal technicians experience aggression
among these strains, this should be taken seriously. It is possible that these strains are less
aggressive overall and, under certain conditions, display low levels of aggression, but that
aggression can be triggered in other circumstances. When choosing what strain to use for
animal experiments, we still know very little about what triggers aggression in the various
strains. Empirical studies focused on comparing aggression among strains have shown
somewhat inconclusive results (Tables Table 2 and S2). Considering that studies vary in
a large number of factors other than strain—differences in number of animals per cage,
age, cage size, enrichment items, etc.—it was difficult to interpret results and impossible to
draw any major conclusions based on this dataset alone. Researchers must explore how
aggressive behavior in various strains is influenced by environmental factors. For example,
among the included articles herein, we noted a repeated negative relationship between
cage size and aggression in BALB/c, something that could be further explored. Preferably,
we would like to see systematic studies comparing multiple strains under varying environ-
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mental conditions to help us better understand variations in aggressive behavior and how
it is influenced by other factors in group-housed male mice.

4.4. Group Formation

General recommendations exist, aimed at preventing and minimizing aggression
in group-housed male mice. These are related to group formation, such as housing in
small groups formed from siblings kept together or familiar mice grouped before sexual
maturity [3,9,10]. Recent publications also suggested that male mice can be grouped with
unfamiliar mice at weaning [4], shortly after weaning with one-week age difference between
males [109], or before sexual maturity [110]. In the present review, there was only one
article evaluating age-related aggression or grouping before and after sexual maturity. This
article reported increased aggression in groups formed from unfamiliar mice at weaning,
as compared to groups formed from littermates or groups formed from somewhat older
unfamiliar mice [93]. However, time spent in groups was also studied in some articles,
with a time frame varying from a few days up to 40 weeks (Supplementary Table S5).
Scattered results were observed, including increased aggression, decreased aggression, and
no observed change in aggression, indicating that the incidence of aggressive behavior was
influenced by factors other than time spent together.

In the present review, there were inconclusive results on preferable group size for male
mice. Decreased aggression was observed in smaller groups with 2–5 mice per group as
well as in larger groups of 10–20 mice per group (Table 3). The literature on group size was
divided; there were recommendations for 3 mice per group in some cases (e.g., [70]), while
the incidence of aggression was significantly higher in groups of three, compared to groups
of 4 and 5, in others [3].

4.5. Recommendations Based on Results from the Systematic Review

Based on this literature review, a few recommendations stand out as promising tools
to minimize aggression among group-housed male mice and should be considered.

• Enrichment: Use nesting material and other enrichment items that the mice can
manipulate and work with. Use hiding devices where the mice can hide. Be careful
when using enrichments that can be monopolized by one or a few individuals Note
that environmental enrichment seem to be even more important in non-sibling groups.

• Strain: Use less aggressive strains whenever possible. This literature review indicates
that C57BL/6 and BALB/c show low prevalence of aggression, in line with recently
published advice [3].

• Solutions may vary: Diverging and varying opinions exist between research facilities
concerning what works to prevent aggression. Try different solutions and adjust to
specific needs in your lab. Be aware that the same solution might not work for all
strains and research projects.

• Methods used to study aggression: Be aware that the method used to study aggression
could influence the relevance of the results for home cage aggression. It is therefore
important to evaluate the method used to study aggression before drawing conclusions
on whether or not the reported results should be implemented in daily practice. Recent
studies using home cage observations could provide more reliable information.

4.6. Important Notes for Future Research

To facilitate the understanding of home cage aggression, the most relevant approach
is to study aggression in groups of male mice using home cage observations, where
the social group is kept intact (and not by aggression tests outside the home cage with
unfamiliar mice).

It is important to include all data regarding housing and husbandry in publications so
that results can be interpreted correctly, and comparisons can be made between studies.
Follow the ARRIVE guidelines.
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More systematic studies are needed, using various strains for the same treatments and
housing conditions and the same methods to study aggression.

5. Conclusions

Aggression among group-housed male mice is a major welfare concern. Identifying
factors that prevent aggression and thus enable mice to be held in stable social groups will
not only minimize pain and suffering but also contribute to a reduction in the number of
animals used in research.

The keys to success for male mouse group-housing are multifactorial. There is no
one solution that fits all; solutions can and will vary and must be adjusted depending on
animal facilities and research areas. Finding the factors that work at a given facility may
take time and several factors should be evaluated before resorting to single housing. In
this literature review, a number of recommendations have been identified as promising
tools to minimize aggression among group-housed male mice. Taken together with other
current information from the literature, this study could be an important complement when
developing guidelines on how to prevent aggression when male mice are housed in groups.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani13010143/s1, Supplementary information: Search strings;
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data - information extracted from all included articles; Table S2: Strains, treatments and methods
used to study aggression in all included articles; Table S3: Enrichment items used in the articles
that specifically studied enrichment; Table S4 Articles that study the effect of enrichment items on
aggression; Table S5: Articles that study the effect of time spent in group.
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Simple Summary: Refinement-oriented research remains essential for animal welfare and data
reproducibility. When evaluating mouse locomotion, the implementation of the CatWalk XT is
helpful for gait assessment, but its application requires eliciting movement of the animals across the
corridor, usually by forcing them with unpleasant stimuli. In this study, we tested the efficacy of
clicker training to increase performance with the CatWalk test while assessing behavioral changes
in the Open Field and Elevated Plus Maze to address the well-being of trained and untrained mice.
Clicker training improved running speed on the CatWalk for both sexes. Interestingly, clicker training
appeared to reduce anxiety and improve general well-being parameters in the Open Field and the
Elevated Plus Maze tests to a greater extent in females. We conclude that clicker training enhances
the performance of mice on the CatWalk and is a promising alternative for welfare improvement.

Abstract: The CatWalk test relies on the run of mice across the platform to measure a constant speed
with low variation. Mice usually require a stimulus to walk to the end of the catwalk. However, such
stimuli are usually aversive and can impair welfare. Positive reinforcement training of laboratory
animals is a thriving tool for refinement and contributes to meeting the demands instituted by
Directive 2010/63/EU. We have already demonstrated the positive effects of clicker training. In
this study, we trained male and female mice to complete the CatWalk protocol while assessing the
effects of training on their well-being (Open Filed and Elevated Plus Maze). In the CatWalk test, we
observed that clicker training improved the running speed of the mice. In addition, clicker training
reduced the number of runs required by mice, which was more pronounced in males. Clicker training
lowered anxiety-like behaviors in our mice, especially in females, where a significant difference was
observed between trained and untrained ones. Based on our findings, we hypothesize that clicker
training is an effective tool to motivate mice and increase performance on the CatWalk test without
potentially impairing their welfare (e.g., by puffing them).

Keywords: clicker training; 3Rs; CatWalk test; refinement; welfare

1. Introduction

Brain damage of different natures—trauma, stroke, degenerative diseases, and genetic
manipulations—has often caused an impairment of motor functions. Quantitative mea-
surement of locomotion is an essential method to better understand the mechanisms of
this impairment and, most importantly, to evaluate functional recovery after treatment.
The Noldus CatWalk XT is a computer-assisted gait analysis setup that allows rapid and
objective quantification of many gait parameters in laboratory rodents [1–4]. The CatWalk
XT system detects actual footprints by video recording the animal from below while it
traverses a glass plate. Animal compliance is a critical factor for the success of gait analysis.
Individual animals must run on a glass plate at the highest possible speed. Only in this
case could moderate and subtle deficiencies be appropriately quantified. Moreover, for
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successful analysis, an animal must maintain its speed constant, that is, with low variation.
In this way, a standard practice to promote the movement of mice along the CatWalk
includes using air puffs [5], which makes the animals anxious and thus affects their welfare.
In addition, it takes a considerable amount of time for the experimenter to make each
individual comply to complete the test. If compliance cannot be achieved for all animals,
this increases the number of experimental animals required.

Recently, Noldus company has offered an alternative approach: the home cage of the
individual mouse could be placed at one end of the glass plate in the hope that the mouse
will be motivated to run on the plate in order to reach its home cage; however, it may
not be sufficient to motivate the animal to run with the highest velocity. This approach
is based on anxiety, thus, making mice escape to a safe place (home cage). The question
we are concerned with is how to increase mice’s compliance while preserving maximum
animal performance in the most welfare-friendly way. Clicker training showed promising
approaches to improving animal performance, as is reported in rats [6–10]; however,
researchers reporting successful protocols did not describe them in detail [3–5,11–14]. From
our experience, animal-friendly handling improves mild and moderate procedures in mice.
For instance, we implemented positive reinforcement training to decrease anxiety-like
behaviors, suggesting a less stressful experience for our mice and the experimenter [15].

Positive reinforcement training to improve the performance of mice in the CatWalk
test may involve the implementation of the 3Rs principle (replace, reduce, and refine)
while promoting animal welfare and scientific reproducibility, as required by Directive
2010/63/EU [16]. Refining with positive reinforcement requires, among others, the adop-
tion of strategies to habituate and train animals to perceive fewer threats by gaining partial
control over a situation with a reduction in stress [17,18]. Clicker training is a form of
positive reinforcement in which expected behavior is compensated with a reward [15].
The researchers reported its successful application in companion, zoo, and laboratory
animals [15,19,20]. As mice are notoriously fearful, clicker training of mice appears to be a
genuine and accurate alternative to our laboratory routine [15]. Furthermore, factors that
affect normal animal behavior, such as the experimenter and the environment, can subtly
confound the experimental results [21], so training animals to achieve greater interaction
with their experimenter and environment can improve welfare (by reducing stress) and
science (by improving reproducibility) [22].

Currently, we apply clicker training protocols in mice to the CatWalk test with promis-
ing results. In this study, we evaluated the implementation of our clicker training protocol
to improve participation in the CatWalk test in male and female mice. Subsequently, we
evaluated the individual performance of mice on the Open Field (OF) and the Elevated Plus
Maze (EPM) tests as indicators of stress and anxiety behaviors. We hypothesized that our
clicker training protocol improved CatWalk performance and could potentially decrease
the distress or anxiety caused in mice by the experimental setup and the experimenter.

2. Materials and Methods

This study was carried out following the ARRIVE guidelines [23]. The experimental
design and management procedures were approved by the Rhineland-Palatinate State
Authority (permit numbers: G-18-1-065) following the European Directive 2010/63/EU for
the protection of animals used for scientific purposes.

2.1. Mice

Forty-eight C57BL/6JRj mice (24 eight-week-old males and 24 eight-week-old females)
were purchased from a verified international breeder (Janvier Labs, Le Genest-Saint-Isle,
France). All mice were raised following the recommendations of the Federation of Labora-
tory Animal Science Associations (FELASA). The mice were randomly housed in groups of
four in type II long filter-top cages (Tecniplast, Buguggiate, Italy; SealSafe Plus, polyphenyl-
sulfone, 36.5 cm × 21 cm × 14 cm), equipped with red transparent shelters, cocoons, and
opaque 10 cm PVC tubes (tunnels) to transport the mice in an animal-friendly way. Hous-
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ing followed a 12/12 light–dark cycle (200 lux from 7:00 to 19:00) in a temperature and
humidity-controlled animal room (22–24 ◦C and 50–55%, respectively). Water and food
(ssniff M-Z Extrudat, ssniff, Soest, Germany) were provided ad libitum. The mice were
kept in same-sex groups of four. All animals were allowed a habituation period of one
week before the experimental phase began.

2.2. Clicker Training Protocol

The present protocol was carried out over 11 days; 12 male and 12 female mice were
clicker trained; the other 24 mice only received control handling. The clicker training
protocol was conducted as previously reported [15]. Before the training period started, the
reward (white chocolate cream) was placed into the home cages for 2–3 days. The same
person carried out this protocol in a quiet room to reduce the stress of a new environment.
The training lasted 5 min per mouse, divided into a series of 45 sec of training followed
by a 15-second break during which all training equipment was removed from the cage.
Each mouse was trained individually in the home cage, while the remaining group animals
were transferred to a separate cage with their familiar enrichment. One training cycle was
conducted per day. The reward was presented only for as long as it took the mouse to take
one bite, except for the first display of learning a new task, which was rewarded with a
“jackpot” reward (reward for three seconds).

Clicker training was established in sequential steps. A step was considered successfully
learned after the animal showed 10 repetitions of the trained behavior within two minutes.
Only after successfully training each mouse we moved to the next step. The clicker training
protocol for the current experiment is depicted in Figure 1. In brief: (1) we established a
conditioned connection between the “click” sound and the food reward by continuously
clicking at the exact moment of white chocolate intake (4–5 s). This was repeated 3–4 times
on day one; (2) we placed the familiar tunnel in the empty home cage and took the natural
thigmotaxis of mice into account by placing it along a wall. As soon as the animal entered
the tunnel, we clicked and presented the reward; (3) we placed a target stick (clicker device
with an extendable arm and a small plastic ball attached) on one opening of the tunnel;
when the mouse entered the other side, crossed the tunnel and touched the plastic ball with
its nose, we administered the reward; (4) we placed the target stick close to a wall in the
cage, and as soon as the animal touched it, we clicked, removed the stick, and rewarded.
We proceeded by varying the position of the target stick in the cage (no tunnel was needed
for this task); (5) As soon as each mouse touched the target stick, we started slowly moving
the stick away from the mouse within the cage, leading the mouse to follow it. The first
reward was given when following 1 cm; later, we extended the distance; (6) we transported
the animals individually to the CatWalk and left them roaming freely for 1 min; (7) we
repeated the target stick without tunnel on the CatWalk using the full length of the pathway
without stopping in-between. Rewards were given at the two outer ends of the walkway
immediately after the mouse walked the corridor.

Figure 1. Graphical illustration of the clicker training protocol.

2.3. CatWalk Test

The CatWalk XT (produced by Noldus Information Technology BV, Wageningen,
The Netherlands) is a computerized gait analysis system for assessing forelimb–hindlimb
coordination. The CatWalk structure is comprised of a 130 × 20 × 0.5 cm glass plate, a
120 × 5 cm plastic corridor (with no floor and ceiling) to narrow the running area on the
glass plate, the moveable cover with inbuilt red light providing a background illumination
for video acquisition, and a high-speed video camera mounted below the glass plate
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(Figures 2 and 3a). A source of green LED light is mounted alongside the long edge of the
glass plate in such a way that a green light enters the glass from the edge [24]. Thus, a
green light is internally reflected inside the glass plate (the same principle is used in fiber
optics technology). However, in those areas where the animal paws make contact with the
glass plate, the green light is reflected at about 90◦ down and thus detected by the camera.
The high-speed (100 frames per second) color camera captures these areas and sends the
data to the CatWalk XT software. The red lamp, mounted on top of the mouse, provides
good contrast between the paw prints and the rest of the body.

 

Figure 2. Mouse performing the Catwalk test. The footprint of each paw is visualized in green color.

All 48 mice were moved to the neighboring test room in their home cages and habitu-
ated there for 1 h. In our experiment, each mouse underwent only one testing trial in the
Catwalk. The light in the room was turned off, and after recording the background, one
mouse was randomly selected among not yet tested individuals in its home cage, placed on
one side of the corridor, and left undisturbed for the whole duration of the trial. The cover
was closed, and the software recording started. During the recording period, the mouse
was voluntarily moving back and forth in the corridor. Each time mouse moved through
the recording area, a “run” was registered. The recording was stopped automatically after
three compliant runs were reached. The trial was finished, and the mouse was placed back
in its home cage. The software considers the runs to be compliant when the mouse moves
from one side of the corridor to the other without hesitation, showing no rearing against
the bounding walls or the side walls of the corridor, change in direction, straightening
up on the bounding walls, or other substitute behaviors. A maximum speed variation
of 60% was allowed. The number of runs to reach three compliant runs was recorded.
Once each mouse accumulated three runs, data acquisition stopped automatically. Further,
the running speed data was calculated. CatWalk XT software (Noldus Inc., Wageningen,
The Netherlands) was used to analyze gait patterns. Before starting the next animal, the
running path was cleaned with water.

2.4. Open Field (OF) Test

Running speed, wall latency, and time spent in the center and periphery of the OF
test were evaluated in a white square plexiglass arena (dimensions: 40 × 40 × 40 cm)
(Figure 4a). The mice were placed in the OF center (20 × 20 cm) and allowed to explore it
for five minutes. Target behaviors were analyzed using the Ethovision XT software version
8.5.614 (Noldus Inc., Wageningen, The Netherlands). After each animal, the boxes were
cleaned with water. No experimentalists were present in the room during the test.

2.5. Elevated Plus Maze Test (EPM)

The day after the OF test, the EPM was performed. The mice were placed in the central
intersection (5 × 5 cm) from which the animal had free access to four arms (30 × 5 cm each)
(Figure 5a). Two opposing arms were surrounded by opaque walls (15 cm), while the other
two had no walls. The targeted behaviors were recorded for five minutes using an overhead
video camera (ICD-49, Ikegami Electronics (Europe), Neuss, Germany) and analyzed by the
Ethovision XT software version 8.5.614 (Noldus Inc., Wageningen, The Netherlands). The
EPM was cleaned with water between animal tests. No mice were excluded from the test.
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2.6. Statistical Analysis

Prior to statistical analysis, data were tested for normal distribution by D’Agostino
and Pearson test. All the data shown in this manuscript were normally distributed. Clicker
training data between males and females (Section 3.1) was evaluated by the student’s t-test.
For all the other data (Sections 3.2–3.4), we used two-way ANOVA (main factors: training
and sex) followed by Tukey’s Honest Significant Difference (Tukey HSD) test. Pearson’s
correlation analyses were performed to establish relationships between clicker training and
catwalk running speed. Statistical analyses were performed with GraphPad Prism, version
9.0, for Windows (GraphPad Software, San Diego, CA, USA). The F values indicated the
variance ratio between and within groups. Degrees of freedom are shown as subscripted F
values. Exact p-values were reported in the results and the figures. In all the figures, the
values were expressed as means ± SD. We excluded one untrained female mouse from the
OFT and one trained male mouse from the EPM test (open arms duration) based on the
outlier Grubb’s test (using the log-normal correction). All staff involved in collecting data
in the main study protocol were blinded whenever possible (e.g., video files and behavioral
tests were analyzed by people not directly involved in the housing and training of mice).

3. Results

3.1. Clicker Training

Male and female mice participated well in training. Student t-test indicated that male
mice showed slightly higher average repetitions per day of the desired behavior compared to
female mice (Males: 5.7 ± 3.08; females: 7.8 ± 1.48 (mean ± SD); n = 12; t22 = 2.1; p = 0.02).

3.2. Performance on the CatWalk

We represent the scheme of the CatWalk test in Figure 3a. Both sexes showed higher values
for running speed when trained compared to untrained (Figure 3b). The two-way ANOVA
results indicated a significant effect of training and sex factors (Training F1,44 = 20, p ≤ 0.001;
Sex F1,44 = 8.7, p = 0.005; Interaction F1,42 = 0.4, p = 0.52). Tukey HSD test revealed significant
differences between trained and untrained animals regardless of sex (p = 0.04 and p = 0.004 for
females and males, respectively). Furthermore, there was a significant relationship between
the number of training repetitions per day (from Section 3.1.) and the running speed on the
CatWalk (Pearson r = 0.48; p = 0.01; Supplementary Figure S1).

Clicker training decreased the number of runs necessary to complete a CatWalk trial
in both sexes (Training F1,44 = 7.3, p = 0.009; Sex F1,44 = 0.50, p = 0.48; Interaction F1,44 = 3.9,
p = 0.05). Tukey HSD analyses showed a significant decrease in males but not in females
compared to the untrained group (p < 0.01; Figure 3c).

3.3. Open Field (OF) Test

We represent the scheme of the OF test in Figure 4a. Clicker training significantly
increased the time spent in the center (Training F1,43 = 5.70, p = 0.02; Sex F1,43 = 0.71,
p = 0.40; Interaction F1,43 = 1.6, p = 0.21). However, when comparing the groups by Tukey
HSD test, we only observed a trend between trained and untrained females (p = 0.06;
Figure 4b).

Clicker training significantly increased the distance traveled in the center (Training
F1,43 = 15, p = 0.0004; Sex F1,43 = 0.08, p = 0.77; Interaction F1,43 = 1.1, p = 0.29). Tukey
HSD test revealed specific differences between trained and untrained females (p = 0.01;
Figure 4c), although such difference was not observed in males. Moreover, a subsequent
evaluation of the ratio between distance traveled in the center and total distance traveled
indicated a training factor effect (Training F1,43 = 8.6, p = 0.005; Sex F1,43 = 0.11, p = 0.74;
Interaction F1,43 = 2.2, p = 0.14), but after a multiple comparison test, we found only a
statistical trend between trained and untrained females (p = 0.06; Figure 4d).
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Figure 3. CatWalk XT performance of trained (gray) and untrained (white) C57BL/6J male and
female mice. (a) Scheme of the CatWalk XT platform. (b) Running speed (cm/s). (c) Number of runs
per group (#). We used two-way ANOVA followed by the Tukey HSD test for statistical analysis and
multiple comparisons, n = 12. Each point represents an individual. Bars indicate the means ± SD.
The exact p-value is provided when significant differences are given.

3.4. Elevated Plus Maze (EPM)

We assessed specific parameters in the EPM test (running speed, distance traveled, and
duration in open arms. Figure 5a). Clicker training increased the time mice spent in the open
arms (Training F1,43 = 4.8, p = 0.03; Sex F1,43 = 0.74, p = 0.39; Interaction F1,43 = 0.23; p = 0.63),
although Tukey HSD analyses showed no statistical differences (Figure 5b). The two-way
ANOVA test from a distance traveled in the EPM revealed training and interaction effects
(Training F1,44 = 17, p = 0.0002; Sex F1,44 = 0.41, p = 0.52; Interaction F1,44 = 7.4; p = 0.009).
Tukey HSD analyses revealed a significant increase in the traveled distance of females (not
males) when they were trained (p < 0.001; Figure 5c). Finally, trained mice had higher
running speeds than untrained ones (Training F1,44 = 18; p = 0.0001; Sex F1,44 = 0.35; p = 0.55;
Interaction F1,44 = 7.8; p = 0.007. Figure 5d). When assessing the number of entries in open
arms (Supplementary Figure S2), we found no statistical differences.
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Figure 4. Behavioral activity of trained (gray) and untrained (white) C57BL/6J male and female mice
in the open field (OF) test. (a) Schematic representation of the OF experiment. (b) Time the mice spent
in the center (s). (c) Distance traveled in the center (cm). (d) Distance traveled in the center/distance
traveled in total. Two-way ANOVA followed by the Tukey-HSD test was used for statistical analysis,
n = 12 (untrained females n = 11). Each point represents an individual. Bars indicate the means ± SD.
The exact p-value is provided when significant differences or trends are given.

Figure 5. Behavioral activity of trained (gray) and untrained (white) C57BL/6J male and female mice
in the Elevated Plus Maze (EPM) test. (a) Schematic representation of the EPM experiment. (b) Time
spent in open arms (s). (c) Distance traveled in the EPM (cm). (d) Running speed (cm/s). We used
Two-way ANOVA followed by the Tukey HSD test for statistical analysis, n = 12 (trained males in
5b n = 11). Each point represents an individual. Bars indicate the means ± SD. The exact p-value is
provided when significant differences are given. Two-way ANOVA analysis for open arm duration
(b) indicated an effect of training, although the Tukey HSD test did not show differences.
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4. Discussion

We demonstrated for the first time that clicker training improved the performance of
mice in the CatWalk XT test.

Clicker training started in the home cage before transferring to the CatWalk, simplify-
ing the learning process while maintaining a familiar environment and a parallel reduction
in stress factors. In other words, we simultaneously trained the mice in the CatWalk as ha-
bituation. We found that clicker-trained mice increased their running speed and decreased
the number of runs. The average speed of mice crossing the corridor increased, suggesting
that they increased their motivation to obtain the reward and thus ran faster to the exit at
the end of the corridor. The improvement in motivation is a powerful indicator that our
clicker-trained mice crossed the corridor without hesitation.

Our findings indicated that clicker training lowered the number of runs to complete
the CatWalk. It means that clicker training may offer promising alternatives for both mice
and experimenters. On one side, animals are not forced to cross the corridor (e.g., by puffing
them), improving well-being along the test. On the other side, even if training requires a
time investment, it reduces the number of runs per mouse, optimizing the time required
by the experimenter to assess each mouse in the CatWalk test. We can further hypothesize
that our protocol has the potential to decrease animal numbers by reducing non-compliant
individuals or animals failing to meet run criteria. The fact that we identified clicker
training was adequate for training mice for CatWalk challenges led to the assumption that,
unlike rats, mice cannot be trained to make uninterrupted runs [25]. In this study, we
did not evaluate specific gait parameters, but we hypothesize that clicker training would
improve mice performance in the CatWalk test. We are addressing such a topic in our
current research.

As mentioned, clicker training increased running speed in the CatWalk. Previous
experiments reported changes in the running speed of rats when the reward changed either
in quality or quantity, indicating a negative contrast effect [26,27]. Furthermore, studies that
incorporated self-selection of music (a potential reward) during exercise increased running
speed and general performance in humans [28,29]. In this regard, we must be careful not to
humanize mouse data, but our findings may suggest that positive reinforcement promoted
increases in running speed, suggesting positive welfare statuses.

We observed a significant effect of training in running speed and distance traveled on
the CatWalk, OF, and EMP. Differences were significant in female (trained vs. untrained)
but not in male mice. A recent study demonstrated that the gait performance of young
mice assessed by CatWalk depended on age and sex, suggesting that sex hormones and
genes on the X and Y chromosomes may impact behavioral outcomes [30]. Konhilas et al.
(2004) [31] argued that females had higher aerobic capacity than males, most likely due
to intrinsic differences in heart and skeletal muscle. Furthermore, differences in behavior
depend on the hormonal status of young adult mice [32]. In addition, ovariectomized mice
and rats significantly reduced wheel running compared to their non-ovariectomized and
ovariectomized estrogen-receiving counterparts [31,32]. Although we found no substantial
differences between females and males, we may speculate that positive reinforcement may
modulate sex-intrinsic traits.

Our assumption that training may be beneficial for the well-being relies on the fact
that when trained (compared to those not trained), mice increased the distance traveled on
the EPM and the OF tests while showing a strong tendency to stay in the center of the OF.
When comparing within sex, we found that female mice were significantly more influenced
by training than male mice.

We can infer that clicker training exerted potential reductions in female mice’s stress
and anxiety-like behaviors due to their tendency to explore and interact with the stimuli [33].
Evidently, the physiological and hormonal status may play a sex-specific role in these
behaviors, making female mice more susceptible to clicker training. However, it is a matter
of further research.
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According to our observations, an unexpected finding was the lower behavioral
response between trained and untrained males (compared with trained and untrained
females). We were surprised because the males performed better in home cage training and
required fewer runs to comply with the CatWalk test. Based on our qualitative observations,
an explanation of these findings was that separating the males from the group and putting
the animals back together (after training or conducting a test) resulted in fights, which
could have caused stress to the male animals.

Our present results indicate that clicker training can improve performance in the
CatWalk test and may positively influence mouse welfare. However, we acknowledge the
limitation of the absence of stimuli on untrained animals so that we can directly compare
puffing vs. clicker training, which is a matter of our current experiments.

5. Conclusions

Male and female mice benefited from clicker training. From the point of view of welfare,
the cooperation of animals with the clicker training protocol emerges as a promising way
to reduce stress and anxiety-like behaviors. However, we recommend more research on
the potential influence of clicker training (such as environmental enrichment) on specific
experimental arrangements. We also recommend additional studies modulating the frequency,
quality, and quantity of rewards in male and female mice to establish the benchmark by which
we improve welfare without threatening the reproducibility of the results.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani12243545/s1; Figure S1: Pearson’s correlation test between
clicker training and running speed; Figure S2: Number of entries in the open arms of the Elevated
Plus Maze.
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Simple Summary: Blood sampling from laboratory animals is a routine procedure in biomedical
research, and husbandry is known to affect the quality of animal models. The effect of handling
required by these techniques can have a major impact on the condition and responses of experimental
animals. Comparing three common methods of blood extraction in mice, i.e., saphenous vein phle-
botomy, caudal vein phlebotomy and tail cut blood collection, together with the effect of acclimation,
we study which technique is less stressful for the animal. Our results suggest that saphenous vein
phlebotomy causes less stress even when acclimation is not performed.

Abstract: Blood sampling in rodents is common practice in scientific studies. Some of the refined
methods widely used are the puncture of the saphenous vein or tail vein, or even tail docking. The
handling needs of these different blood sampling methods are different and can directly affect stress,
increasing the variability of the study. Moreover, there is less aversion and stress if the animal is
accustomed to the environment, handling and technique. Therefore, our study aimed to assess the
influence of these three blood sampling techniques (saphenous puncture, tail vein puncture and tail
vein docking) and the use of previous acclimation on different indicators of animal stress, assessing
blood glucose concentrations and faecal corticosterone metabolites (FCMs). Twenty-four young adult
male and female C57Bl6/J mice were divided in three groups by sampling method: tail docking (TD),
saphenous vein puncture (SV) and caudal vein puncture (CV) groups. All mice were studied with and
without acclimation, which was performed during 9 consecutive days. The results showed that both
males and females present very similar responses to the different handling and sampling methods
without significant differences. Nevertheless, acclimation in all sampling methods decreased glucose
and FCM levels significantly. The method that obtained the lowest glucose and FCM levels with
significance was saphenous vein puncture. Therefore, we can say that it causes less stress when
performing prior acclimation, even when this involves greater handling of the animal. Our results
contribute to refinement within the 3R concept and could serve researchers to programme and select
a good handling technique and a welfare-friendly blood sampling method for their experiments.

Keywords: blood sampling; mice; stress; glucose refinement; 3R; acclimation; animal welfare

1. Introduction

“Good welfare equals good science” was demonstrated by Trevor Poole in 1997 [1],
and, according to the principles of replacement, reduction and refinement, adverse effects
such as pain, fear and distress should be avoided or minimised [2]. In addition, the
refinement of techniques is one of the most important principles in laboratory animal
science and must be considered an ethical and legal requirement. Blood sampling is a
common procedure in biomedical research and could be a source of stress that can affect
the variability of results and compromise animal welfare. Different scientific organisations
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have published recommendations and guidelines for commonly used blood sampling
techniques in laboratory mice [3–5], but the techniques differ in their degree of invasiveness
and in the handling duration needed [6,7], which might provoke different grades of distress
in the animals. In this sense, any pain or distress has to be an objective to avoid in all
experiments, and the optimal method needs to be used for collecting blood to accomplish
minimal stress according to principles of replacement, reduction and refinement [8].

The literature describes different methods of blood sampling with more or less restraint
techniques in mice. Hurst and West [9] showed that the handling method itself could be
critical and can induce fear and anxiety responses to human contact. They found that
picking mice up in a handling tunnel or cupping them in the open hand leads to substantial
voluntary interaction with the handler and reduces stress and anxiety. Some blood sampling
methods used in mice require intense handling (vena facialis puncture, retrobulbar sinus
puncture, sublingual vein puncture, saphenous phlebotomy, etc.), and this makes them
probably more stressful than those methods needing less handling. Meyer demonstrated
that a single blood collection from the vena facialis, retrobulbar sinus or tail vessel led to
an acute increase in plasma corticosterone levels, with a strong response when sampling
from the facial vein and retrobulbar sinus [10]. It has been described that mice respond
negatively when the base of the tail is picked up and do not readily habituate to this widely
used method. Furthermore, the use of non-aversive tunnels or cupping methods has shown
a reduction in plasma corticosterone and glucose levels [11] and reduced pain grimace
scores when compared with tail-handled mice [12]. Some studies have shown the influence
of handling on animal welfare and how acclimation reduces stress in mice [13–16].

Several studies compare the quality of blood samples obtained by different blood
sampling methods [4,11,17,18]. Facial vein phlebotomy is a common blood sampling
method in mice due to its simplicity and good quality of blood but requires high restraint.
It allows a maximum allowable sample with minimal trauma [19]. Tail vein sampling is a
quick and simple method that can be practised with a bit of restraint or without restraint
by senior practitioners but requires some dilatation of blood vessels and does not allow
maximum volumes to be obtained. Lateral saphenous vein puncture is a refined method
of blood sampling, which is relatively quick but requires a moderate-to-high restraint
technique [18,20].

The literature describes different methods of blood sampling with more or less restraint
techniques in mice. Manipulation and restraint can have a great impact on animal welfare
and could result in different responses of laboratory animals. In fact, handling stress is
often pointed out as a potential source of unexplained variability of results [21]. This is
due to the influence of management on both behaviour and physiology of animals [22,23],
and not considering this might lead to an increase in the number of animals required
for experiments. Animals in captivity are very sensitive to interaction with humans, so
handling is habitually an unavoidable and variable procedure and animals have to be
familiarised to allow them to learn that these interactions are not harmful [24].

Blood sampling remains the most widely used method for the assessment of
hypothalamic–pituitary–adrenal (HPA) axis activity, and there are currently no appro-
priate alternative methods to assess acute changes [4,11,25]. It is essential to minimise the
stress associated with these techniques and refine to the maximum the techniques used.

Plasma glucose levels are one of the blood parameters used as indicators of stress in
rodents [21,26], since stress-mediated corticosterone production leads to gluconeogenesis
and inhibition of insulin secretion [22]. These studies compare the glucose levels associated
with the blood sampling technique but do not try to minimise these with prior acclimation
of the animals to handling. Corticosterone is the primary glucocorticoid produced and
secreted by the adrenal cortex in mice. It is often referred to as the “stress hormone” as
it is involved in the stress response and affects blood pressure, blood sugar levels and
other actions of stress adaptation [13,27]. The sampling procedure itself can be a source of
stress, and it would be ideal if one could measure it with non-invasive techniques. In this
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way, faecal sampling must be considered a valid non-invasive method for steroid hormone
assessment in laboratory mice and rats [14,25,28,29].

This study aims to compare three different blood sampling methods (saphenous vein
phlebotomy, caudal vein phlebotomy and tail cut blood collection) and the influence of
acclimation to the handling needed in these sampling methods to assess which blood sam-
pling method is less stressful and whether stress can be reduced by acclimation techniques,
together with the haematological and faecal detection of “stress markers” (glucose and
corticosterone faecal metabolites (FCMs)), with the additional focus on sex. The experiment
was performed with C57Bl/6J mice, one of the most widely used inbred strain of mice in
biomedical research and a background strain to most genetically modified mouse mod-
els [30]. Considering different degrees of handling of the three blood sampling methods,
differences in “stress markers” (glucose levels and FCMs) were expected [10,28].

2. Materials and Methods

2.1. Ethical Statement

All procedures were previously approved by the Ethics Committee of the Principe
Felipe Research Center according to the National Law for the Protection of laboratory
animals (RD 53/2013) and the European Union (European Directive 2010/63/EU).

2.2. Animals and Housing Conditions

Twenty-four SPF (specific pathogen-free) young adult male and female C57Bl/6J mice
at the age of 10 to 12 weeks were studied. Mice were obtained from a commercial supplier
(Charles River Laboratories, France) and randomly allocated to the different groups. They
were housed in SPF conditions according to the FELASA guidelines in pressurised and
individually ventilated 1145T (403 × 165 × 174 mm; 435 cm2 floor area; Tecniplast) cages
(70 air changes/h) with irradiated feeding (2014, Envigo, Barcelona, Spain) and autoclaved
water. Nesting material and an autoclaved cardboard cylinder were used. Animals were
allowed to acclimatise for ten days before experimentation. The light/dark cycle in the
animal room consisted of a 12 h/12 h cycle. The temperature was 21 ± 2 ◦C, with a relative
humidity of 50 ± 5% and 15 complete changes of filtered air per hour. Mice were housed
in groups of 4 animals to minimise the impact of individual housing. During the sample
collection, animals were housed in the same described conditions and all manipulations
and sample collections were obtained in diurnal rhythms, between 10:00 and 12:00 in the
morning.

2.3. Experimental Design

Mice were randomly housed, separated by sex and in groups of 4 mice per cage. Cages
were randomly divided into the 3 experimental groups: tail vein (TV) group, saphenous
vein (SV) group and tail cut (TC) group. Blood samples were obtained before and after
acclimation: (a) non-acclimation (PRE-acclimation), where measures were taken with-
out a handling routine; and (b) with acclimation (POST-acclimation), where the animals
were trained with the habitual handling needed for blood sampling, as described below
(Figure 1).
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Figure 1. Experimental design timetable. Blood sampling was performed on day 1 and 9. Faecal
sampling was performed on day 2 and 10.

2.4. Handling Technique

Handling acclimation was always performed in an adjacent experimental room and
the mice were transported in their home cage.

A manipulation routine was established based on the handling needs for each of the
three blood sampling methods of the study. Therefore, a specific handling technique was
developed for each group, with a duration of 60 s per day for 9 continuous days. Procedures
were performed by the same two trained and experienced technicians.

Based on other studies [10–12], the technique has the next sequence:

1. First, animals were placed between the hands of the technician, (as a cave) for about
30 s.

2. Then, the necessary immobilisation for each blood sampling method was performed
for another 30 s: the animals from the TC and TV groups were placed on the cage
rack and their tails were held, simulating the hold necessary for the blood sampling
method, for 30 sec. The animals from the SV group were introduced to a containment
“tunnel/tube”, used later as a trap for sampling for 30 s [14,15].

2.5. Blood and Faecal Sampling

Blood and faecal sampling were always performed in an adjacent experimental room
and the mice were transported in their home cage.

Glucose levels were obtained using a glucometer Contour®XT (Bayer AG, Leverkusen,
Germany) according to the manufacturer’s instructions, with a range of detection of
10 mg/dL to 600 mg/dL of glucose.

After blood sampling, mice were transferred to clean cages and faeces were collected
24 h after in all groups, following the protocol described by DetectX®. Then, 200 μgr of
dried faecal samples were collected into a tube and stored at −21 ◦C until analysis, as
the protocol described. Studies in male and female C53Bl/6 mice report the FCM peak
radioactivity to be about 10 h (range 8–12 h) after injection [16]. In addition, corticosteroid
hormone secretion is usually pulsatile and influenced by feed intake and environmental
factors [17]. In this sense, collection samples from the cage 24 h after blood sampling
include the FCM peak, which avoids the problems of circadian variation and timing of
metabolism and excretion and is a good method for both chronic and acute studies [16].

Samples were identified by condition, not individually, to avoid the need to indi-
vidualise animals and minimise this source of stress [31]. The use of this kind of sample
that does not require restraining animals is a good method to avoid the effect of hormone
secretion. The FCMs were extracted and quantified by enzyme immunometric assay (EIA)
according to the manufacturer’s instructions using a DetectX® Cortisol Immunoassay kit,
with a sensitivity of 27.6 pg/mL and a detection limit of 45.4 pg/mL.
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2.5.1. Tail Vein (TV)

The lateral caudal vein was pricked and a 25-gauge needle was used to puncture the
vein. A blood drop was applied on to the glucose strip. Bleeding was stopped by applying
a slight pressure with fingers.

2.5.2. Saphenous Vein (SV)

The sample was obtained using a similar technique described by Hem and cols. [18].
The mice were restrained, and introduced into a 20 mL falcon. This restraint allowed them
to breathe through a falcon pipe hole at the top. The hind leg was externalized to visualise
the saphenous vein. Hair over the saphenous vein was shaved and a 25-gauge needle was
used to puncture the vein. After the sample was obtained, slight pressure was applied to
stop any bleeding.

2.5.3. Tail Cut (TC)

To obtain samples via cutting the tail, mice were located on the rack cage, allowing
movement as tail vein groups, and a surgical scalpel was used to obtain the sample. In
the cut zone, haemostatic powder (Bioline Pet Styptic Powder) was applied to stop the
bleeding that habitually cannot be stopped with finger pressure alone.

2.6. Statistics

The sample size was calculated and recognised as statistically significant if a minimum
difference of 20 units between any pair of groups in the 3 groups existed, accepting an
alpha risk of 0.05, and a beta risk of 0.2 in a two-sided test. In this condition, a sample size
of four animals per group was established.

Data were summarised using mean (standard deviation) and median (1st–3rd quartile)
in the case of continuous variables, and by absolute frequencies in the case of categorical
variables. The Shapiro–Wilk test confirmed the normal distribution of levels of glucose in
all groups. Comparisons between different groups were made using the t-test (2 groups)
and one-way ANOVA, followed by multiple comparisons (more than two groups). P values
lower than 0.05 were considered statistically significant. All analyses were performed using
R (version 3.5.2, Foundation for Statistical Computing, Vienna, Austria).

3. Results

3.1. Differences between Sexes

Results obtained analysing FCM levels (Table 1) and glucose levels (Figure 2) show
there were no differences between sexes.

Table 1. FCM levels (pg/mL) description by acclimation (PRE, POST) and sex (Female, Male).
Descriptives: sample size, minimum, 1st quartile, median, mean, 3rd quartile, maximum, standard
deviation, t-statistic, p value.

PRE n Min. 1st Qu. Median Mean 3rd Qu. Max. t p Value

Female 12 0.438 0.762 1.086 0.916 1.155 1.223 0.457 0.680
Male 12 0.810 0.959 1.108 1.039 1.153 1.198

POST n Min. 1st Qu. Median Mean 3rd Qu. Max. t p Value

Female 12 0.532 0.635 0.738 0.708 0.797 0.855 1.221 0.298
Male 12 0.224 0.417 0.610 0.502 0.641 0.672
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Figure 2. Differences between glucose levels pre and postacclimation between sexes. Results showed
no differences by sex in all methods used for sampling (TC group p = 0.2; TV group p = 0.69; SV group
p = 0.88).

This is interesting because it is not necessary to use a specific method by sex, and this
allows us to analyse all animals by technique, without taking into account this variable, the
sex. It also allows us to assess the set of all animals as a single group (instead of separate
males and females), so we have a higher sample size for the analysis strategy.

3.2. Differences between Acclimation and Non-Acclimation

Overall, the mean glucose levels were lower in POST- than PRE-acclimation, but these
differences were not statistically significant. We see the same trend when analysing the
glucose levels by technique (Figure 3).

Figure 3. Glucose levels (mg/dL) by technique before (pre-) and after (post-) acclimation.

3.3. Differences between Measurement Methods

Our results show that the mean glucose levels differed in the three evaluated meth-
ods: SV, TC and TV before and after acclimation (Table 2, Figures 4 and 5). Specifically,
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glucose levels were lower in the SV group compared with the other two methods: TV
and TC (both in PRE as in POST). These results showed statistically significant differences
without acclimation between groups: SF–TC (p-value < 0.05) and SV–TV (p-value < 0.1).
Statistically significant differences were shown post-acclimation between groups: SV–TC
(p-value < 0.05) and SV–TV (p-value < 0.05).

Table 2. Description of glucose levels (mg/dL) by acclimation and sampling methods. Descriptives:
sample size, minimum, 1st quartile, median, mean, 3rd quartile, maximum, standard deviation.

n Min. Q1 Median Mean Q3 Max. SD

PRE
TC 8 170 179 185 191 203 216 17.2
TV 8 159 185.5 192.5 188.4 197.8 206 16.9
SV 8 138 151.2 172 167.6 181.8 193 19.9

POST
TC 8 168 172.8 182.5 191.9 210 231 24.6
TV 8 125 158 184 181 207.5 219 33.1
SV 8 119 141 149.5 147.9 159.8 164 15

Figure 4. Differences of glucose levels between methods, without acclimation. Results show differ-
ences were statistically significant between the SV and TC groups (p = 0.083), and between the SV
and TV groups (p = 0.046).

Figure 5. Differences of glucose levels between methods, post-acclimation period. Results show
differences were statistically significant between the SV and TC groups (p = 0.00094) and between the
SV and TV groups (p = 0.046).
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3.4. Faecal Corticosterone Metabolites Levels

Regarding FCM levels by method, we saw lower FCM levels in the TC groups without
these differences being significant (Figure 6).

Figure 6. Differences in FCMs (pg/mL) comparing by methods (p = 0.44).

Comparing groups with or without acclimation, FCM levels were significantly higher
in measurements without acclimation compared with those with acclimation (Figure 7) but
without statistical significance (p = 0.078).

Figure 7. Differences in FCMs (pg/mL) comparing groups with (mean: 0.6052 pg/mL) and without
acclimation (mean: 0.9772 pg/mL).

4. Discussion

The study reported here compares the impact of widely used blood sampling methods
on glucose and FCM levels in C57Bl/6J mice. Plasma glucose in blood samples obtained
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from the tail and saphenous vein by different methods was measured. Faecal corticosterone
was measured by obtaining faeces directly from cages without any kind of manipulation. In
mice, the use of caudal veins in different methods or the use of saphenous phlebotomy are
common techniques for blood sampling [17,18,20,21]. Some studies evaluate and compare
some of them, analysing the quality of blood samples or how stressful the use of such
techniques is for animals [17,26,32]. However, the handling need for these techniques is
not considered and it is well known that handling is a source of stress for animals [12,22].
When mice are handled using a home cage or external tunnel, they show less anxiety in
an elevated plus maze than those picked up by the tail [9,24]. Further, compared with
mice picked up by the tail, mice handled by non-aversive tunnel or cupping methods have
reduced plasma corticosterone, reduced blood glucose and improved glucose tolerance [33].
Monitoring endocrine functions in mice is constrained seriously by the adverse effects of
blood sampling [34,35]. Therefore, non-invasive techniques to monitor stress hormones are
highly demanded in the laboratory as well as in field research [10,29].

Our results show lower glucose levels when saphenous phlebotomy is used comparing
groups with or without acclimation (mean PRE: 167.6 mg/dL; mean POST: 147.6 mg/dL).
These results are not statistically significant but show an important reduction close to
significance. Routine acclimation was obtained based on different studies [9,22]. It has been
described that prior manipulation and habituation reduce anxiety and stress in mice, facili-
tate routine management, improve animal welfare, decrease shortages of data and improve
experimental reliability [10]. However, there is no standard and established technique so
we have to consider that these results could be due to a short routine acclimation period,
and it would be interesting to consider longer periods when blood sampling techniques
are needed.

Groups in which the tail needed to be manipulated did not show this downward
trend. Despite the beneficial effects of handling being known, the tail-pick-up approach,
which is particularly stressful, is still widely used. Some handling procedures such as
picking up animals by the tail may actually simulate the act of being captured and provoke
stress responses [9,36]. The method in which a saphenous vein was used for sampling (SV)
resulted in lower glucose levels. This technique, which apparently needs high manipulation
and could be more stressful than TC or TV, without less handling, could be considered as a
less stressful method. These results confirm that tail manipulation is a stressful technique,
as other studies have shown [32,37,38]. In recent years, less aversive handling methods
(for example, tunnel handling or bowl hand) have been shown to mitigate anxiety and
depressive behaviours in mice [24,39]. In this sense, the SV sampling method allows the
animals to be sheltered (hidden) in the tunnel while the sample is taken, while, in the
other two methods, the animals cannot hide, and the tail is manipulated to a greater or
lesser extent. The standard handling method of picking up mice by the tail increases
behavioural and physiological measures of stress and anxiety, which may explain our
results [24,32,35,40].

Comparing groups by technique without acclimation, we confirmed animals manip-
ulated by the tail (TC and TV groups) showed no differences between them, while the
differences between the saphenous group and the TC group were statistically significant
(p = 0.046). Kress and cols. considered the saphenous technique more stressful than the
puncture of the facial vein because of the time required for sampling and the increase of
corticosterone in urine production, but our results show lower glucose levels, indicating
that the SV method is less stressful than the TV or TC methods [20]. Comparing techniques
after the handling routine, after the acclimation period was completed, we saw similar
results in which the statistically significant differences were between the SV and TV groups,
with a p-value = 0.046, and between the SV and TC groups, with a p-value = 0.00094.
These results confirm that manipulation of the tail and the handling needed for a tail vein
phlebotomy or a tail vein docking is a stressful technique, with the independence of a
previous acclimation period.
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As an additional measure of stress levels, faecal samples were collected to measure
FCMs. Typically, blood serum or plasma is used to measure corticosterone concentrations,
with an increase implying an acute stress response [27], but the measurement of FCMs has
been proposed due to the advantage of it being a non-invasive technique. Corticosterone
in the blood can usually be demonstrated after a few minutes but it requires a quick
analysis because of its short half-life in plasma [11,19]. Nevertheless, corticosterone is a
stable metabolite to detect in faeces. In fact, measurement of FCMs has become a common
approach in evaluating HPA activity because it is non-invasive and provides a relatively
more stable and time-integrated picture of HPA activation than do circulating corticosterone
levels [41]. Therefore, in order to avoid the activation of the HPA axis, which quickly leads
to the secretion of glucocorticoids associated with restraint and manipulation needs to
blood sampling, we analysed faecal corticosterone metabolites using DetectX® Cortisol
Immunoassay, as the protocol described. To minimise interaction with animals to stop
them stressing or influence the results we analysed faecal metabolites by cage 24 h after
sampling [37]. It has been demonstrated that 24 h FCM collection avoids the problems of
circadian variations and it is a good method for both chronic and acute studies [14]. Our
results reflected a reduction in FCMs after acclimation but without statistical significance.
However, since we only measured the total amount of FCMs excreted 0–24 h after blood
sampling by cage, additional faecal sampling would be necessary to assess whether there
is an effect of blood sampling on FCMs.

We know that isolation allows easier collection of faeces and would have increased the
number of samples, but it has been demonstrated to induce an increase in corticosterone lev-
els with respect to animals housed in standard cages, in groups of two-to-three per cage [42].
Alterations in neurochemistry, metabolism, growth, reproduction and dopaminergic hy-
peractivity have been found in shared neural regions, implicated with the performance of
stereotypy in isolated mice. Animals habituated to stable groups show less stress than when
in individual housing [18,43], but our results do not show differences between methods and
between pre- and post-acclimation (p = 0.078). The TV method shows lower FCM metabo-
lites than the other methods, and FCM levels are significantly higher without acclimation
than those obtained with acclimation.

Interestingly, there are some studies concerning the differences in anxiety and stress
responsiveness by sex [42,44], but we found no statistically significant differences in this
respect. Hurst and West demonstrated similar responses to the different handling methods
in males and females mice. Further, their studied ICR and C57Bl6/J strains, and both strains
showed the same general differences in responses on tunnel and tail handling [9]. On the
basis of the results obtained in this work, the following studies will be proposed in which
some methodological limitations concerning the experimental design or the consideration
of multifactorial designs in the analysis will be improved, allowing joint treatment of all
the variables of interest, with a global approach to all the possible sources of variability. In
light of all these data, we suggest the use of the SV technique for blood sampling as a less
stressful method and highlight the importance of acclimation in any manipulation and any
technique in which restraint is needed.

5. Conclusions

We conclude that acclimation must be considered a requirement to minimise stress in
mice blood sampling techniques. The use of the saphenous vein for blood sampling, despite
the handling needed, could be considered a less stressful technique than tail docking or tail
phlebotomy.

These results allow researchers to select the most welfare-friendly blood sampling
technique objectively from studied techniques for a given experiment and contribute to
refinement within the 3R concept, the essential concept on which laboratory animal science
is based.

208



Animals 2023, 13, 2816

Author Contributions: Conceptualization, V.B. and N.M.; methodology, and acquisition of the data,
A.M. and D.G.; analysis and interpretation of the data, F.G.-G.; analysis and interpretation of the data
N.M.; writing—review and editing, V.B. 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 animal study protocol was approved by the Institutional
Ethics Committee of Prince Felipe Research Center (CIPF) and by Valencia Government as national
laws required with code 2018/VSC/PEA/0075 on 18 May 2018.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data of the study can be made available upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Poole, T. Happy animals make good science. Lab. Anim. 1997, 31, 116–124. [CrossRef] [PubMed]
2. Prescott, M.J.; Lidster, K. Improving quality of science through better animal welfare: The NC3Rs strategy. Lab Anim. 2017, 46,

152–156. [CrossRef]
3. National Centre for the Replacement Refinement & Reduction of Animal in Research (NC3Rs). Blood Sampling Mouse; NC3Rs:

London, UK, 2013.
4. Morton, D.B.; Abbot, D.; Barcley, R.; Close, B.S.; Ewbank, R.; Gask, D.; Heath, M.; Mattic, S.; Poole, T.; Seamer, J.; et al. Removal of

blood from laboratory mammals and birds. First report of the BVA/FRAME/RSPCA/UFAW Joint Working Group on Refinement.
Lab. Anim. 1993, 27, 1–22.

5. Dülsner, A.; Hack, R.; Krüger, C.; Pils, M.; Scherer, K.; Schmelting, B.; Schmidt, M.; Weinert, H.; Jourdan, T. Recommendation for
Blood Sampling in Laboratory Animals, Especially Small Laboratory Animals; Gesellschaft für Versuchstierkunde: Freiburg, Germany,
2017.

6. Hoff, J. Methods of Blood Collection in the Mouse. Lab. Anim. 2000, 29, 47–53.
7. Forbes, N.; Brayton, C.; Grindle, S.; Shepherd, S.; Tyler, B.; Guarnieri, M. Morbidity and mortality rates associated with serial

bleeding from the superficial temporal vein in mice. Lab. Anim. 2010, 39, 236–240. [CrossRef]
8. Russell, W.M.S.; Burch, R.L. The Principles of Humane Experimental Technique; Universities Federation for Animal Welfare: Hertford-

shire, UK, 1959.
9. Hurst, J.L.; West, R.S. Taming anxiety in laboratory mice. Nat. Methods 2010, 7, 825–826. [CrossRef]
10. Meyer, N.; Kröger, M.; Thümmler, J.; Tietze, L.; Palme, R.; Touma, C. Impact of three commonly used blood sampling techniques

on the welfare of laboratory mice: Taking the animal’s perspective. PLoS ONE 2020, 15, e0238895. [CrossRef] [PubMed]
11. Balcombe, J.P.; Barnard, N.D.; Sandusky, C. Laboratory routines cause animal stress. J. Am. Assoc. Lab. Anim. Sci. 2004, 43, 42–51.
12. Roughan, J.V.; Sevenoaks, T. Welfare and Scientific Considerations of Tattooing and Ear Tagging for Mouse Identification. J. Am.

Assoc. Lab. Anim. Sci. 2019, 58, 142–153. [CrossRef]
13. Meijer, M.K.; Sommer, R.; Spruijt, B.M.; van Zutphen, L.F.M.; Baumans, V. Influence of environmental enrichment and handling

on the acute stress response in individually housed mice. Lab. Anim. 2007, 41, 161–173. [CrossRef]
14. Festing, M.F.; Baumans, V.; Combes, R.D.; Haider, M.; Hendriksen, C.F.; Howard, B.R.; Lovell, D.P.; Moore, G.J.; Overend, P.;

Wilson, M.S. Reducing the Use of Laboratory Animals in Biomedical Research: Problems and Possible Solutions. Altern. Lab.
Anim. 1998, 26, 283–301. [CrossRef]

15. Howard, B.R. Control of variability. ILAR J. 2002, 43, 194–201. [CrossRef] [PubMed]
16. Kim, S.; Foong, D.; Cooper, M.S.; Seibel, M.J.; Zhou, H. Comparison of blood sampling methods for plasma corti-costerone

measurement in mice with minimal stress-related artefacts. Steroids 2018, 135, 69–72. [CrossRef]
17. Christensen, S.D.; Mikkelsen, L.F.; Fels, J.J.; Bodvarsdóttir, T.B.; Hansen, A.K. Quality of plasma sampled by different methods for

multiple blood sampling in mice. Lab. Anim. 2009, 43, 65–71. [CrossRef] [PubMed]
18. Aasland, K.E.; Skjerve, E.; Smith, A.J. Quality of blood samples from the saphenous vein compared with the tail vein during

multiple blood sampling of mice. Lab. Anim. 2010, 44, 25–29. [CrossRef]
19. Lambillotte, C.; Gilon, P.; Henquin, J.C. Direct glucocorticoid inhibition of insulin secretion. An in vitro study of dexame-thasone

effects in mouse islets. J. Clin. Invest. 1997, 99, 414–423. [CrossRef]
20. Kress, A.P.A.; Zhang, Y.; Kaiser-Vry, A.R.; Sauer, M.B. A Comparison of Blood Collection Techniques in Mice and their Effects on

Welfare. J. Am. Assoc. Lab. Anim. Sci. 2022, 61, 287–295. [CrossRef] [PubMed]
21. Parasuraman, S.; Raveendran, R.; Kesavan, R. Blood sample collection in small laboratory animals. J. Pharmacol. Pharmacother.

2010, 1, 87–93. [CrossRef]
22. Gouveia, K.; Hurst, J.L. Reducing Mouse Anxiety during Handling: Effect of Experience with Handling Tunnels. PLoS ONE 2013,

8, e66401. [CrossRef]

209



Animals 2023, 13, 2816

23. Meaney, M.J.; Diorio, J.; Francis, D.; Widdowson, J.; LaPlante, P.; Caldji, C.; Sharma, S.; Seckl, J.R.; Plotsky, P.M. Early environ-
mental regulation of forebrain glucocorticoid receptor gene expression: Implications for adrenocortical responses to stress. Dev.
Neurosci. 1996, 18, 49–72. [CrossRef]

24. Gouveia, K.; Hurst, J.L. Improving the practicality of using non-aversive handling methods to reduce background stress and
anxiety in laboratory mice. Sci. Rep. 2019, 9, 20305. [CrossRef]

25. Mormède, P.; Andanson, S.; Aupérin, B.; Beerda, B.; Guémené, D.; Malmkvist, J.; Manteca, X.; Manteuffel, G.; Prunet, P.; van
Reenen, C.G.; et al. Exploration of the hypothalamic–pituitary–adrenal function as a tool to evaluate animal welfare. Physiol.
Behav. 2007, 92, 317–339. [CrossRef] [PubMed]

26. Moore, E.S.; Cleland, T.A.; Williams, W.O.; Peterson, C.M.; Singh, B.; Southard, T.L.; Pasch, B.; Labitt, R.N.; Daugherity, E.K.
Comparing Phlebotomy by Tail Tip Amputation, Facial Vein Puncture, and Tail Vein Incision in C57BL/6 Mice by Using
Physiologic and Behavioral Metrics of Pain and Distress. J. Am. Assoc. Lab. Anim. Sci. 2017, 56, 307–317.

27. Thanos, P.K.; Cavigelli, S.A.; Michaelides, M.; Olvet, D.M.; Patel, U.; Diep, M.N.; Volkow, N.D. A non-invasive method for
detecting the metabolic stress response in rodents: Characterization and dis-ruption of the circadian corticosterone rhythm.
Physiol. Res. 2009, 58, 219–228. [CrossRef] [PubMed]

28. Palme, R. Non-invasive measurement of glucocorticoids: Advances and problems. Physiol. Behav. 2018, 199, 229–243. [CrossRef]
29. Touma, C.; Palme, R.; Sachser, N. Analyzing corticosterone metabolites in fecal samples of mice: A noninvasive technique to

monitor stress hormones. Horm. Behav. 2004, 45, 10–22. [CrossRef] [PubMed]
30. Crawley, J.N.; Belknap, J.K.; Collins, A.; Crabbe, J.C.; Frankel, W.; Henderson, N.; Hitzemann, R.J.; Maxson, S.C.; Miner, L.L.;

Silva, A.J.; et al. Behavioral phenotypes of inbred mouse strains: Implications and recommendations for molecular studies.
Psychopharmacology 1997, 132, 107–124. [CrossRef]

31. Ortega-Saez, I.; Díez-Solinska, A.; Grífols, R.; Martí, C.; Zamora, C.; Muñoz-Culla, M.; Vegas, O.; Azkona, G. Individualized
Housing Modifies the Immune–Endocrine System in CD1 Adult Male Mice. Animals 2023, 13, 1026. [CrossRef]

32. Dobrakovová, M.; Kvetnanský, R.; Oprsalová, Z.; Jezová, D. Specificity of the effect of repeated handling on sympathetic-
adrenomedullary and pitui-tary-adrenocortical activity in rats. Psychoneuroendocrinology 1993, 18, 163–174. [CrossRef]

33. Ghosal, S.; Nunley, A.; Mahbod, P.; Lewis, A.G.; Smith, E.P.; Tong, J.; D’Alessio, D.A.; Herman, J.P. Mouse handling limits the
impact of stress on metabolic endpoints. Physiol. Behav. 2015, 150, 31–37. [CrossRef]

34. Ayala, J.E.; Bracy, D.P.; McGuinness, O.P.; Wasserman, D.H. Considerations in the Design of Hyperinsulinemic-Euglycemic
Clamps in the Conscious Mouse. Diabetes 2006, 55, 390–397. [CrossRef]

35. Ayala, J.E.; Samuel, V.T.; Morton, G.J.; Obici, S.; Croniger, C.M.; Shulman, G.I.; Wasserman, D.H.; McGuinness, O.P. Standard
operating procedures for describing and performing metabolic tests of glucose homeostasis in mice. Dis. Model. Mech. 2010, 3,
525–534. [CrossRef]

36. Resch, M.; Neels, T.; Tichy, A.; Palme, R.; Rülicke, T. Impact assessment of tail-vein injection in mice using a modified anaesthesia
induction chamber versus a common restrainer without anaesthesia. Lab. Anim. 2019, 53, 190–201. [CrossRef]

37. Harikrishnan, V.; Hansen, A.K.; Abelson, K.S.; Sørensen, D.B. A comparison of various methods of blood sampling in mice and
rats: Effects on animal welfare. Lab. Anim. 2018, 52, 253–264. [CrossRef] [PubMed]

38. Madetoja, J.; Madetoja, M.; Makinen, J.; Riuttala, E.; Jokinen, J. Blood sampling from the tail vein, in comparison with two other
techniques, causes less stress to mice. Scand. J. Lab. Anim. Sci. 2009, 36, 215–221.

39. Marcotte, M.; Bernardo, A.; Linga, N.; Pérez-Romero, C.A.; Guillou, J.-L.; Sibille, E.; Prevot, T.D. Handling Techniques to Reduce
Stress in Mice. J. Vis. Exp. 2021, 175, e62593.

40. Teilmann, A.C.; Kalliokoski, O.; Sørensen, D.B.; Hau, J.; Abelson, K.S.P. Manual versus automated blood sampling: Impact of
repeated blood sampling on stress parameters and behavior in male NMRI mice. Lab. Anim. 2014, 48, 278–291. [CrossRef]

41. Sheriff, M.J.; Dantzer, B.; Delehanty, B.; Palme, R.; Boonstra, R. Measuring stress in wildlife: Techniques for quantifying
glucocorticoids. Oecologia 2011, 166, 869–887. [CrossRef]

42. Gomez-Sanchez, E.P.; Gomez-Sanchez, C.E. The effect of gonadectomy and aromatase inhibition on the excretion of 19-
nordeoxycorticosterone in rats. J. Steroid Biochem. Mol. Biol. 1991, 39, 185–188. [CrossRef]

43. Krohn, T.; Sørensen, D.; Ottesen, J.; Hansen, A. The effects of individual housing on mice and rats: A review. Anim. Welf. 2006, 15,
343–352. [CrossRef]

44. Touma, C.; Sachser, N.; Möstl, E.; Palme, R. Effects of sex and time of day on metabolism and excretion of corticosterone in urine
and feces of mice. Gen. Comp. Endocrinol. 2003, 130, 267–278. [CrossRef] [PubMed]

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.

210



Citation: Ruvira, S.;

Rodríguez-Rodríguez, P.; Cañas, S.;

Ramiro-Cortijo, D.; Aguilera, Y.;

Muñoz-Valverde, D.; Arribas, S.M.

Evaluation of Parameters Which

Influence Voluntary Ingestion of

Supplements in Rats. Animals 2023,

13, 1827. https://doi.org/10.3390/

ani13111827

Academic Editor: Garikoitz Azkona

Received: 28 March 2023

Revised: 29 May 2023

Accepted: 30 May 2023

Published: 31 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

Article

Evaluation of Parameters Which Influence Voluntary Ingestion
of Supplements in Rats

Santiago Ruvira 1,2,†, Pilar Rodríguez-Rodríguez 1,2, Silvia Cañas 2,3,4, David Ramiro-Cortijo 1,2,

Yolanda Aguilera 2,3,4, David Muñoz-Valverde 5 and Silvia M. Arribas 1,2,*

1 Department of Physiology, Faculty of Medicine, Universidad Autónoma de Madrid, C/Arzobispo Morcillo 2,
28029 Madrid, Spain

2 Food, Oxidative Stress and Cardiovascular Health (FOSCH) Research Group, Universidad Autónoma de
Madrid, Ciudad Universitaria de Cantoblanco, 28049 Madrid, Spain

3 Department of Agricultural Chemistry and Food Science, Faculty of Science, Universidad Autónoma de
Madrid, C/Francisco Tomás y Valiente 7, 28049 Madrid, Spain

4 Institute of Food Science Research (CIAL), Universidad Autónoma de Madrid (UAM-CSIC), C/Nicolás
Cabrera 9, 28049 Madrid, Spain

5 Animal House Facility, Veterinary Unit, Faculty of Medicine, Universidad Autónoma de Madrid,
C/Arzobispo Morcillo 2, 28029 Madrid, Spain

* Correspondence: silvia.arribas@uam.es
† Student of PhD Program in Pharmacology and Physiology, Doctoral School, Universidad Autónoma de

Madrid, Ciudad Universitaria de Cantoblanco, 28049 Madrid, Spain.

Simple Summary: Preclinical studies evaluating the safety and efficacy of new drugs require experi-
mental animals, which is important to ensure both adequate dosage and animal welfare. Administra-
tion through voluntary ingestion can improve animal wellbeing. We aimed to develop a protocol
using small gelatin cubes to train rats, assessing the influence of age, sex, fasting, flavors (vanilla), and
sweeteners (sucralose) to accept the new food. We tested the usefulness of the protocol to supplement
rats during lactation. We demonstrated that most animals were easily trained to accept the gelatin
cube in 2–3 days. However, some rats refused the new food even after 8 days. The proportion of rats
that did not train was higher in adult males compared to young males, adults, and young females,
suggesting the influence of sex. Four-hour food deprivation reduced the time for acceptance only in
females, but flavoring or sweeteners in the gelatin did not modify it. Rats trained prior to gestation
remembered training 2 months later and ate a gelatin containing a supplement daily during lactation
for 1–5 min, without problems with the pups. We conclude that gelatin-based supplementation can
be used for drug studies in rats, ensuring adequate dosage and wellbeing, which is important for the
detection of non-trained rats.

Abstract: Drug safety and efficacy studies frequently use oral gavage, but repetitive usage may cause
problems. Administration through voluntary ingestion represents an opportunity for refinement. We
aimed to develop a protocol for voluntary ingestion of gelatin-based supplements in rats, assessing
the influence of age, sex, fasting (4 h), and additives (vanilla, VF; sucralose, S), and to test it in
lactating dams. Three-week-old and 5-month-old Sprague-Dawley rats were placed individually
in an empty cage containing a gelatin cube and trained daily (5 days/week), recording the day the
whole cube was consumed (latency). Rats trained prior to gestation were offered a gelatin containing
250 mg/kg cocoa shell extract (CSE) during lactation. Rats that did not eat the cube after 8 training
days were considered non-habituated, with a proportion similar in young males (7.1%), young
females (11.1%), and adult females (10.3%), but significantly higher in adult males (39.3%). Exclud-
ing non-habituated rats, latency was 2–3 days, without differences between young and adult rats
(p = 0.657) or between males and females (p = 0.189). VF or VF + S in the gelatin did not modify
latency, while fasting significantly reduced it in females (p = 0.007) but not in males (p = 0.501). During
lactation, trained females ate the CSE-gelatin within 1–5 min without litter problems. Conclusions:
Acceptance of a gelatin-based supplement is negatively influenced by male sex, facilitated by fasting,
and not modified by additives. Training is remembered after 2 months and does not interfere with
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lactation. Gelatin-based voluntary ingestion is suitable to administer drugs that need to pass through
the digestive system, ensuring adequate dosage, and is important to detect non-habituated rats prior
to the study. The current protocol may be implemented by training the rats in their own cage.

Keywords: food supplement; gelatin; voluntary ingestion; habituation; rats; sex; refinement

1. Introduction

Animal experimentation constitutes a relevant aspect of biomedical research and a
key piece of preclinical research to evaluate the safety and efficacy of new drugs. This type
of research requires repetitive administration of substances, which is a critical component
of experimental design and represents a good opportunity for refinement [1].

The development of nutraceuticals or the testing of drugs that need to pass through
the digestive system involves the oral administration of selected compounds. The most
common form is oral gavage, which consists of force-feeding a substance with a tube
inserted in the mouth and then into the stomach. Gavage provides a rapid and efficient
means of accurately delivering oral dosing to rodents, and it is applicable to unanesthetized
animals. However, oral administration is not exempt from serious complications, including
reflux, aspiration, esophageal irritation, and inflammation. The main complication is
reflux and respiratory aspiration, which have been reported to cause around 20% mortality
in some studies, depending on dosage [2,3]. Besides, the procedure causes stress, as
evidenced by the increase in corticosterone levels [4,5]. Even though these alterations
may be minimized by appropriate handling by an experienced technician [6], they may
interfere with animal welfare and with the interpretation of results. Thus, reducing the
stress associated with chronic drug delivery to experimental animals is desirable. Besides,
the use of oral gavage may be particularly detrimental in periods such as gestation or
lactation since it may influence maternal behavior with detrimental effects on pups [7].

An alternative to oral gavage is the administration of the compound of interest mixed
with an attractive vehicle by voluntary ingestion. Among vehicles, jam [8], gelatin [9],
cookie dough [10], or nut paste [11] have been successfully used in rodents. One of the
challenges is to guarantee adequate dosage, i.e., to ensure full ingestion, particularly if
the substance under study is bitter [10], and most of the above-mentioned studies include
flavoring substances and sweeteners in the vehicle. It must be noted that for some types of
studies, it would be preferable to avoid a vehicle with a high caloric content.

In the voluntary acceptance of supplements, a key issue is the fact that rodents have a
natural neophobia, and recent data indicate that this may be modulated by sex and age [12].
Therefore, our objective was to evaluate several factors that may influence the voluntary
ingestion of a novel food in rats and refine protocols for supplement administration. Using
gelatin cubes (GC), we studied in Sprague-Dawley rats the effect of intrinsic (sex and
age) and extrinsic (additives and fasting) factors on (1) the percentage of successfully
trained rats, (2) the training time requested for full acceptance (latency to ingestion), and
(3) the capacity to recall after a period of training. Besides, we have also evaluated the
effectiveness of the training to supplement lactating rats with an extract derived from
cocoa shell (CSE), a by-product derived from the chocolate manufacturing industry rich in
bioactive compounds with potential to reduce cardiometabolic diseases, which we have
previously analyzed in vitro [13]. Based on our findings, we propose some key points that
may be useful for researchers willing to use this method of supplementation.

2. Materials and Methods

2.1. Experimental Animals

Sprague-Dawley rats from the colony bread at the animal house facility of the Uni-
versidad Autónoma de Madrid (ES-28079-0000097) were used at the following age points:
3-week-old (young rats; n = 9 females and n = 14 males); 5-month-old (adult rats; n = 35 fe-
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males and n = 40 males). We also used 7 lactating rats to evaluate the acceptance of a gelatin
containing a compound of interest (CSE) after training. The experimental procedures con-
formed to the Guidelines for the Care and Use of Laboratory Animals (National Institutes
of Health publication no. 85-23, revised in 1996), the Spanish legislation (RD 53/2013),
and the Directive 2010/63/EU on the protection of animals, and were approved by the
Ethics Review Board of Universidad Autónoma de Madrid and the Regional Committee of
Comunidad Autónoma de Madrid (PROEX 19/04; approval date: 20 March 2019).

After weaning, rats from the same sex were housed in groups of 3–5 per box and
maintained in type III cages (24 × 19 × 45 cm; length × height × width) or type IV cages
(55 × 18 × 32 cm; length × height × width), according to the number and weight of the
rats, with poplar bedding. Cellulose nestlets and play tunnels (Index Research S.L., Madrid,
Spain) were used for environmental enrichment. The animals were constantly kept under
controlled conditions of temperature (22 ◦C), humidity (40%), and photoperiod of 12 h of
darkness and 12 h of light. Rats were fed ad libitum (except during fasting periods) with a
diet containing 51.7% carbohydrates, 21.4% protein, 5.1% lipids, 3.9% fiber, 5.7% minerals,
and 12.2% humidity (SafeA03; Safe Augy, France). Drinking water was also provided ad
libitum. The animal health was regularly monitored by staff, ensuring rats were free from
pathogens that may interact with any of the parameters studied.

2.2. Gelatin Cubes Preparation

The cubes for training were prepared with 100% bovine gelatin (Inkafoods, S.L.,
Barcelona, Spain) in water at a concentration of 140 g/L. Water was first heated at 50–60 ◦C
in a glass beaker, and the gelatin was slowly added, stirring it until complete dissolution.
At this point, the different additives can be incorporated into the mixture: vanilla flavor (VF,
4.8 mL/L; MyProtein, Hut.com Ltd., Manchester, England) as a non-caloric flavoring agent,
alone or with sucralose (S, 0.6 g/L; sucralin, sucralose S.L., Barcelona, Spain). The mixture
was transferred to a mold, ensuring homogeneous distribution, to prepare 1 cm3-sized
GC, since preliminary results showed that this size is easily handled by rats (Figure S1).
The mold was left to cool down to allow solidification, first at room temperature and then
in the fridge. Thereafter, the individual cubes were extracted from the mold and stored
in the fridge in plastic bags, or, if the gelatin was not going to be consumed immediately,
they were stored frozen at −20 ◦C. Cubes can be defrosted at room temperature without
changing their consistency or shape.

Cubes with cocoa shell extract (CSE). Cocoa shell was kindly supplied by Chocolates
Santocildes S.A. (https://www.chocolatessantocildes.com/ (accessed on 10 March 2023),
Castilla y León, León, Spain). An extract (CSE) rich in phenolic compounds was prepared
as previously described [14]. The CSE was incorporated after the gelatin was dissolved.
The dose of CSE used for the study was 250 mg/kg. The animals were first weighed, and
the cubes were prepared according to the weight of the rat for supplementation during the
entire lactation period.

2.3. Administration Protocols

Training protocol. The rat was placed in an individual empty box without bedding
with the GC and left for 2 h. At the end of this period, we recorded if the animal ingested
part or the whole cube. This procedure was carried out for 5 days/week (Monday to Friday)
at the same time (9:00 to 11:59 a.m.). The first day that the rat ingested the entire GC was
considered the acceptance day, and the number of days from the first exposure was counted
as the latency period. The cubes that were not eaten were discarded.

Fasting protocol. To study the influence of fasting, a group of adult males and females
were deprived of feed in their own cage for 4 h prior to the training protocol (from 7:00 to
11:00 a.m.).

Training protocol in their own cage. In a group of rats who did not accept the GC
in an empty cage, the cube was presented individually in the usual cage, placing it in the
hopper without food.
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Recall protocol. A group of adult males and females previously trained were exposed
to the NF gelatin 1 month later, and the latency to ingestion was recorded. In these rats, the
time needed for complete ingestion was also registered.

Protocol for CSE supplementation in lactating rats. Seven female rats previously
trained were mated, and after giving birth, they were weighed to prepare the CSE GC at a
dose of 250 mg/kg. From the second day postpartum, the rats were offered the CSE cube
5 days/week during the entire lactation period. For this protocol, once the rat ate the whole
cube, it was immediately returned to the cage with the pups.

2.4. Statistical Analysis

Data analysis was performed by GraphPad software (GraphPad Prism, version 8.0,
Boston, MA, USA). The distribution of the variables was evaluated using the Kolmogorov–
Smirnov test. Since some of the data did not follow a normal distribution and the sample
size was small in some protocols, quantitative data were reported as the median and
maximum and minimum levels, and statistical analysis was performed by Kruskal–Wallis
or Mann–Whitney’s U tests. To assess differences in the proportion of non-habituated rats,
Fisher’s exact test was performed. Significance was established with a p-value (p) < 0.05.

3. Results

We evidenced that some rats did not eat the gelatin after 8 days of training. Some
preliminary data indicated that they did not eat it even if exposed for 3 weeks. Based on
this, and to avoid unnecessary stress, rats that did not eat the gelatin cube in 8 days were
counted as “non-habituated”.

3.1. Influence of Age and Sex on Habituation and Latency

In adult males, the proportion of non-habituated rats was significantly higher com-
pared to young males (χ2 = 4.728; p = 0.03), while no significant difference was detected
between young and adult females (χ2 = 0.004; p = 0.948). In young rats, the proportion
of non-habituated rats was similar between sexes (χ2 = 0.109; p = 0.742), while in adult
rats it was higher in males compared to females (χ2 = 6.440; p = 0.011) (Figure 1A). We
evaluated differences in the latency to ingestion in all rats, considering 8 days of latency
for non-habituated rats. Latency was significantly higher in adult males compared to
young males and of near statistical significance in adult males compared to adult females
(p = 0.056). No significant differences were found between young and adult females
(Figure 1B).

Figure 1. Influence of sex and age on the proportion of non-habituated Sprague-Dawley rats (A) and
latency to ingestion including all rats (B). Young (3-week-old) and adult (5-month-old) rats. Data
in (B) show the median and maximum and minimum days of latency. Number of rats from each
group is shown in (A). Statistical analysis was performed by Fisher’s exact test (A) or Kruskal–Wallis
test (B); * p-value < 0.05 adult males compared to young males.

214



Animals 2023, 13, 1827

We assessed the latency to ingestion in the population of rats that accepted the novel
food (i.e., excluding non-habituated rats). We did not find statistical differences between
groups, suggesting no influence of sex or age on latency (Figure 2).

Figure 2. Influence of sex and age on the latency to ingestion excluding non-habituated rats. Young
(3-week-old) and adult (5-month-old) rats. Data show the median and maximum and minimum days
of latency. Statistical analysis was performed by Kruskal–Wallis test; n, number of rats.

In a group of 5 non-habituated males, we evaluated if the presentation of the GC in
their own cage would improve acceptance. We observed that they did not try the GC when
placed in the empty cage. However, on the same day, all tried the GC if it was placed in
the food hopper of their own cage (Video S1). The following day, 4 out of the 5 rats ate the
cube when the gelatin was placed in the empty cage.

3.2. Influence of Additives and Fasting on Habituation and Latency

The influence of additives (NF, VF alone, or VF + S) was evaluated in adult rats.
Additives did not influence the proportion of non-habituated rats, which was similar in
both males (χ2 = 1.504; p = 0.471) and females (χ2 = 0.932; p = 0.627) (Figure 3A). Similarly,
the latency to ingestion, including all rats, did not show significant differences between
groups (NF, VF, and VF + S) either in males or females (Figure 3B).

Figure 3. Influence of additives on the proportion of non-habituated Sprague-Dawley rats (A) and
latency to ingestion excluding non-habituated rats (B). Young (3-week-old) and adult (5-month-old)
rats. NF, neutral flavor; VF, vanilla flavor; VF + S, vanilla flavor, and sucralose. Data in (B) show the
median and maximum and minimum levels of latency. Number of rats from each group is shown in
figure (A). Statistical analysis was performed by Fisher’s exact test (A) or Kruskal–Wallis test (B).
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Latency to ingestion, excluding non-habituated rats, was not statistically different
between groups (NF, VF, or VF + S) in males or females (Figure 4).

Figure 4. Influence of additives on latency to ingestion excluding non-habituated rats. Young
(3-week-old) and adult (5-month-old) rats. NF, neutral flavor; VF, vanilla flavor; VF + S, vanilla
flavor, and sucralose. Data show the median and maximum and minimum days of latency. Statistical
analysis was performed by Kruskal–Wallis test; n, number of rats.

In a group of adult rats trained with NF, we evaluated the time needed for complete
ingestion. Female rats were faster (mean time = 1.7 ± 0.2 min, minimum = 1.25 min, and
maximum = 2.1 min; n = 4) compared to males (mean time = 7.9 ± 1.5, minimum = 4.0 min,
and maximum = 11.5 min; n = 4; p = 0.02).

We also analyzed if short (4 h) fasting affected the latency to ingestion. We observed
that 4 h prior fasting did not modify latency in males (Figure 5) but fasting reduced it
significantly in females (Figure 5).

Figure 5. Effect of 4 fasting on latency to ingestion in adult male and female rats excluding non-
habituated rats. Data show the median and maximum and minimum days of latency. Statistical analy-
sis was performed by Mann–Whitney’s U test; * p-value < 0.05 with control females, $, p-value < 0.05
with fasted adult males; n, number of rats.

3.3. Capacity to Remember Training and Acceptance of GC with a Compound of Interest

In a group of 6 adult males and 6 adult females previously trained with NF gelatin,
we evidenced that after 1 month, all rats, except one female, ate the GC.

We also tested the capacity to accept a supplement (CSE) incorporated into the GC
in a group of 7 previously trained adult females during the lactation period. All the dams
accepted the gelatin and ate it during the 3 weeks of lactation and completed ingestion in a
single attempt and between 1 and 5 min. No alterations in dam behavior or problems with
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the pups were detected, compared to our previous studies in lactating rats [15]. A video
showing the ingestion of a CSE cube by a lactating rat is included (Video S2).

4. Discussion

Experimental animals are an essential tool for the development of new drugs; they
are commonly used to evaluate efficacy and toxicity. The procedures involve repetitive
administration of the compound of interest, ensuring adequate dosage. Some drugs can
be injected, while others, such as nutraceuticals, need to pass through the digestive tract
to exert their actions. Ingestion is also a method required to evaluate drug activity for
the development of orally administered medicines. For these studies, voluntary ingestion
methods have several advantages over involuntary procedures (such as oral gavage), the
most important being that they are non-invasive, reducing stress and possible compli-
cations [2–5], particularly during sensitive periods such as gestation and lactation. One
possible way of delivery is to include the substance of interest in the drinking water. Al-
though this method is suitable and easy, some substances cannot be incorporated, i.e., if
they are hydrophobic, and daily dosage may be subject to differences in the amount of
water each animal drinks. The present study was conducted to implement a protocol for
voluntary ingestion of food supplements in rats based on a gelatin matrix, evaluate key
factors influencing acceptance, and assess the capacity to remember previous training. Once
the training protocol was established, we also evaluated its effectiveness as a supplement
with a compound of interest (CSE) during lactation, a critical period when oral gavage
should be avoided. Our main results are that training rats for voluntary ingestion of a GC
is easy since it requires very basic equipment and does not require specific skills, and it
is a suitable method for supplementation during lactation. Regarding factors that affect
training, we detected a higher proportion of adult males who did not habituate, although
acceptance may be improved if the training is conducted in a familiar environment. Based
on our findings, we suggest that it is important to detect animals who refuse to eat the
gelatin during training to exclude them from the study, avoiding unnecessary stress and
experimental bias. These animals may be useful for other studies that do not require volun-
tary ingestion of compounds, contributing to the three Rs. In Appendix A, we propose a
protocol for voluntary ingestion of supplements in rats.

There are several vehicles to incorporate the compounds of interest for voluntary
supplementation in rodents (jams, cookies, paste, and gelatins). We chose gelatin as a
vehicle since it is cheap and easy to produce and because we could incorporate all types
of compounds into it. Besides, it can be shaped in various sizes, and the rats can handle
it easily without breaking into pieces (Video S1), as previously described in mice [16].
Thus, this vehicle ensures complete ingestion and adequate dosage. Besides, gelatin is a
non-caloric vehicle and therefore suitable for studies analyzing compounds interfering
with metabolic processes. In fact, it has been proposed that it can be used to deliver glucose
for tolerance tests as a substitute for oral gavage or injection since it causes less stress and
guarantees a better interpretation of results.

Caution is a natural response of animals to unfamiliar objects, and the term “neo-
phobia” is used to characterize fear-like responses based on the novelty of a stimulus,
regardless of its modality. Neophobic responses may occur to objects, places, or sounds,
and food neophobia applies to the refusal or suppression of the ingestion of a new food.
Rodents are neophobic animals, with different degrees depending on the strain of mice
or rats and if they are wild or laboratory-bred [17]. When a rat is exposed to a new food,
the initial response is avoidance, followed by gradual sampling, and, if there is no harm,
consumption increases across successive encounters [17,18]. Our experiments showed that
Sprague-Dawley rats took a median of 2–3 days to accept a novel food (a GC), a latency like
that reported in mice (ranging from 2–4 days) [19] or in Lister-hooded rats, who needed
3 days of training for full acceptance [20].

It is important to note that we detected a percentage of rats that maintained neophobia
over a period of 2 weeks, and we considered these rats non-habituated. The proportion of

217



Animals 2023, 13, 1827

non-habituated rats was higher in adult males compared to the other groups. Maintained
neophobia has been previously detected in male mice, where it was shown that 5% refused
to eat a gelatin even after prolonged fasting [16,19], and in Long Evans rats, where it was
reported that 4 out of 8 males never ate the novel food [21]. We observed that the proportion
of non-habituated rats was larger in adults but not in young males, which, according to
our previous data, are still in the prepubertal stage [22]. Therefore, our data indicate an
influence of sex and age on the degree of neophobia, with a higher susceptibility among
adult males. These difficulties in habituation can be related to a previous high level of stress
that drives food avoidance [17,21], for example, due to laboratory noise [16]. Since gonadal
hormones play a key role in the regulation of the hypothalamic–pituitary–adrenal axis [23],
it is possible that male rats are more susceptible to maintaining neophobia in response to
environmental stressors.

In non-neophobic rats, we also analyzed if sex and age affected time to acceptance, i.e.,
latency. We did not find sex differences, in contrast to the findings of other authors, who
reported that Long Evans male rats habituated to a novel food faster than females if exposed
to an unfamiliar environment, although no significant differences between sexes were found
if the new food was presented in their own cage [21]. This is likely related to the fact that
rats respond with neophobia not only to the new object but also to the container [17]. The
faster adjustment of males to an unfamiliar environment has been explained by their higher
risk-taking behavior compared to females [24]. We did not find significant differences in
latency between young and adult rats. Some studies evidence a better acceptance of a new
food in adolescent Sprague-Dawley rats, showing that they are more sensitive than adults
to the hedonic properties of an appetitive stimulus and less sensitive to aversive stimuli,
such as quinine [25]. Even though we did not detect differences in latency, the fact that
young males had a significantly lower rate of non-habituation compared to adults suggests
the interest in training rats at a young age for supplementation studies. We did not use old
rats, but it is possible that they would have a higher latency since neophobia habituation
shares neural circuits with mechanisms of declarative memory [18], and studies comparing
adult and old rats show increased neophobia in aging together with deficits in spatial
learning [26].

Regarding the time the rats need for GC intake once they are trained, our data are
in accordance with other studies showing that rodents take an average of 1 to 10 min for
complete ingestion. Zhang and co-workers using a gelatin-based supplement reported
that most mice ate it within 1 min of presentation and finished the entire piece in a sin-
gle attempt [19]. Neto et al. using female mice trained with a cookie reported that the
animals need 5–10 min [27], and Lister hooded rats can achieve a complete intake within
5 min [20]. We evidenced that male rats took a longer time for complete ingestion, which
is in accordance with data from several rat strains showing that females eat faster and
approach the food before feeding more frequently than males [17]. However, the study of
Teixera-Santos and co-workers in mice showed a lower latency in males, who were able
to eat the supplement in 1 min compared to females, who took 5 min [8]. Thus, species
differences may occur.

We also analyzed the capacity of external factors (additives and prior fasting), which
may facilitate training and can be incorporated into future protocols. Rodents refuse some
substances, such as alcohol, due to aversive odors, as well as foods with a bitter or acidic
taste. It has been demonstrated that acceptance can be improved if the supplement includes
a flavoring agent or a sweetener. In laboratory mice, vanilla flavor increases nicotine
consumption [28]. House mice preferred foods with flavors (vanilla, chocolate, hazelnut, or
peanut) to natural foods, while rats rejected chocolate flavor and did not show a preference
for the other additives [29]. Rats also increase alcohol consumption in the presence of
sweeteners (sucralose, saccharine, or maltodextrins) [30,31], and sugar-free fruit juices
improve the acceptance of nicotine [20]. In our study, we did not observe a reduction
in latency or in the proportion of non-habituated rats using gelatins with vanilla with
or without sucralose; we even found worse results than with neutral gelatin. This is in
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accordance with the study of Sclafani and Clare using the same strain of rats, showing that
sucralose reduced food palatability in Sprague-Dawley rats [32]. We conclude that the food
additives and sweeteners tested (vanilla and sucralose) do not improve the acceptance of
gelatin in Sprague-Dawley rats.

We also tested the influence of prior fasting since it has been shown that the hungrier
the rat, the quicker it starts to eat an unfamiliar food [33]. This was confirmed in our study
in females, which demonstrated that prior food deprivation reduced latency. However, this
was not observed in males. We used a short fasting period of 4 h compared to previous
studies using overnight fasting [19], and it would be possible to reduce it since it has
been shown that 30 min fasting is sufficient for the acceptance of a jam including a drug
in mice [8]. Although it has been demonstrated that fasting for less than 16 h does not
represent a stress for the rat [34], and we demonstrated a positive effect on latency, reducing
acceptance by 1 day, we think that it is not strictly necessary for the training protocol.

Finally, one of our aims was to evaluate the effectiveness of the training protocol for
supplementation in rats during lactation, which, together with gestation, is a very sensitive
period where stress induced by oral gavage should be avoided. In fact, stress induced by
oral gavage in the rat leads to weight loss, and although this can be minimized if the rat is
anesthetized [35], this can be a sign of stress with a negative influence, particularly during
gestation and lactation. Rats subjected to prenatal stress around the gestational period have
more spontaneous abortions and fewer viable pups [36], and oral gavage during pregnancy
alters the behavioral development of the offspring [37]. During lactation, dams exposed
to chronic social stress show impaired maternal care and lactation [38]. We demonstrated
that 100% of trained female rats prior to gestation remembered the training two months
later and ate the gelatin, including the supplement (CSE), on a single attempt in 1–2 min.
This procedure greatly reduces the rat’s stress since the animal is returned to the cage
once the gelatin has been eaten, and we have evidenced no modifications in the dam or
pups’ behavior. Besides, complete gelation consumption ensured an adequate dosage of
the compound of interest. We also have evidence from a metabolomic study that CSE
bioactive compounds (caffeine and theobromine) are present in rat plasma after 1 week of
supplementation [13]. Therefore, this training protocol is suitable for experiments during
gestation and lactation.

Limitations and protocol implementation. The present study aimed to improve
methods of supplementation by voluntary ingestion by assessing some factors that may
affect neophobia and latency. We evidence the feasibility of training rats to eat a gelatin-
based vehicle and the capacity to remember and accept the supplement months later. The
protocol is an alternative to oral gavage and improves animal wellbeing. However, it is
not devoid of limitations, the main one being the resistance of some rats, mainly adult
males, to training; therefore, a pre-screening of animals is required. We also showed that
males do not improve latency by short fasting. As indicated above, males may have more
neophobia due to the higher influence of stress factors. One of them is isolation in an empty
cage, which was used to facilitate the view of the gelatin and avoid hiding or breaking
it. However, this is an unfamiliar environment, which may contribute to neophobia [17].
Besides, we exposed the rats to repeated short isolation periods, which have been shown to
also be a stressor [39]. Presentation of the novel food in their cage may facilitate acceptance
and has been previously used in rats [10] and mice [19], placing the supplement in a glass
Petri dish overnight. However, this protocol requires isolating the rat for the whole night.
We used an alternative method in the group of adult males who refused to eat the cube
with the usual protocol in the empty cage after isolation and observed that if the cube was
placed in the hopper, where they usually receive the food, they accepted it. Moreover,
after this test, most rats ate the gelatin with the usual protocol in the empty cage in the
following days. It has also been shown that acceptance of a novel food does not depend
solely on the individual’s experience but has a social component. For example, if a mouse
has tried a novel food, it will be investigated by the other mice in the cage, which may
result in other animals from the colony selecting food with the same scent [40]. We also
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observed this behavior when presenting the gelatin in the hopper, and it is possible that
an initial training in the regular cage may also help acceptance through this social process.
However, after training, the supplement should be given individually to ensure dosage.
Therefore, we suggest implementing our protocol by training rats with the gelatin in their
usual environment, followed by individualization in the empty cage to ensure dosage.

Neophobia has an important genetic component, and studies in KO mice have identi-
fied some genes influencing it. Thy-1 (a cell adhesion molecule) KO mice display neophobia,
which has been suggested to be mediated by neuronal plasticity regulation [40]. In addition,
a study of wild brown rats living in various Tokyo locations demonstrates differences in
neophobia and the existence of rats that are indifferent to novel objects, probably due to
genetic variations [41]. These data suggest the possibility of obtaining genetically modified
animals with lower neophobia through selective breeding.

Regarding the utility of this method, we think it is not restricted to food supplements,
but it would be a way of testing the effectiveness of drugs. Some studies using voluntary ad-
ministration of analgesics with gelatin-based vehicles have found poorer results compared
to intraperitoneal administration [42], likely due to modifications of the drug by passage
through the gastrointestinal tract. However, it has to be noted that this study evaluated
analgesia after a short period (1 h), and it is possible that long-term studies would yield
better results. In addition, oral intake of drugs is the preferred route of administration, and
voluntary supplementation would be a useful method for this purpose.

5. Conclusions

The present study demonstrates the feasibility of training rats to voluntarily accept
a supplement based on a gelatin vehicle that can be used during lactation and gestation.
Training is not influenced by additives, but it is improved by fasting in females. Male
sex may negatively influence neophobia, making it important to detect non-habituated
animals to exclude them from the study and avoid unnecessary stress. It is possible that
this neophobia can be reduced by the initial presentation of the novel food in their own
cage. We propose some tips for future use of this protocol in Appendix A.
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prepare 1 cm3 cubes; (B) neutral gelatin cubes. Video S1: Rat eating gelatin from hopper; Video S2:
Ingestion of a gelatin cube with supplement in a trained Sprague-Dawley lactating rat.

Author Contributions: Conceptualization, S.M.A., Y.A. and D.M.-V.; methodology, S.R., S.C. and
P.R.-R.; software, S.R. and D.R.-C.; validation, Y.A., D.M.-V., S.C. and P.R.-R.; formal analysis, D.R.-C.
and S.R.; investigation, S.M.A., Y.A. and D.R.-C.; resources, S.M.A.; data curation, S.M.A.; writing—
original draft preparation, S.M.A.; writing—review and editing, S.R., P.R.-R., S.C., D.R.-C., Y.A.,
D.M.-V. and S.M.A.; visualization, S.R. and D.R.-C.; supervision, S.M.A. and D.R.-C.; project admin-
istration, S.M.A.; funding acquisition, S.M.A. and D.R.-C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Ministerio de Ciencia Innovación y Universidades (Spain),
grant number RTI2018-097504-B-I00 and The APC was funded by D.R.-C.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics Re-
view Board of Universidad Autónoma de Madrid (Spain) and Regional Committee from Comunidad
Autónoma de Madrid (Spain; protocol code PROEX 19/04, approval date: 20 March 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are available upon request to the corresponding author by
institutional email and after ethical evaluation.

Conflicts of Interest: The authors declare no conflict of interest.

220



Animals 2023, 13, 1827

Appendix A

Proposed protocol for training and supplementation in rodents based on GC.

1. Preparation of GC:

• No need for additives. However, they may be used if supplement is unpleasant.
• GC can be stored in bags in the fridge or frozen.
• Do not recycle GC since they dry.
• Prepare the GC with supplement based on the weight of the animal.

2. Training:

• The first day, present several neutral gelatin cubes in their own cage, in the food
hopper. This procedure may reduce the number of non-habituated rats.

• The second day, see if they eat the cube individually in their own cage.
• The third day, see if they complete ingestion in an empty cage. Once they eat it

completely, the rats can be considered trained and given the supplement.

3. Training tips:

• Training rats at young age may reduce the number of non-habituated.
• Fasting reduces latency to acceptance in females. However, it is not strictly necessary.
• If the supplement is unpleasant, it may be necessary to mask it with a flavoring

agent. Sucralose did not improve acceptance in Sprague-Dawley rats.

4. Supplementation:

• The rats can remember training for at least 2 months.
• Place the rat with the supplemented gelatin in an empty cage to ensure dosage.
• Return it to the cage once the rat eats the supplement.
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Simple Summary: This review describes the potential use of ultrasound as a refinement tool in
research. After a general state-of-the-art discussion, the most frequent organs used as a host for
orthotopic models in oncology research are listed, including the thyroid gland, heart, liver, spleen,
kidney, pancreas, uterus, and testicles. In each organ and after a short ultrasonography description,
the practical protocol for the ultrasound-guided injection is described as well as the main risk of the
procedure and technical limitations. The main objective of this work is to help users with the use of
ultrasound-guided injection. For this purpose, the descriptions of the protocols are mainly practical
with tips which are frequent mistakes carried out during the injections.

Abstract: Refinement is one of the ethical pillars of the use of animals in research. Ultrasonography is
currently used in human medicine as a surgical tool for guided biopsies and this idea can be applied
to preclinical research thanks to the development of specific instruments. This will eliminate the
necessity of a surgical opening for implanting cells in specific organs or taking samples from tissues.
The approach for the injection will depend on the target but most of the case is going to be lateral,
with the probe in a ventral position and the needle going into from the lateral. This is the situation for
the thyroid gland, heart, liver, spleen, kidney, pancreas, uterus, and testicles. Other approaches, such
as the dorsal, can be used in the spleen or kidney. The maximum injected volume will depend on the
size of the structure. For biopsies, the technical protocol is similar to the injection knowing that in big
organs such as the liver, spleen, or kidney we can take several samples moving slightly the needle
inside the structure. In all cases, animals must be anesthetized and minimum pain management is
required after the intervention.

Keywords: preclinical models; oncology; ultrasounds injections; refinement

1. Introduction

The 3Rs principle was enunciated in the early years of the 60s of the past century
by Russell and Burch, two English biologists, in their book “The principle of Humane
Experimental Technique”. This publication was an outbreak in the manipulation of lab
animals, that until this work, were basically considered a research tool such as an Eppendorf
tube or a pipette [1]. In their work, Russell and Burch defined the ethical principles
that must rule over any experimental work which involves animals, especially the ones
with a more developed neurological system, such as mammals or birds. In recent years,
these ethical principles cover other animals such as octopuses, which have been raised as
conscious and sensible to pain subjects, at a higher level that could be assumed due to their
phylogenetic stratum [2].

The concepts included in the 3Rs principle are replacement, reduction, and refinement.
The first one refers to the ethical command to use non-in vivo methodologies for research
when accessible, for example, using in vitro studies or in silico experiments. The second
concept, reduction, commits to using fewer animals as possible. The total number of
animals included in an experiment must be justified and statistical analysis must be run to
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calculate the minimum sample size for every experimental group [3]. The third concept,
refinement, stands for the development of less invasive techniques and the reduction in the
damage done to the animals during the research work.

Looking at the current scenario, the reduction principle has been propelled in the last
years with big data tools and artificial intelligence that make it possible to obtain trustable
conclusions from experiments with only a single patient or specimen [4]. In the same way,
replacement is taking advantage of the astonishing development of computer science and
nowadays we can design algorithms for simulating viral replications, drug effects in cells,
or cancer cell mutations [5]. Perhaps, refinement has been the less developed concept since
the beginning of the 3Rs principle. We still need to manipulate the animals and in most
cases create some sort of disconformity to them. Even so, the minimum required welfare
levels are much higher than in the past decades, taking advantage, for example, of the
advances in analgesia and anesthesia or the new surgical techniques, less invasive and
more refined [6,7].

Oncology research is one of the most important in medicine, due to the global economic
impact of these pathologies, as well as the emotional charge that “the big C” generates in
the patient and the families. In oncology research, animal models are a basic part of the
process, not only for drug discovery but also because we do not still have full knowledge
of the process that drives a cell to become a cancerous entity. In both basic research and
drug discovery, animal models are a pillar in the projects. In some of these works, the
animals get implanted with a sample of human tumor tissue, or tumoral cells, and a surgical
procedure is required for this implantation. Frequently, these implantations are performed
in the subcutaneous tissue, but in other cases, the implantation is performed in different
locations, and we talk about orthotopic models, where the tumor cells are implanted in the
physiological host organ [7,8]. A clarifying example can be the pancreatic implantation of a
human pancreatic cancer sample, or the intravascular injection of blood cancer cells. These
orthotopic models are, in theory, more similar to the clinical scenario than the subcutaneous
models because the host tissue is similar to the original one [7].

The use of imaging techniques for preclinical research dated from several decades
ago, when lab animals were scanned in clinical devices for obtaining information about
the internal structures of the animals, due to the absence of specific technologies designed
for preclinical research. However, in recent years, we witnessed the arising of different
technology for lab animals, including specific instruments such as microPET (positron emis-
sion tomography), microCT (computed tomography), MRI (magnetic resonance imaging),
optical imaging, or ultrasonography. All these technologies play a significant role in the
application of the 3Rs principle in cancer models. The possibility to look into the animals
avoiding their sacrifice represents a dual effect on animal welfare: on one side the necessity
to euthanize the animal is eliminated (refinement) and on the other side we can rescan
the same animal at different time points during the experiment (reduction). Furthermore,
repeating the imaging on the same animal allows to use them as their own control, which
increases the statistical significance of the experiments. Resuming, the imaging technologies
development had a significant impact on animal welfare in preclinical research [7].

Specifically talking about ultrasonography, new equipment with higher ultrasound
frequencies which increase the spatial and temporal resolution make it possible to obtain
images that will be not accessible from a clinical device designed for human patients and
sizes. Ultrasonography has a significant advantage which is real-time imaging. What we
see on the monitor is happening inside the patient. This opens a door to the use of this
technology as a surgical tool for accessing internal structures in the animal. We can make
injections or take biopsies avoiding conventional surgical procedures, which will reduce the
requirements of post-surgical care, due to the minimum damage created and the low pain
generated to the patient/animal. Ultrasonography-guided surgery has been performed for
years in human medicine and pets and now, with specific equipment for lab animals, it is
time for including it as a refinement tool in animal models and preclinical research.
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2. State of the Art

When talking about preclinical imaging, it is necessary to make a difference between
animal models. In big animals, above the size of a rabbit, clinical imaging devices have
been used for research for several decades, due to the similar size of the animals to the
human patients and the acceptable quality of the images. This did not happen in lab
animals. The maximum spatial resolution of the clinical equipment was not enough to get
acceptable images from an animal that could weigh, in the worst case, less than 20 grams.
During the last years, a significant improvement in imaging technologies has made an
impact on animal research. Specific systems for lab animals have been developed, with
technical parameters according to the requirements of lab animals. For example, microCT
and preclinical ultrasonography are now able to reach spatial resolutions as 5 um [9]. These
new capabilities make these systems accessible for almost any research field involving lab
animals such as oncology, infectious diseases, metabolism, orthopedics, and so.

The development of new ultrasound technologies in the last decade made accessible
the scanning of lab animals almost independent of the patient size. Even mouse fetuses can
be scanned with an acceptable quality in both spatial and temporal resolution. Moreover,
new ultrasonographic modes have been developed, in addition to the classic A, B, M, and
Doppler. In this way, now we have elastography, contrast, 4D, digital RF, or oxy-hemo
modes [10]. All of them are based on the same principles as the former modes, the analysis
of ultrasound waves during their travel through the tissues, but from them, we can obtain
different and valuable data, such as tissue stiffness, micro-vascularization of the tissues,
oxygen and hemoglobin levels, and other physiological data [10].

In this review, we will focus on the use of ultrasonography for interventionism and
its potential to reduce the manipulation of animals and improve their welfare. Almost
all these procedures are carried out using the B mode (brightness mode, the most typical
ultrasound mode), and at some points, the Doppler mode will be useful for distinguishing
the regional vascularization in order to avoid accidental punctures of the vessels. The
other ultrasonography modes are, in theory, not necessary during the interventionism.
The effect of ultrasound-guided surgery on the welfare of the animals could be evaluated
by looking at the manipulation required for developing the same cancer model with or
without this technology. We can use a pancreatic cancer model as an example. Without
using an ultrasound device, we would need to anesthetize the animal, remove the air from
the left lateral abdomen, and disinfect the surgical area. This procedure will be the same for
the guided injection. But then, without the ultrasound, we would need to make an incision
in the skin, followed by the abdominal wall. We would manually move the bowels for
reaching the spleen. Later, we would expose this organ followed by the pancreatic tissue.
Then, out of the body, we will inject the cells into the tissue and would put the pancreas
and spleen back into the abdomen. We would close the abdominal wall and skin with
surgical sutures. The whole procedure could take, for an experienced surgeon, at least 5
to 10 min and we would need to use supportive analgesia at least for the following three
days. Using ultrasound guidance, after disinfecting the skin, we will scan the abdomen,
find the pancreatic area, introduce transabdominally the needle into the pancreas, inject the
cells, and remove the needle. Analgesia will be required for 2 days. The time for doing the
injection would be 1–2 min for an experienced user. In our opinion, it is clear the effect of
this technique on the welfare of the animals and projects.

Because the aim of ultrasound-guided interventionism is to introduce, or remove,
material in the tissues, a minimum image quality is required for the procedures. There are
no specific values for that and all depends on the target structure. For example, the required
spatial resolution for a liver injection is going to be lower than the one required for a thyroid
injection in the same animal; basically, because the liver is thousands of times bigger than
the thyroid glands and the difficulty of injecting correctly in the organ will be low. For this
reason, in this example, we do not need an extremely high spatial resolution, only sufficient
to distinguish between abdominal organs. In the same way, works temporal resolution. It
is not necessary to have a smooth movement of the organs in the monitor, while injecting or
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taking a sample, only the minimum is required to synchronize the movement of the needle
and its screen visualization.

As we said, there is no optimal system or minimum requirements for doing guided
injections. It will depend on the animal model (mice, rats, ferrets, rabbits. . . ) and the
structure we need to poke. For example, for injecting into the liver of a rabbit, a clinical
ultrasound device with a 7.5 MHz probe will be enough, but for doing the same injection
in a 20 gr mouse we will need, at least, 20 MHz, which means that almost none of the
clinical devices could be used (there are some dermatology probes that could reach high
frequencies such as 20 MHz) [11]. For a mouse thyroid gland or a fetus injection, the
requirements reach 35–40 MHz, with values restricted to preclinical devices.

Regarding the anesthesia of the animals, it is mandatory in order to work in proper
conditions and follow the minimum ethical requirements. There are several publications
that show ultrasonographic examinations with awake and immobilized animals, even
trained ones [12], but the interventionism required the introduction of a needle in the
body, so some pain is going to be produced. Furthermore, for correct recognition of the
target, we will need steady images, without movement artifacts that will complicate the
synchronization of the needle movement and the ultrasound images. There are different
anesthesia protocols available in the literature, with pros and cons, but for regular injections,
an inhaled anesthesia would give an acceptable unconsciousness level, knowing that
the pain generated in the procedure will be minimum. This level can be reached using
isoflurane with an individual mask and a concentration of 2–3% of isoflurane in fresh air
or oxygen. A heating platform will be required in order to compensate for the loss of
temperature caused by the anesthesia. A heat light would work too in most cases. In the
same way as the temperature, a lubricant must be applied to the eyes for avoiding keratitis
due to dry eyes.

An analgesic protocol is required for the procedure. It is recommended to use local
anesthesia at the point of injection as well as long-term analgesia during the first 48 to
72 h after the injections. This is especially required when the punctured structure is a
hard organ such as the heart, liver, kidney, or spleen. In these cases, the tissular damage
caused is higher than the one created when injecting a soft structure such as the pancreas.
A standard protocol could be the use of bupivacaine or lidocaine as local anesthetics and
buprenorphine as an acute analgesic in the first 24 h, followed by meloxicam or carprofen
during the next 48 h [13]. It would be possible to inject local anesthetics in the target organ,
but this will require switching syringes between the one containing the anesthetic agent
and the one containing the cells. This change could be complicated if we are performing a
free hand injection. Using a support for the probe and the syringes could make this change
more feasible.

The needle width is a key point during the injection or the extraction of the sample.
It should be big enough for the correct internal fluid displacement but the smallest to
reduce the damage caused in the tissue. Therefore, the viscosity of the injected substance
has an impact on the welfare of the animals and we should try to reduce this viscosity as
possible. The injections can be performed manually, with regular needles and syringes, but
different microinjectors can be found in the market, specifically designed for ultrasound-
guided procedures [14,15]. These systems are able to set low injection volumes, down to
2 nanoliters (Figure 1).

The technical procedure to inject a liquid (drug or cells) and to remove a sample is
the same but the final step will be obviously different. While doing an injection, we will
push the plunger, during a biopsy we need to pull the same part of the syringe, creating
an internal vacuum inside the syringe. We will need to repeat this pulling several times
to be sure that we have enough content for the required analysis. This procedure is called
Fine needle aspiration or FNA [16]. In hard tissues, multiple punctures can be performed
without removing the needle from the organ, only changing slightly its position. With these
movements, we will create more damage, but on the other hand, we will be able to sample
different parts of the organ and obtain more representative samples.
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Figure 1. Ultrasound set with the probe (1) placed in the support (2). The heating platform for placing
the scanned animal (3) and the microinjector system (4) are displayed too.

3. Ultrasonographic Interventionism

In this section, we will describe the procedural protocols that are applied for the most
frequent guided injections or samplings. From cranial to caudal, we will describe the
thyroid and intracardiac injections followed by the intrabdominal organs (liver, spleen,
pancreas, kidney, uterus) and end with the intratesticular injection. We will try to describe
in detail the manipulation of the animal and the probe and syringe, with comments about
the injected volumes and potential complications of the procedure.

It is important to say a few words about one of the main limitations of ultrasound-
guided injections, and general ultrasound: it is the operator dependency of the technique.
Unlike other imaging techniques, in which the analysis of the images can be performed after
the acquisition, ultrasonography is a real-time technique. During the exam, we shall decide
about different examination aspects, such as specific movements of the probe, increases in
the probe pressure, changes in the wave frequency, brightness and contrast of the images,
and so. Because of these, the results obtained during the exam are going to be affected by
the expertise and experience of the operator. This is even exacerbated in ultrasound-guided
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surgeries, where we need to synchronize the movements of the probe and the syringe. Even
if we fix the probe and needle in the respective supports, the visualization of the needle
in the monitor will depend on slight and smooth movements and the probe/needle and
this could be hard to achieve without previous experience and practice. For this reason,
it is required to make a training before starting the real experiments and procedures with
the ultrasound. The practices can be run at the beginning using carcasses for refinement
and reduction purposes. As with any other surgical ability, the learning curve will depend
on our skills and practice, so it is strongly recommended to repeat the procedures several
times before starting the real projects.

Even with the operator-dependency limitation, the reproducibility of the models can
be significantly improved using guided surgery. The reduction in the number of animal
manipulations as well as the improvement in animal welfare will affect the reproducibility
of the whole project, due to the lower side effects we will have from the tumor cells
implantation as well as the reduced anesthesia times and improved recovery of the animal.
These changes would be reflected in more homogeneous tumor developments through the
group of animals. This improvement in reproducibility will have an impact on the quality
of the research and animal welfare due to the reduction in outlier animals which will mean
a reduction in the total of used animals [17].

3.1. The Thyroid Gland

The thyroid glands are two small ellipsoid and hypoechoic structures located in the
ventral aspect of the neck, at both sides of the trachea, and surrounded by the salivary
glands and sternohyoideus and sternothyroideus muscles. Other regional structures in-
clude the common carotid arteries and the internal jugular veins. These vascular structures
make thyroid puncture significantly risky for non-expert practitioners. Even so, this risk
can be reduced using the ultrasonographic Doppler mode for distinguishing the vessels
from the other structures.

For intrathyroidal injections, a ventral approach is required, positioning the mouse
in ventral recumbence and removing the hair of the neck and cranial part of the thorax.
The front limbs are fixed with tape in a caudal position, close to the ribs. Intubation of
the animal is not required and anesthesia can be supported with a facial mask. After
the application of ultrasonographic gel, the scan starts locating the trachea in transversal
view at the hyoid bone level. It is recognized due to the acoustic shadow produced by
the intratracheal air. Moving the probe caudal, the salivary glands will appear as two
superficial, bilateral, hypoechoic, and big structures. At this level, we will need to slightly
increase the pressure of the probe against the neck for improving the visualization of deeper
structures. Going caudal, a muscular band will appear in the middle line, ventral to the
trachea, followed by two bilateral structures, the sternohyoideus and sternothyroideus
muscles. The carotid arteries and jugular veins will be visible at this point. The first ones are
smaller but have a pulse. We can check the blood flow direction using the Color Doppler
mode of the ultrasound system. In a standardized position of the probe (left side of the
probe placed over the right side of the animal), the arterial flow should be colored in red
and the jugular veins should appear in blue (Figure 2).

The thyroid glands will be located at this level, dorsal and slightly medial to the neck
vessels. In a standardized exam, they will appear under the vessels. They are composed
of soft tissue, so the echogenicity will be lower than the salivary glands but higher than
the vessels. Their shape is irregularly ellipsoidal. The best approach for the puncture is
lateral, placing the needle under the ultrasound probe. If the needle is placed correctly in
the injection support, we will see it coming from the lateral of the screen (Figure 2). The
hardest part of the injection is piercing the skin and for this purpose, we can use forceps for
immobilizing the skin. The maximum volume we can inject is low due to the organ size, so
more than 10 to 20 microliters in each gland is not recommended [18–20].
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Figure 2. Thyroid gland injection. (A) Doppler mode of the medium level of the neck, where the
jugular veins are colored in blue while the carotid arteries in red. Salivary glands marked with a
black asterisks and neck muscles with a white arrow. (B) B mode during the thyroid injection. The
needle is marked with white asterisks, and the thyroid gland is surrounded by a dashed line. Trachea
cartilage is signaled with white arrows. Images acquired with 40 MHz frequency in B mode and
32 MHz in Doppler mode.

The needle can be slowly removed after the end of the injection and a final revision of
the gland is required for confirming the absence of hemorrhages.

The major risk for this technique is the injection in the wrong structure, such as the
salivary glands or the regional muscles. In this case, we will see a fluid accumulation in
any of the cited structures. Another risk is damage to the carotid or jugular vessels. In this
case, we will see an acute hemorrhage in the zone, with a fast separation of the lobes of the
salivary glands and a local swelling visually noticeable.

The thyroid biopsy should be performed in the same way as the injection, but the
movement for doing multiple samplings is not recommended due to the small size of the
organ and the close proximity of relevant structures such as the neck vessels or the trachea,
that will have a fatal result if damaged.
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3.2. The Heart

Intracardiac injection is a frequent task in cancer research for developing general
metastatic models. Most of the time it is performed without ultrasonography and there
are several manuals that describe the protocol for this injection [21–24]. The advantage of
using ultrasonography is to confirm the success of the injection, since we will be able to see
the needle coming into the left ventricle and the injected fluid going into the blood torrent.

The animal should be placed in a ventral recumbency and the thorax must be shaved.
The probe should be placed in a transversal view over the middle part of the thorax where
we will see the heart beating. In a standardized position of the probe, the left ventricle of
the heart should be visible on the right side of the monitor and the right ventricle, small
in comparison, will be visible on its left, mostly hidden by the acoustic shadow coming
from the sternum. The approach for the injection will be from the left side of the animal,
where the heart is in close contact with the inner thoracic wall. We will need to avoid the
rib bones during the needle introduction into the thorax.

The less traumatic place for injection is the medial part of the left ventricle, right after
the papillary muscles which can be observed as pyramidal structures growing inward
from the myocardium. At this level, the needle will be more difficult to intrude, due to the
muscular thickness, and the damage will be higher. Moving caudal from this point, we will
find a bigger region with only the myocardial wall between the outer and inner sides of the
heart. Going too caudal will lead us to the apex, where the injection will be more difficult
due to its small size and thicker muscular wall.

Once we find the correct spot for injecting, the needle can be introduced from the left
side avoiding the rib bones. The movement of the needle needs to be slow, and the thoracic
wall can create some resistance that can be exceeded making some external pressure from
the contralateral side, pushing with one finger from the right side of the thorax.

The needle can be seen inside the left ventricle as a hyperechoic linear structure with
reverberation artifacts in an anechoic background. During the injection, we will be able to
see some small hyperechoic dots coming from the needle. These are microbubbles created
during the needle filling. These dots will confirm the correct injection in the anechoic
ventricular cavity. Once the injection is completed, the needle can be removed. An example
of an intracardiac injection can be seen in Figure 3.

The duration of this process depends on the expertise of the user. An experienced
ultrasonographer can do the injection in less than a minute. The major risk of this procedure
is the incorrect injection in the right ventricle, the lung, or the mediastinum. We will not
see the hyperechoic bubbles arising inside the left ventricle. Other less frequent errors can
be damaging the aorta the cava vein or any of the cardiac atriums. In these cases, we will
see an acute intrathoracic hemorrhage.

For intracardiac blood sampling, the approach and procedure are the same as the
injection. Sampling the myocardial tissue will be really challenging due to the thin wall
and the continuous movement of the heart. We will need to puncture the cardiac wall
without getting into the ventricle and make the pulling of the plunger in synchrony with
the movement of the ventricle wall.
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Figure 3. Intracardiac injection. (A) Preinjection image. Needle is marked with white asterisks
and left ventricle area is surrounded by a dashed line. Lung artifact is labeled with white arrows.
(B) Injection moment. Multiple white dots (marked with white arrows) inside the left ventricle
correspond to microbubbles injected with the suspension. Images obtained with 40 MHz frequency.

3.3. The Liver

The liver is a homogenous organ situated in close contact with the diaphragm, occupy-
ing the cranial part of the abdomen. Echographically, it can be described as homogeneous
and moderately hyperechoic compared to the spleen [25–27].

The intrahepatic injection is an easy procedure due to the size of the liver, which
allows us to inject in both left and right sides of the organ. In our opinion, the right
approach is easier due to the presence of the stomach on the left, which reduces the space
for maneuvering. The animal is placed in ventral recumbency and hair is shaved in the
cranial part of the abdomen. After localizing the desired region of the liver, the needle is
moved under and parallel to the probe from the outside and into the abdomen, avoiding
the rib bones. We will see a hyperechoic line going into the hypoechoic and homogeneous
hepatic tissue. The injection can be confirmed with the appearance of an anechoic structure
(the injected fluid) inside the liver tissue. After injecting, the needle should be kept in

233



Animals 2022, 12, 3445

place for some seconds. Later, it can be removed and the organ should be examined for the
presence of hemorrhages. An example of a liver injection is shown in Figure 4.

 

Figure 4. Intrahepatic injection. (A) Right side approach. Needle is marked with white asterisks.
(B) Left side approach. Injected fluid is marked with white arrows. The fluid appears as an anechoic
collection inside the homogeneous hypoechoic liver tissue. Images obtained at 40 MHz frequency.

The recommended maximum volume of injection depends on the size of the organ,
but in the literature, we can find volumes around 40–50 microliters [28–30]. An excess in
the injection volume could lead to a rupture of the hepatic tissue due to a pressure increase
in the tissue and this will lead to the appearance of an acute local hemorrhage, or even an
hemoabdomen in case the rupture affects the Glisson’s capsule.

There are no major risks with this procedure apart from the injection of an excessive
volume. Other infrequent problems could be the puncture of the gallbladder or an intra-
hepatic vessel. In both cases, the probability is significantly low and it could be really hard
to confirm any of these situations with the ultrasound. There will be general and unspecific
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symptoms such as intraabdominal bleeding or peritonitis due to the release of bile into the
abdomen but both findings will be delayed in time.

Making a liver biopsy will be as easier as doing an injection, following the same
approach and procedure. We will be able to make multiple aspirations of the organ due to
its size.

3.4. The Spleen

The spleen is a hypoechoic hematic organ, typically located on the left side of the
abdomen, caudal to the stomach and lateral to the left kidney, but it can slide around the
cranial part of the abdomen, especially during splenomegaly [25,26]. Due to this reason,
the approach for its injection will depend on where it is located. In its usual place, a lateral
approach is the best and easiest way of injecting. The animal should be placed in lateral
recumbency, with the left side up. After shaving the hair, the scanning probe is placed over
the last ribs and slowly displaced caudally. The spleen will appear on top of the screen,
just under the skin. We will slightly balance the probe ventrally without losing sight of the
structure and will insert the needle from the back of the animal. In a standardized view, the
needle will arise from the right side of the screen and go medially. If the pressure from the
ultrasound probe is enough, the spleen will be immobilized between it and the needle, and
the injection will be performed easily. Similar to the liver, the maximum injected volume
depends on the organ size but in previously published work we can find a range from 20 to
50 microliters [31]. After a few seconds, the needle can be removed and a last exam for the
absence of bleeding should be performed. A representative image of the injection is shown
in Figure 5.

 

Figure 5. Intrasplenic injection. Needle is marked with white asterisks and the spleen is surrounded
by a dashed line. Stomach can be localized due to its typical acoustic shadow. Images obtained at
40 MHz frequency.

When the spleen is located in a different area of the abdomen, we will do a lateral
approach for the injection, placing the scanning probe in a ventral view and injecting from
the left or right sides depending on the location of the structure.

For a splenic biopsy, the approach is similar and we will be able to make several
punctures from the organ due to its size in most of the animal models.
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There are no big risks during a splenic injection due to its superficial location and the
size of the structure. Only in immunodeficient animals, where the organ is extremely small,
the risk of injecting incorrectly in another structure or even freely into the abdominal cavity
should be considered. In these cases, increasing the spatial resolution for more detailed
visualizations is required. The organ could be found under the last ribs and this will make
the injection more complicated.

3.5. The Pancreas

The pancreatic tissue is, in mice, a poorly defined structure divided into three branches.
The left branch is located cranial to the left kidney and medial to the spleen. It can be easily
found surrounding the principal splenic vessels. The middle branch is located between
the caudal aspect of the stomach and the cranial aspect of the transverse colon. The right
pancreatic branch is limited by the lateral aspect of the right kidney and the medial aspect
of the duodenum. The ultrasonographic image of the pancreas is as an isoechoic tissue
compared to the liver, with small parallel hyperechoic lines [25,26].

For pancreatic injections, frequently performed in oncology for developing pancreatic
tumors, the best area for injecting is the left branch. The middle one is smaller and the
right branch is more complicated to access due to the presence of the duodenum and the
right kidney. For injecting in the left branch, we need to localize the primary splenic vein
that runs cranially to the cranial pole of the left kidney, from its origin in the spleen to
its insertion in the cava vein. The pancreatic area can be recognized as a poorly defined
isoechoic area with internal parallel hyperechoic lines around the vein. In this place, the
needle can be introduced from the lateral side while we keep the scanning probe in a
medial position. In a standardized image, the needle will appear from the right side of the
screen. As happens with other lateral approaches, sometimes we will need to make some
pressure from the contralateral side of the animal to overcome the skin and abdominal
wall resistance to the puncture. Once these two structures are pierced, the injection can be
performed without difficulties. A small anechoic bubble arising in the pancreatic area can
be observed if the injection is performed correctly. We should wait a few seconds before
removing the needle as we do in other procedures. An example of a pancreatic injection is
displayed in Figure 6.

The major risk of this injection will not affect the health of the animal but the success of
the model. Several times we can observe, after the injection, that the fluid from the syringe
is not creating an anechoic bubble but moving freely to the ventral wall of the abdomen
(the top of the monitor because we positioned the animal in ventral recumbency). This
happens when the injection is not correctly performed in the pancreatic tissue but in the
peritoneum. In this situation, we should stop injecting and relocate the tip of the needle
to another area. Otherwise, we will have an abdominal disseminated model of pancreatic
tumors.

There is no limitation on the volume injected in the pancreas due to the minimum
stiffness of the tissue, but in most of the publications, the injected volume range goes from
20 to 50 microliters [32–34].

The guided biopsy of the pancreas is extremely difficult because, as we said before, the
pancreas in mice is a membranous structure and there is not a defined tissue for aspirate.
In the case of a pancreatic tumor biopsy, for example, the approach will be similar, but
we should find the mass prior to the introduction of the needle. In the cells injection was
correctly performed, the pancreatic tumor should be located in the same region.
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Figure 6. Intrapancreatic injection. (A) The needle is marked with white asterisks and injected in the
pancreatic area. The left kidney is surrounded with a dashed line. (B) Same area after injection. The
fluid collection is signaled with a white arrow. Images obtained at 40 MHz frequency.

3.6. The Kidneys

The kidneys are two ellipsoid hyperechoic structures that can be found on both sides
of the abdomen. The left kidney is more caudal than the right and is anatomically related
to the spleen and stomach, while the right one is close to the liver and duodenum. Their
echogenicity is higher than the spleen and similar to the liver, but these ratios can change
between animal strains or even individuals [25,26].

The intrarenal injection can be performed in both organs and a lateral approach is
recommended, with the animal in ventral recumbency and the probe placed in the middle
line of the abdomen. This layout will give us access to the lateral aspect of the kidney, safe
from the ilium where the renal artery and vein are located. Depending on the injection
depth, we will make a cortical (more superficial) or a medullar (inner part) injection. In
both cases, the needle needs to be introduced from the lateral side and will appear in the
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monitor from the right side (if we inject the left kidney) or the left side (if we inject the right
one) as far as we follow the scanning standardization.

A different approach for the injection can be performed with the animal in lateral
recumbency, placing the probe in the ventral aspect of the abdomen and injecting from the
dorsum. This will create a compression between the needle and the probe, immobilizing
the organ in the middle.

The injected fluid will be observed as a hypoechoic accumulation inside the echoic
renal tissue. The maximum volume that we can inject is limited to 20–50 microliters if we
attend to the published works [35,36]. The renal tissue is rigid and fragile and does not
accept significant increments in the tissular pressure.

In the same way as the liver and spleen, the kidney biopsy can be performed following
the same approach as the injection but pulling the needle plunger instead of pushing it
down. Multiple samples can be collected in both the cortical and medullar areas of the
organ. An example of a renal injection is shown in Figure 7.

The major risk during a renal injection is the incorrect settlement of the fluid. If the
injection is performed too deeply into the renal tissue, the tip of the needle could reach the
pelvic zone. In this case, the injected fluid will be released directly into the pelvic area and
moved to the ureters. Another risk of incorrect injections could be injecting into the renal
vessels, especially the renal vein, bigger than the artery. But this possibility is low if we
make a safe approach from the lateral or dorsum.

3.7. The Uterus and Fetus

The uterus is a structure located in the caudal region of the female abdomen. It’s
divided into two parts: the neck and the horns, all with a similar ultrasonographic image:
tubular shape with middle echogenicity [25,26]. The neck is anatomically related to the
urinary bladder and the rectum, while the horns run from their division in the cranial aspect
of the neck until they reach the ovaries, caudal and lateral to the kidneys. Recognizing
the uterine horns can be challenging for non-experienced users, especially in non-gravid
animals when the image can be mixed up with the bowels. During the pregnancy, the
uterine horns increase exponentially their size to host the developing fetus and they are
easily recognized.

The uterine injection using ultrasonography is one of the most difficult techniques,
especially when the organ is in repose (not gravid). The structure is long, thin, and mobile,
and the uterine wall is hard. All these characteristics make the intrauterine injection a
challenging process. The less mobile part of the uterus is the neck which stays anatomically
fixed in place. In this part of the organ, the injection could be feasible. On the other hand,
for injecting the uterine horns they should be externally exposed with a surgical opening
of the abdomen. For intrauterine injections, the previously published works never went
over 30 microliters [37–40]. Like in the other injections, we should keep the needle in place
for some seconds before removing the needle. Figure 8 shows a representative image of a
uterine injection.

The injection in the gravid uterus is easier due to the increased size of the organ but
can be challenging depending on our target. The myometrium will be more complicated
to reach due to the reduction in its thickness during pregnancy, as well as the injection
into the uterine cavity will be challenging too because of the presence of multiple vesicles
corresponding to the amniotic sacs.

If we want to inject into the amniotic sacs, the feasibility of the procedure will depend
on the stage of pregnancy and fetal development. During the earliest days, recognizing
the sacs will be challenging due to their small size. With the progression of fetal develop-
ment, the amniotic sacs become bigger and the injection will be easier. At the end of the
pregnancy, the amniotic fluid is significantly reduced and almost the whole volume of the
sac corresponds to the fetus [41–43].
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Figure 7. Intrarenal injection. (A) Injection of the needle into the kidney. Needle is marked with
white asterisks and the kidney is surrounded by a dashed line. The injection is performed in the
medullar zone of the organ. (B) Administration of the fluid, that is marked with a white asterisk.
Images obtained at 40 MHz frequency.

Injecting a fetus could be challenging depending on the organ or structure we want to
pierce. The fetuses are mobile and they will be hard to immobilize. For this reason, most
of the published works make a surgical opening of the maternal abdomen, exposing the
uterine horns for ultrasonography and fetal-guided injection. Once the uterine horns are
externalized, the injection procedure would be similar to the one performed in a mature
animal, but the recognition of the organs could be more challenging because in some cases
their echogenicity is different, such as what happens with the lungs or the kidneys. Even
so, some organs, such as the testicles, are located in a different place compared to a born
specimen [43].

The biopsy of the non-gravid uterus will be as challenging as the injection, due to the
same reasons: its size and the almost free movement of the horns. It could be easier to
make in the uterine neck. On the other hand, amniocentesis can be performed in the gravid
uterus if we are able to immobilize the uterine horn, but we should consider the potential
damage to the fetus due to the reduction in the amnios volume which could be a significant
secondary effect of the procedure.
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Figure 8. Intrauterine injection. (A) The uterus is punched but no fluid is administered. The needle
is marked with white asterisks. The uterus is surrounded by a dashed line. The urinary bladder is
marked with a big white asterisk. (B) Same structure after administration. The fluid collection is
marked with a dotted line. Images obtained at 40 MHz frequency.

The main risk of failure during a uterine puncture is the incorrect injection in the
abdominal cavity because of an incorrect approach to the organ. Other problems will be
more related to the gravid situation, such as uterine wall ruptures if we try to inject an
excessive volume into the amniotic sac or damage the fetus during the injection.

3.8. The Testicles

The testicles are two mobile hyperechoic structures that can be found randomly
inside the scrotum, in the abdominal cavity, or in the inguinal channels [25,26]. For the
intratesticular injection, we should move the organs into the scrotum, where the injection
can be performed easily. A constant pressure in the caudal region of the abdomen is
required to keep the testicles inside the scrotum.

Once the testicle is fixed into the scrotum, the lateral approach is the best for the
injection. Placing the scanning probe in a ventral position over the scrotum, the structure
can be defined echographically as hyperechoic, homogenous and circular in shape. The
lateral approach is the best for injecting into the testicles, placing the probe in the middle
line of the body over the scrotum. For reducing the potential movement of the organ, we
can use forceps for fixing the skin while piercing with the needle. Introducing the needle in
the testicular stroma is easy due to its softness and it can be seen as a hyperechoic line with
several comet tails artifacts in a hyperechoic background. The injected fluid will arise as
an anechoic accumulation in the testicular stroma. After the injection, we should keep the
needle in place for some seconds before removing it. An example of a testicular injection is
represented in Figure 9.
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Figure 9. Intratesticular injection. (A) Injection moment. The needle is marked with white asterisks
and the testicle is surrounded by a dashed line. The penis bone is marked with a white arrow.
(B) Administration moment. The fluid collection is marked with a white asterisk. Images obtained at
40 MHz frequency.

The maximum injected volume ranges from 20 to 50 microliters if we attend to the
previous publications [44,45]. The testicle is a soft and flexible tissue with a significant
capability to increase its volume so the possibility of a tissular rupture can be considered
low but not inexistent.

The testicle biopsy will be as easier as the injection following the same protocol. We
will need to take care of the biopsy point, because a puncture too close to the epididymis
will give us a sperm sample instead of real tissue.

The are no major risks during a testicle injection. Only damage to the local ves-
sels could create a negative effect on the viability of the organ. For avoiding this, the
color Doppler mode can be used for recognizing the testicular vascular network prior to
the injection.

3.9. Other Organs

There are other structures and organs that can be a target for orthotopic cancer models,
such as the different sections of the gastrointestinal system or the urinary bowel. In all of
them, we will face an additional complication to the procedure and it is that all of these
structures are hollow. This means that the injection should be performed in the wall of an
empty structure and in most situations, we will not have the technical precision required to
make the injection or aspiration. In addition, as we described in the uterine horns, most
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of these structures are mobile and they will slide with the pressure of the needle tip. The
only fixed structures in this group could be the stomach and the urinary bladder. For the
first, injecting in the gastric wall could be feasible but the visualization of the injection will
be difficult due to all the gas present in this organ, especially in rodents, that will create
an acoustic shadow making it almost impossible to visualize the gastric wall. Regarding
the urinary bladder, the main difficulty of its injection will be the thin wall of the bladder,
especially if there is urine inside. This thin wall makes the exact injection extremely difficult.
On the other hand, cystocentesis (sterile urine collection) is an easy procedure that can
be performed with the help of an ultrasound and only requires the presence of urine in
the bladder. The approach is ventral and we will find the bladder as a complete anechoic
structure, round in shape, in the caudal part of the abdomen. Once we find it, the procedure
requires introducing the needle from a lateral aspect and almost perpendicular to the probe,
firmly and deep into the abdomen. If we succeed in getting into the bladder, a hyperechoic
spot will be visible in the anechoic structure of the bladder. An example of a cystocentesis
can be seen in Figure 10.

 

 

Figure 10. Cystocentesis. (A) Moment of the bladder wall rupture in transversal view. The wall
is still presenting resistance and the shape of the bladder is not round due to this. The bladder is
surrounded by a dotted line. The tip of the needle is marked with a white arrow. (B) Collection of
urine. Longitudinal view. The bladder has been punctured and its wall recovered the tension, getting
back the round shaper of the organ. The needle is marked with white asterisks. Cranial to the bladder,
an acoustic shadow indicates the presence of feces in the rectum (white start). Images obtained at
25MHz frequency.
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4. Conclusions

Ultrasonography is a potent and trustable technique that can help investigators in
developing different cancer models. Ultrasound-guided injection is a significant tool for
ethical refinement which should be considered during the design of animal experiments
for an improvement in animal welfare and the quality of the research.

For the implementation of the guided injection or sampling, instruments with specific
requirements are necessary, depending on the animal model and target structure, as well as
a deep knowledge of the procedures by the operator is required.
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Simple Summary: Monitoring vitals sign such as the respiratory rate, heart rate, or temperature is of
high importance to medical and biological research. Using camera-based methods, we monitored
the respiratory rate of unconstrained laboratory rats by analyzing the visible breathing movement in
the thorax. We hope this is a further step to enabling the non-invasive monitoring of rodent in an
experimental environment without using implanted sensors, reducing the stress and pain within an
otherwise unneeded operation.

Abstract: Animal research has always been crucial for various medical and scientific breakthroughs,
providing information on disease mechanisms, genetic predisposition to diseases, and pharmaco-
logical treatment. However, the use of animals in medical research is a source of great controversy
and ongoing debate in modern science. To ensure a high level of bioethics, new guidelines have
been adopted by the EU, implementing the 3R principles to replace animal testing wherever possible,
reduce the number of animals per experiment, and refine procedures to minimize stress and pain.
Supporting these guidelines, this article proposes an improved approach for unobtrusive, continuous,
and automated monitoring of the respiratory rate of laboratory rats. It uses the cyclical expansion
and contraction of the rats’ thorax/abdominal region to determine this physiological parameter. In
contrast to previous work, the focus is on unconstrained animals, which requires the algorithms to be
especially robust to motion artifacts. To test the feasibility of the proposed approach, video material
of multiple rats was recorded and evaluated. High agreement was obtained between RGB imaging
and the reference method (respiratory rate derived from electrocardiography), which was reflected in
a relative error of 5.46%. The current work shows that camera-based technologies are promising and
relevant alternatives for monitoring the respiratory rate of unconstrained rats, contributing to the
development of new alternatives for a continuous and objective assessment of animal welfare, and
hereby guiding the way to modern and bioethical research.

Keywords: respiration; automatic monitoring; rodent; rat; animal welfare; refinement; 3R; laboratory
animals; camera-based monitoring; breathing

1. Introduction

Animal research has played a major role in many scientific breakthroughs for centuries,
even though it has been a source of various ethical debates [1]. This caused governing
bodies to implement laws and other regulatory means to safeguard animals in experimental
settings. The European Union (EU) requires member states by its Directive 2010/63/EU [2]
to apply the 3R principles proposed by Russell et al. [3] in 1959. These principles refer
to reduction, refinement and replacement as a mean to minimize the use of animals in
scientific studies, while maximizing animal welfare. The term reduction refers to reducing
the number of animals used in a study, while still providing the scientific significance
needed. Refinement refers to minimizing the pain, suffering, or distress introduced by
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animal trials. This can be achieved by using less invasive methods or improving the living
conditions in terms of housing and care. Replacement refers to finding alternatives to
animal testing which are similar or more effective, thus making the animal trial needless.
Feasible alternatives could be using cell cultures, simulations, or human studies.

However, reality shows that not all experiments with living animals can be replaced.
In 2019, the EU reported that 10.61 million animals were still used in animal trials [4],
showing the great need for further refinement methods. Of these, 72% were used for
research, 17% to satisfy regulatory requirements and another 6% for routine production.
Most of the animals were used to enhance the understanding of the nervous system or
finding treatments for diseases such as cancer. Until today, research has not been able to
find adequate replacements for these kinds of animal testing, which makes the refinement
and improvement of these experiments crucial.

Due to their high anatomical, physiological, and genetic similarity to humans, while
being small and easy to maintain, mice and other rodents are most used in research [5]
and represent about half of all trial animals [4]. Cardiovascular, pharmacological, and
toxicological research requires vital parameters such as the heart rate (HR) or respiratory
rate (RR) to assess a given theory. Currently, implanted radio transponders are the only
methods to monitor these for unrestrained mice or rats [6]. This can be ECG sensors,
piezoelectric sensors, implanted catheter, or other implanted devices. Despite its ability
to generate highly precise data, there are several significant drawbacks associated with
this methodology. First, it requires an initial implantation surgery, which is invasive and
time-consuming. The recovery time for animals to regain their normal circadian rhythms
can take up to five to seven days, according to Braga and Burmeister [7]. Second, the
implanted device may cause distress and discomfort, especially in small species. Braga and
Burmeister also noted that the implanted device could have adverse physiological effects,
such as an increased volume in abdominal viscera, which can potentially compromise the
movement of the diaphragm and alter breathing patterns in terms of depth and rhythm.
Therefore, there is a great need for contactless and unobtrusive monitoring of techniques,
which, on the one hand, permit continuously monitoring the laboratory animals and on the
other hand obtaining objective parameters for welfare assessment.

There are numerous examples of the application of RR monitoring for rodents, in-
cluding toxicity studies in drug development [8], anesthesia monitoring [9], respiratory
disease research [10], stress and pain assessment [11], sleep research [12] and many more.
Ohtani et al. [8] compared the analgesic and respiratory effects of norbuprenorphine (NBN)
and buprenorphine (BN), finding that BN had a lower concentration for an analgesic effect
without inducing respiratory depression compared to NBN. Tsukamoto et al. [9] studied the
effect of multiple anesthetics on vital signs such as temperature, heart rate, respiratory rate
and SP02. Card et al. [10] identified the differences in respiratory physiology depending on
the sex, using a seral model of respiratory diseases. Schöner et al. [11] found out that an
increased respiratory rate might occur in a model of PTSD in rats. Mendelson et al. [12]
investigated sleep apnea in rats.

Over the years, numerous researchers have explored monitoring RR remotely. In 2019,
Kunczik et al. [13] showed that the monitoring of mice and rats can be achieved using an
RGB camera while undergoing anesthesia. In this approach, RR is measured by tracking
the movement of the abdominal areas, while HR is measured using a DistancePPG, as
proposed by Kumar et al. [14]. Another approach was presented by Takahashi et al. [15],
using the camera recordings of mice from below a see-through acrylic glass, monitoring
and tracking hairless areas. Both approaches lack the possibility of long-term monitoring
as we would like to see, due to the animals being restrained or in a specialized cage with
no possibility of litter or enrichment materials such as nesting pads.

The current paper presents an improved approach for respiratory rate monitoring in ro-
dents by using visual imaging from above. In contrast to other publications that use videos
of anaesthetized animals to estimate this vital parameter, our focus here is to demonstrate
the capability of the presented algorithm in extracting this from moving animals.
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2. Materials and Methods

The proposed algorithm is a multi-step approach for monitoring respiration in an
RGB video of unconstrained rats, as illustrated in Figure 1. This paragraph provides a brief
overview of all steps, which will be described in detail in the following sections, along
with the experimental protocol. During the first step, segmentation masks of images are
computed from video recordings using a deep learning algorithm to detect the respiration-
associated movement. In the second step, the preprocessing of the segmented regions
is carried out. In the third step, the signal is extracted. Last, the actual computation of
the respiratory rate is carried out. As a reference, respiration signals were extracted from
electrocardiography (ECG) data and used to compare the camera-based signal.

Figure 1. Key stages involved in extracting the RR from the RGB videos of rats: Video preprocessing
(segmentation, preprocessing), signal extraction, and RR calculation.

2.1. Experimental Protocol

The data used in this work are part of a larger study that adhered to the 3R principles
(replacement, refinement and reduction) to ensure the ethical treatment of animals. The
study followed the approved experimental protocol of the governmental animal care and
used the institution “Regierung von Oberbayern” (Germany, ROB-55.2-2532.Vet_02-16-105),
and was conducted in compliance with the German Animal Welfare Law. All animals
received humane care in accordance with the principles outlined in the “Guide for the Care
and Use of Laboratory Animals” (8th edition, NIH Publication, 2011, USA).

Three male albino Sprague Dawley rats (360–375 g; 9–11 weeks; Envigo, Horst,
The Netherlands) were included in this study. They were subjected to an operation
in which ECG and EEG transponders (DSI-HDX02, Data Sciences International, Inc.,
New Brighton, MN, USA) were implanted. A detailed description about the surgical
procedure was already published in 2019 by Seiffert et al. [16]. Prior to and following
the operation, the rats were placed into an open glass cage, measuring approximately
0.30 m × 0.30 m, and recorded using two cameras (Cam1 and Cam2). The cage was bedded
with a white textile sheet and no additional illumination was provided. The cameras were
mounted above the cage on a tripod at about 1.5 m above the bottom of the cage. The
distance was selected so that both cameras could acquire the complete bottom of the cage.
The experimental setup is depicted in Figure 2.

Cam1 is a long-wave infrared thermal camera (Infratec VarioCAM HD head 820,
InfraTec GmbH, Dresden, Germany) with a resolution of 640 × 480 pixels, a thermal
resolution of up to 20 mK, a frame rate of 60 FPS and a dynamic range of 16 bit. Cam2 is an
RGB camera (Allied Vision Mako G-223C, Allied Vision Technologies GmbH, Stadtrova,
Germany) with a resolution of 1368 × 640 pixels and a framerate of 60 FPS, resulting in
18,000 images for a 5 min recording per modality.

The experiment was conducted over five consecutive days, as shown in the experiment
schedule displayed in Figure 3. At each measurement time (MT), two 5 min videos were
recorded with a parallel ECG recording:

• Day 1: One video recording was obtained for establishing a baseline and the rats
allowed to acclimate to the environment. For this recording, no ECG was recorded.
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• Day 2: This was surgery day where the EEG and ECG transponders were implanted.
Two recordings with all three rats were carried out: the first directly after the surgical
procedure and the second approximately two hours later.

• Days 3 to 5 followed a similar schedule, with recordings starting at 9 am, 11 am, 1 pm
and 3 pm. On day 5, only the first two video acquisitions were made.

 
(a) (b) 

Figure 2. Recording setup. (a) Schematic view with both the RGB and thermal camera, which are
recording the rat from above. (b) Picture of the recording setup. Both cameras were mounted using a
tripod 1.5 m above the monitoring cage.

Figure 3. Experiment schedule: The blue bars correspond to the five measurement days. The black
bars indicate the times at which the recordings were made.

For every recording, the ECG transponder had to be activated using a magnetic
switch. Shortly afterward, the camera recordings were started simultaneously for both
cameras. After 5 min of recording time, the cameras switched off automatically, followed
by activating the magnetic switch again to turn off the transponder. This allowed for the
recording of 13 videos for each rat, 5 min each, totaling to 39 videos (in total 195 min of
video recordings). All videos were captured in raw format, without any compression.
During the recording, the rats were allowed to move freely, resulting in occasional sections
of heavy movements, while most of the videos are made up of minor movements such as
sniffing, and fur care is present in all of the videos.

After the experiment, the animals were euthanized with an intraperitoneal sodium
pentobarbital injection (600 mg/kg Narcoren®, Merial GmbH, Hallbergmoos, Germany).

2.2. Segmentation

For assessing the heart rate, a target RoI must be defined. In contrast to previous
works, which mostly monitored anesthetized animals using on the upper abdomen as the
region for signal extraction [8], our goal was to monitor unconstrained animals. This means
that the RoI must be detected and tracked over time. Thus, the RoI was set to cover the
entire chest and abdomen, and was bounded by the connecting line between both upper
and lower legs, which can be recorded by cameras when they are mounted above the cage.
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In 2019, Wu et al. [17] published the detectron2 framework for image segmentation
and object detection, which was customized for segmenting the RoI in rats in this work.
Such supervised deep learning approaches need annotated image data before the training
process of the neural network can be started. Therefore, images from our study (described
in detail in Section 2.1) were selected, such that 50 images that were automatically extracted
from each of the 39 recorded videos, beginning with images with little-to-no movement and
then randomly sampling until the required number (50) was reached. These images were
annotated using LabelMe, a project created by the MIT Computer Science and Artificial
Intelligence Laboratory (Cambridge, MA, USA), which provides an annotation tool to build
image databases for computer vision research. An example of an annotation can be seen
in Figure 4, which was applied in RGB images. Along with the detectron2 framework,
Wu et al. [17] also published pretrained models on various datasets. To begin training our
network, the Mask-RCNN-R50-FPN architecture, was chosen, which was pretrained on the
CoCo-Dataset [18] (referenced as model-ID: 137849600). Mask-R-CNN-R50-FPN references
a deep learning model, for instance segmentation. As a backbone, a ResNet-50 is used,
consisting of 50 convolutional layers to extract the features from the input image. These
features are then used in a feature pyramid network (FPN) to build a multi-scale feature
pyramid for improved object detection and segmentation.

 

Figure 4. Annotated rat images: The red area corresponds to the desired RoI (thorax and abdomen),
which should be automatically identified and segmented.

To adapt Mask-R-CNN R50 FPN to the current data, minor changes were made to its
architecture. Appendix A provides a complete set of the changed parameters of the model
architecture. The feature extraction layers of the network were frozen, and the number of
RoI-heads was set to 128 to enable a batch size of 8 during training. Training was performed
using a GeForce RTX 2080 Super (NVIDIA Corporation, Santa Clara, CA, USA). To evaluate
the neural network properly, the dataset was divided into three parts (training, validation,
test), with each part containing data from a single rat. For each rat, a network was trained
on the 650 annotated images per rat, validated on a second rat, and tested on a third rat.
This is done to ensure that the neural network had not been exposed to any images of the
animals included in the test data, and thus prevent any bias during the evaluation caused by
any animal-specific visible features. During training, several augmentations were applied
(see Appendix B for a complete set of augmentations). Applying the segmentation network
to each frame of the video results in two different outputs: a binary mask, and a certainty
score between 0 and 1. Detections which are exceeding a score 0.99 were defined as valid
segmentations.

2.3. Preprocessing and Signal Extraction

For an RR assessment from the segmented images, several steps of preprocessing were
performed. Based upon the binary masks, from the segmentation step, the centers of the

249



Animals 2023, 13, 1901

mass were computed, and each image was cropped to the extent of the bounding box of the
segmentation mask, after nullifying every pixel outside the segmented area. Subsequent to
obtaining all masked images of a given video, the images were shifted so that the centers of
mass are overlapping for each frame in a video. The preliminary respiration signal R was
obtained by computing the area of the segmentation in each image. To extract the signal, R
was denoised using a linear denoising algorithm according to Nowara et al. [19], which
was originally developed for denoising remote photoplethysmography signals, but should
be also applicable for respiration signals due to a similar temporal profile.

The noise signals include the linear detrended center-of-mass coordinates over time
for both X- and Y-coordinates, as well as their first derivatives. The algorithm uses
the disturbed signal R projected onto the noise subspace Q to compute the denoised

signal Z with Z = R − QQT

QT Q R. Furthermore, the resulting signal was preprocessed with
a second-order Butterworth bandpass filter, with a lower and upper cutoff frequency of
1 Hz (60 breaths/min) and 3.3 Hz (200 breaths/min), respectively, and clipped wherever
the gradient exceeded 1.5. The clipped values were then filled by interpolating the two
neighboring values of the respiration signal.

2.4. RR Computation

Once the filtered respiration signal has been acquired, a peak detection is carried out
to determine both in- and exhale cycles, which can later be used to compute the RR. An
algorithm developed for electrical impedance tomography (EIT) by Khodadad et al. [20]
was adapted for this purpose. First, the signal was detrended by subtracting the means
of a best-fit line, and zero crossings in the signal were found. Second, a separate search
for extreme points at both rising and falling zero crossings was performed. Third, an
outlier detection algorithm was applied to identify the valid peaks based on their dis-
tance from the neighboring peaks. Once the peaks have been computed, the instanta-
neous RR (fRR) can be calculated as the inverse of the distance between two consecu-
tive peaks, using the equation: fRR = 60/dpeak, where dpeak corresponds to the number
of sampling points divided by the sampling rate and the respiration signal fRR is given
in breaths per minute (breaths/min). Figure 5 illustrates the algorithm, showing two
signals an ECG-derived-respiration signal at the top and the corresponding computed RR
at the bottom.

(a) 

(b) 

Figure 5. Example of ECG-derived respiration signal and the rate extracted from a rat ECG; (a) EDR
signal: The blue line corresponds to the EDR signal, on which the red dots represent the maximum
and the yellow dots the minimum of the breathing signal. (b) The EDR rate is the corresponding
instantaneous respiratory rate, with its mean value denoted as a dashed line.
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2.5. ECG Analysis and ECG-Derived Respiration

The results were validated using ECG as the ground truth, since the radio transponder
employed in the animal trial allowed for the extraction of this parameter. ECG-derived
respiration (EDR) describes the process of extracting the respiration signal from a given
ECG signal. However, to obtain an EDR signal of interest, the processing of the raw ECG
signal was required.

Several methods were proposed for peak detection in an ECG signal, including by
Pan et al. [21], Vuong et al. [22], Kalidas et al. [23], Koka et al. [24] and Makowski et al. [25].
Most of these methods focus on detecting the QRS complexes of a given ECG as it is the most
prominent feature. The peak detection method used was proposed by Makowski et al. [25],
who used the gradients’ steepness to detect QRS complexes, followed by searching the
local maxima within the detected region to find the R-peak. Customization was required to
enable the computation of the HR of rats, as their ECGs have a morphology that is vastly
different from that of humans. The schematic ECG of a normal human is shown in Figure 6,
along with the recorded an ECG of a rat.

(a) (b) 

 

 

 

 

 

Figure 6. Heartbeat in ECG signals; (a) Schematic diagram of an ECG of a human. (b) Showcase of
individual heart beats by ECG of the captured rats in the experiment.

The customization involves filtering the signal with a Butterworth low-pass filter, with
a cutoff at 4 Hz, and discarding possible artifacts resulting from a 50 Hz powerline frequency.
To apply the peak detection method to rats, the kernel size for smoothing and averaging
was reduced by factors of two and four (smoothwindow = 0.05 s; avgwindow = 0.1875 s),
respectively. Additionally, the minimum delay between two different peaks was set to 0.1 s.
The threshold for discarding a QRS complex because it is too short was set to 0.1 s. An
exemplary detection of the resulting R-peaks can be seen in Figure 7.

Figure 7. ECG signal of a rat, including the utilized peak detection, as denoted by the yellow markers.

Many methods have been proposed to extract the EDR from an ECG signal. Sarkar et al. [26],
Charlton et al. [27] and van Gent et al. [28] used simple filtering to reconstruct the respira-
tory signal, while Kontaxis et al. [29] computed the respiratory signal from the difference
between the maximum and the minimum slopes in the QRS complex. Langley et al. [30],
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in turn, computed the EDR signal by applying principal component analysis of the global
amplitude variation of the QRS complex. To receive the respiratory signal from our data,
the approach from van Gent et al. [28] was used, as it was most robust, especially when
used on noisy signals. An EDR signal computed with this method can be seen in Figure 8,
along with its respiratory rate. Figure 9, in turn, shows the spectrum of a processed ECG
spectrum, clearly showing the respiratory rate and the first harmonic.

 

(a) 

(b) 

Figure 8. ECG-derived respiration in rats. (a) ECG-derived respiratory waveform after applying the
approach proposed by van Gent et al. [22]. (b) Respiratory rate of the animal computed according to
Khodadad et al. [23].

Figure 9. Frequency spectrum of a rat’s respiratory signal. The highest peak visible at around 100
breaths/min corresponds to the respiratory rate of the animal. Additionally noticeable is the first
harmonic, around approximately 200 breaths/min.

3. Results

3.1. Reference Respiratory Rate

Figure 10 shows the RR derived from the ECG for each measurement time point, as
well as a box plot diagram showing the variation of the ECG-derived RR for each animal.
Looking at the results, it can be observed that the RR ranges from 79.08 breaths/min to
98.87 breaths/min. On average, 92.09 breaths/min was recorded, with a standard deviation
of 4.23 breaths/min. A detailed list of respiratory rates for all measurement time points is
reported in Table 1.

252



Animals 2023, 13, 1901

 
(a) (b) 

Figure 10. EDR results: (a) Illustration of the temporal aspect of the RR by grouping measurements
for the boxplot by measurement time. (b) Boxplot of all measurements split by the different animals.

Table 1. RR from camera-based respiration compared to the EDR. For each day and time of the
measurement, the table shows the EDR rate, the camera-based RR (Rrcam), as average over the whole
measurement. Additionally, the resulting relative error and the absolute error are listed. The last row
lists the average of all recorded values.

Day MT Rat ID
Mean EDR

[Breaths/min]
Mean RRcam

[Breaths/min]
Rel. Error [%]

Abs. Error
[Breaths/min]

Day 2 MT3 R1 96.28 99.56 3.41 3.28
R2 79.08 98.63 24.72 19.55
R3 91.34 103.23 13.02 11.89

MT4 R1 94.05 80.29 14.63 13.76
R2 85.55 97.73 14.24 12.18
R3 94.97 96.83 1.96 1.86

Day 3 MT1 R1 94.61 92.88 1.83 1.73
R2 90.69 82.72 8.79 7.97
R3 89.70 91.45 1.95 1.75

MT2 R1 96.28 91.64 4.82 4.64
R2 93.45 90.37 3.30 3.08
R3 89.27 87.77 1.68 1.5

MT3 R1 98.73 99,01 0.28 0.28
R2 96.32 103.9 7.87 7.58
R3 90.27 91.15 0.97 0.88

MT4 R1 98.87 89.18 9.80 9.69
R2 92.41 88.86 3.84 3.55
R3 90.60 95.97 5.93 5.37

Day 4 MT1 R1 97.40 90.03 7.57 7.37
R2 89.8 87.75 2.33 2.09
R3 90.34 98.22 8.72 7.88

MT2 R1 92.79 92.75 0.04 0.04
R2 92.74 91.49 1.35 1.25
R3 90.55 92.68 2.35 2.13

MT3 R1 97.29 97.04 0.26 0.25
R2 84.8 93.48 10.24 8.68
R3 91.48 97.03 6.07 5.55

MT4 R1 89.24 88.32 1.03 0.92
R2 89.74 87.41 2.60 2.33
R3 87.79 93.49 6.49 5.7

Day 5 MT1 R1 98.03 93.67 4.45 4.36
R2 93.69 86.25 7.94 7.44
R3 93.89 98.2 4.59 4.31

MT2 R1 93.86 91.41 2.61 2.45
R2 85.3 86.09 0.93 0.79
R3 93.95 89.95 4.26 4

Ø 92.09 92.67 5.47 4.94
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3.2. Segmentation

The neural networks were trained on the images of one rat each, over the time of
100,000 iterations, thus leaving the images of the other two rats for validation and testing.
Throughout the training process, the weights of the neural network were saved periodically
every 10,000 steps and validated on the validation set, as is shown in Figure 11. The figure
is split into three parts, showing the validation losses, intersection over union (IoU) for
the detected bounding boxes and the IoU of the segmentation masks for each of the three
trained networks over time. At the end of the training process, the network-weights with
the smallest validation loss were selected for the evaluation of the test set.

 
(a) (b) (c) 

Figure 11. Validation loss (a) and intersection-over-union (b,c) for the trained networks. Blue: Network
trained on R1, validated on R2, tested on R3. Green: Network trained on R2, validated on R1, tested
on R2. Pink: Network trained on R3, validated on R1, tested on R2.

Intersection over union is defined as the area of overlap divided by the area of union
IoU = Aintersection/Aunion. Overall, the segmentation on the test data resulted in an average
IoU of 87.75% ± 5.04% for the segmentation masks, and an IoU of 82.52% ± 6.69% for the
bounding boxes. Even though the networks were trained on different animals, only small
differences can be seen in the IoU scores. Table 2 shows the detailed results for the two
IoUs, along with the subjective certainty score computed by the network for all three rats,
along with the average.

Table 2. IoU segmentation algorithm: The table shows the results for all three trained networks,
Rat ID denotes the rat on which the evaluation was performed. N describes the number of images
which were annotated for the corresponding rat and used for testing. IoU is the percentage of the
intersection of both annotated and detected RoIs, once computed with the rectangle (IoU Box) around
the RoI, and once with the pixelwise-mask of the segmented area (IoU-Mask). The certainty score is
the computed certainty that a rat was found in the segmented area.

Rat ID N IoU Box [%] IoU Mask [%] Certainty Score [%]

R1 637 82.27 ± 7.73 86.86 ± 6.18 99.84 ± 0.40
R2 654 82.85 ± 6.01 88.28 ± 4.61 99.90 ± 0.26
R3 659 82.42 ± 6.37 88.09 ± 4.39 99.80 ± 1.69

Ø 650 82.52 ± 6.69 87.75 ± 5.04 99.85 ± 0.79

3.3. Respiratory Rate

In the left part of Figure 12, the EDR (blue) can be seen together with the RR computed
from the RGB videos (orange) for each measurement time point. In turn, the right part
is showing the variation of the EDR and camera-based RR for each animal. In addition,
Table 1 shows the RR for each video that was analyzed and an average RR of the reference.
As can be observed in the table, the relative error averaged 5.47%, while the absolute error
was 4.95 breaths/min.
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(a) (b) 

Figure 12. EDR ref vs. camera-based RR: (a) RR over time for each MT and its variation as a boxplot. EDR
rate is shown in blue, while the orange curve is the camera-based RR. (b) Boxplot of all results grouped by
animal and modularity. R1-EDR is the EDR rate of R1 and R1-CAM is the camera-based RR for R1.

4. Discussion

The aim of this research paper is to assess the feasibility, and accuracy of monitoring
RR in unrestrained, awake laboratory rats using visible imaging. This is of particular
interest considering that previous approaches have only been performed with sedated
animals, which does not correspond to reality for most respiratory monitoring applications.
Drug development and toxicity studies could especially benefit from the possibility of
long-term respiration monitoring, allowing for the assessment of the side-effects with only
little interaction with the animal care takeover, while also minimizing the cost and labor for
telemetry implants and evaluation. Furthermore, recovery after transmitter implantation
would not be needed. Anesthesia monitoring could also profit from the proposed methods,
even though it is not of much benefit to replace the current monitoring devices during an
operation, as automatic respiration monitoring could be used to ensure a safe recovery from
anesthesia without the need of care-takers to be present. For most respiratory diseases, it is
necessary to monitor the actual breaths rather than the respiratory rate. Since the outliers
are removed to enable monitoring with movement present in the signal, our methods
might not be suitable for signal extraction when they are later used for the classification
of complex breathing patterns. Stress and pain assessment might be one of the most
interesting perspectives for this method, since pain and stress assessment is becoming more
and more important in animal experiments.

The results confirm the successful performance of the segmentation and tracking
algorithm; it accurately identified the thorax and abdominal area as the RoI and effectively
tracked them, achieving an IoU of the segmentation mask of 87.74% on average. Unfortu-
nately, due to the absence of enrichments in the open glass cage, image occlusion testing
could not be carried out. However, based on the inherent nature of the algorithm, we have
strong confidence in its ability to perform effectively, even when the animal is occluded
and reappears in the image. The respiratory waveforms were extracted by leveraging the
cyclical changes in the size of the area of the RoI caused by the expansion and contraction
of the thorax during the respiratory cycle. Despite the presence of challenging conditions,
such as motion artifacts caused by the animal’s movement in the cage, the RR could still be
extracted with a high degree of accuracy from the videos, with the absolute error averaging
4.95 breaths/min, providing a fist proof of the concept which has to be validated further in
future studies with more animals. Nevertheless, the error could be further minimized by
reducing the overall coverage. In this work, all available video sequences were used for
RR estimation and evaluation. Therefore, animal movement leads to movement artifacts
and thus higher errors between the reference and RR computed from visual imaging. Addi-
tionally, an ECG-derived RR rate is not the most accurate ground truth as it is very prone
to motion artifacts. Other sensors, such as an implanted subcutaneous piezoelectric, may
provide a more accurate reference. Varon et al. [31] also reported that EDR is quite prone to
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errors from noisy ECG signals. This is caused by faulty peak detection propagating into
the respiration signal. Nonetheless, alternative gold-standard methods, such as respiratory
belt transducers, require the animal to be restrained during the RR measurements.

There are other studies in the literature that aimed to extract the respiratory wave-
form/RR from rats noninvasively. Wang et al. [32] and Guan et al. [33] used humidity
sensors to evaluate the RR of rodents, but both methods require the animal to be restrained.
These studies primarily focus on describing the sensors themselves and the extracted
respiratory waveform, but lack comprehensive investigations and comparisons with a
reference/ground truth. Esquivelzeta Rabell et al. [34] and Kurnikova et al. [35] used
camera-based methods to monitor respiration, namely thermal and visual imaging. In
these studies, the focus was not on the RR itself, but rather the waveform of the respiratory
curve extracted from the temperature variation around the nostrils, to analyze exploratory
sniffing. As a result, the parameter RR was not calculated further. The algorithms used
required a close-up view of the animal’s nostrils, with minimal motion involved. In 2019,
Kunczik et al. [13] extracted the RR from six anesthetized laboratory rats. The results
have demonstrated excellent algorithm performance, with a root-mean-square error of
0.32 breaths/min. It is worth highlighting that the animals were under anesthesia during
the study, and thus the influence of motion artifacts on the algorithm performance was
not tested. In a study by Anishchenko et al. [36], the RR of laboratory rats during sleep
was remotely measured using a radar, webcam and thermal camera, yet no reference for
validation purposes was acquired, which makes a direct comparison with the present
approach unfeasible.

While the tests in this study were conducted on rats, the algorithm developed can
potentially be applied to other rodents such as mice and hamsters, though retraining the
tracking algorithm would be necessary, along with minor adjustments, such as modifying
the parameters of the temporal filter to adapt to the expected RR range of the specific
animal species.

In relation to the presented study, there are some limitations that should be discussed
as they may have influenced the results. First, the similar colors of animals and background
(both white) might have impaired the algorithm and most probably decreased the overall
accuracy, as the contrast between both is very low. Moreover, when considering the
approach for denoising the respiration signal, it solely focuses on the general relative
movements and does not consider movements such as scratching or sniffing during the
denoising process, which could potentially affect the accuracy of the results. Inaccuracies
of the tracking might have also contributed to more noise in the respiration signal, and
thus a smaller signal-to-noise ratio. To further enhance the results, a dynamic assessment
of the exposure time setting for the camera depending on the illumination of the RoI
could be beneficial. This assessment would involve adjusting the exposure time based
on the RoI rather than the overall lighting environment. By tailoring the exposure time
to the specific RoI, more accurate and precise measurements could be obtained, leading
to improved outcomes. Another possibility to improve the results, and thus the overall
accuracy, would be to decrease the coverage of the algorithm by considering only those
videos sequences in the extraction where no movement is present. However, this would
imply that continuous monitoring would no longer be possible. In this context, the question
arises as to whether continuous monitoring is really indispensable in laboratory research or
whether fewer measurements, for example one measurement per hour, would be sufficient.
Obtaining a short video sequence (e.g., 10–20 s) of motionless animals could potentially be
adequate for this purpose. This could potentially minimize the monitoring burden, while
still providing sufficient data for analysis, depending on the specific research objectives and
requirements. Further investigation and validation would be necessary to determine the
optimal frequency and duration of measurements for the specific research context. Another
potential limitation is that the current segmentation algorithm is not real-time capable,
but this could be improved with a different architecture. If continuous monitoring is not
necessary, then the algorithm does not necessarily need to be real-time capable.
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Overall, the proposed algorithm can evaluate the RR of unconstrained rodents properly.
Further studies will focus on the application of the developed methods in a home cage
scenario, to assess the feasibility of continuous long-term monitoring and the robustness
over a wider range of respiratory rates.

5. Conclusions

Until today, it was not possible to replace animal research entirely in medical and bio-
logical science. Therefore, the need for the further refinement of experiments is significant.
Vitals signs, such as the respiratory rate, are mostly monitored by using ECG implants.
Until now, camera-based methods only allowed for monitoring the respiratory rate in
anesthetized animals, thus a new method was proposed for unconstrained and moving
animals. The respiratory rate was analyzed through the cyclical expansion and contraction
of the rats’ thorax/abdominal region. Compared to the EDR, a relative error of 5.47% could
be achieved, while the IoU of the segmentation mask of the thorax region averaged 87.74%.

Improvements and further experiments are still needed to evaluate the performance of
the algorithm when animals are occluded; furthermore, a higher range of respiratory rates
is needed to evaluate the robustness of this approach. This could enable a fully automatic
camera-based monitoring of rodents, reducing the need for implanted transmitters and
thereby surgeries in animal experiments.
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Appendix A

Table A1. Network parameters. Table of parameters, changed from default parameters in the
Detectron 2 RGB model.

Parameter Value Description

INPUT.MIN SIZE TRAIN (480, 512, 544, 576, 608, 640) Size of short edge for rescale
INPUT.MIN SIZE TEST (480) Size of short edge for rescale

SOLVER.IMS PER BATCH 8 Batch size
SOLVER.BASE LR 0.0001 Learning rate

SOLVER.MAX ITER 100,000 Number of training iterations
MODEL.ROI HEADS.BATCH

SIZE PER IMAGE 128 Number of regions of interest
heads

MODEL.SEM SEG
HEAD.LOSS WEIGHT 2 Weight for segmentation loss

MODEL.ROI HEADS.NUM
CLASSES 1 Number of classes
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Appendix B

Table A2. Image augmentations. Table of applied image augmentations in Detectron 2.

Augmentation

1. RandomBrightness (intensity min = 0.5, intensity max = 2)
2. RandomContrast (intensity min = 0.5, intensity max = 2)
3. RandomSaturation (intensity min = 0.5, intensity max = 2)
4. RandomFlip (prob = 0.5)
5. RandomFlip (prob = 0.5, horizontal=False, vertical=True)
6. RandomExtent (scale range = (0.8, 1.2), shift range = (0.05, 0.05))
7. RandomRotation (expand = False, angle = [−15, 15], interp = BILINEAR)

8. ResizeShortestEdge (short edge length = INPUT.MIN SIZE TRAIN,
sample style = “choice”, max size = 1368)
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Simple Summary: Animal models continue to be necessary in many research fields, accompanied by
ongoing ethical discussions regarding animal welfare. Therefore, we describe, in detail, our daily
practice focused on the improvement of animal welfare (such as handling, enriched environment,
study design, and experimental procedures), which results in a weight gain over time that has been
shown to be an indicator of well-being. We also describe the reduction in the number of animals
needed for our projects, thanks to the establishment of longitudinal studies.

Abstract: Longitudinal studies on mouse models related to Alzheimer disease (AD) pathology play
an important role in the investigation of therapeutic targets to help pharmaceutical research in the
development of new drugs and in the attempt of an early diagnosis that can contribute to improving
people’s quality of life. There are several advantages to enriching longitudinal studies in AD models
with Positron Emission Tomography (PET); among these advantages, the possibility of following the
principle of the 3Rs of animal welfare is fundamental. In this manuscript, good daily experimental
practice focusing on animal welfare is described and commented upon, based on the experience
attained from studies conducted in our Nuclear Medicine department.

Keywords: refinement; enrichment environment; reduction; small animal positron emission tomography;
longitudinal study; Alzheimer disease

1. Introduction

Alzheimer disease (AD) is a debilitating disease that causes progressive decline in
cognitive and motor function, significantly reducing quality of life [1]. It is characterized
by an early decrease in brain glucose metabolism [2], as well as the presence of amyloid
plaques and neurofibrillary tangles. In addition, histological studies demonstrate that neu-
roinflammation is also a key feature of the AD brain [3]. Amyloid plaques are surrounded
by activated astrocytes that produce reactive oxygen and nitrogen species, which may
contribute to AD [4]. Animal models of AD are useful for studying these changes and the
progression and development of the disease, with the goal of finding new diagnostic and
treatment strategies. As the factors involved in the development and progression of the
disease are different depending on the time during which the disease starts to manifest,
different animal models for longitudinal studies are available.

Each model reflects biological features related to AD. Involvement and the effects
of all these factors during the time of disease development are of high interest. Positron
emission tomography (PET) is a molecular imaging method offering a large variety of
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radioactively labelled substances targeting different biological structures or processes. It
offers non-invasive measurement of the radiotracer concentration in tissue and is clearly
translational, since the exact same tracers and imaging technology can be applied in animal
models, as well as in research and clinical use in humans. For example, PET remains
one of the few methods to allow direct assessment of the human central nervous system
(CNS) pharmacology, providing information on target engagement and supporting dose
selection [5]. Thus, it has an increasing role in studying the biochemical and physiological
dynamics of the CNS. The goal of the 3Rs Principle [6] is to avoid animal experiments
(Replacement), to limit the number of animals (Reduction), and to limit their suffering
in tests to an absolute minimum (Refinement). From the perspective of the design and
development of a longitudinal study, the principle of the 3Rs plays a fundamental role in
the research of all the strategies aimed at maintaining animal welfare for the entire time
of the experiment. Due to their shorter lifespan, life-course results are obtained much
more quickly in animal models, which is especially important when studying aging and
transgenerational disease transmission [7]. Unfortunately, the complex interactions between
organs and cells within their regular environment still necessitate the use of animal models
in some cases. For example, in order to establish cause–effect relationships, connections
between systems and the onset of age-related pathologies need to be studied. Since
animal experiments cannot be completely replaced in our research on the development
of AD, we implemented different strategies, following the principles of Reduction and
Refinement. Improving the quality of life for experimental animals and reducing their
stress and pain are among the goals that must be considered when it is not possible to
replace animals, according to the principle of the 3Rs. EU Directive 2010/63 states that the
animals should have “space of sufficient complexity to allow expression of a wide range of
normal behavior” [8] (Annex III, Section A, paragraph 3.1.). For this reason, we aim for the
enrichment environment we use to reflect the normal living conditions of the animals as
much as possible. Currently, the term enrichment environment (EE) refers to various objects,
or a combination of them, that can be added to the bedding and nest material (which are
now considered basic components). These components play the roles of cognitive, sensory,
social, and motor stimulators, which promote the interaction of animals with objects and
with each other [9]. The scientific literature is full of examples of benefits due to EE. For
example, it can prevent barbering [10], it reduces the likelihood of alopecia [11], and it
decreases the expression of abnormal repetitive behaviors and anxiety [12], as well as the
development of depressive-like phenotypes [13]. We can also assume that EE prevents
or mitigates the onset of boredom-like symptoms in mice, since, in humans, this can be
triggered by predictability, monotony, and confinement, and similar phenomena in rodents
indicate that boredom in laboratory animals is real [14]. Considering the gender difference,
groups of males in an environment with excessive EE demonstrated a higher occurrence of
aggression [15]. On the other hand, without adequate EE, the conditions of their natural
habitat would not be reproduced (spread out, keep away, escape, hide, and predict the
occurrence of aggressive encounters). In order to prevent aggressive events in male mice,
in our facility, they are always located in a cage with littermates with the same genotype, or
with around one week of age difference with the same genotype, as it is known that this can
prevent aggression and, consequentially, the necessity of single housing [16]. In this report,
we summarize methods of ensuring animal welfare in longitudinal studies characterizing
age-related processes in mouse models of AD. In addition to the non-invasiveness of PET
imaging, a number of established techniques have been adapted, which contribute to the
3Rs in repeated measurements.

2. Materials and Methods

2.1. Animal Models

In our longitudinal studies over recent years, we used the following mouse models:

• APPSL70 mice, transgene of the Amyloid Precursor Protein (APP) in Swedish and
London mutations [17] (Figures 5–8 Sections 3.1–3.3) (n = 92, half group was treated);
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• APP-NL-GF mice knock-in model for the APP gene in Swedish, London, Arctic, and
Iberian mutations [18] (Section 3.2) (n = 79);

• APPPS1 and PS2APP mice, mutated, respectively, for the APP gene and for the genes
of presenilin 1 (PS1) and 2 (PS2) [19] (Section 3.2) (n = 46 and n = 36);

• APPPS1 X Trem 2 mice, transgene of APP, as well as of PS1 for triggering receptor
expressed on myeloid cells type 2 (TREM2) [20] (Section 3.2) (n = 33);

• P301S mice, mutated for the microtubule-associated protein (TAU), which is abnor-
mally aggregated in neuronal and glial cells in AD [21] (Section 3.2) (n = 46);

• C57BL/6J wild–type mice (WT) as control group (Sections 3.2 and 3.3) (n = 46).

In the present study concerning the principle of the 3Rs applied to longitudinal studies
in AD research, the APPSL70 is the mouse line used the most for examples.

2.2. Study Design

We performed longitudinal studies in AD mouse models, in which each animal acted
as its own control. The models consisted of PET/CT scans from 3 to 5 time points, with
2 to 4 different radiotracers characterizing changes in biological targets up to the age of
12 to 18 months. Furthermore, a Morris water maze (MWM) test was integrated before
or after the last PET/CT time point in order to study spatial learning. At the end of each
study, an intracardial perfusion with PBS was performed after intraperitoneal injection of a
solution of 300–500 μL (weight-dependent) ketamine/xylazin (4 mL Ketamine 10%/1 mL
Xylazine 20 mg/mL from Serumwerk Bernburg Germany, up to 24 mL with NaCl 0.9%),
for the preparation of samples for histological and biochemical analyses (Figure 1).

Figure 1. Study design of longitudinal AD studies.

2.3. Positron Emission Tomography

In each animal, we used 2 to 4 of the following 18F labelled tracers: [18F] D2-Deprenyl
for reactive astrocytes which surround the Beta Amyloid plaques [3]; [18F] Florbetaben for
beta amyloid accumulation; [18F] Ge-180 for the 18-kDa translocator protein (TSPO), as its
local upregulation is a sensitive marker for the microglial activation in AD brains [22]; and
[18F] UCB-H for synaptic density (synaptic loss or synaptic sprouting) [23]. PET imaging
was performed under constant anesthesia with isoflurane (1.5% at 1.5L oxygen flow per
minute) with a Nanoscan PET/CT (Mediso Ltd., Budapest, Hungary). For anatomical
information, the system was equipped with an X-ray Computed Tomography System
(CT) in line with the PET scanner. After induction of anesthesia with isoflurane, the eyes
were protected from drying out by topical application of an eye ointment (Bepanthen,
Bayer AG, Leverkusen, Germany). In order to judge the depth of anesthesia before the
radiotracer´s injection, surgical tweezers were used to check whether the inter-toe reflex
could still be triggered. If it could no longer be triggered, a micro-catheter was inserted
into the lateral tail vein (30 G needle, 7 cm plastic tube, 30 G attachment, flushing with
0.9% isotonic saline solution); the correct position of the indwelling venous cannula for the
application of the radiotracer was checked by administering a small amount of isotonic
saline solution (20–30 μL) into the catheter. The injected radioligand solution consisted
of a total of 150 μL, and contained approximately 20 MBq of radioactive tracer. PET/CT
measurement was carried out up to 60 min post injection: for [18F] Ge-180 and [18F]
Florbetaben, the measurement was carried out for 30 min., 60 and 30 min. after radiotracer
uptake, respectively (static scan); those for [18F] D2-Deprenyl and [18F] UCB-H were carried
out immediately post injection, for 60 min (dynamic scan). Up to four animals were
measured in parallel, and image data were generated for each animal from head to tail.
After the experiment, the mice were placed in a fresh temporary cage with food and water,
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warmed by heating mats. The animals were returned to their home cages only when they
were fully awake.

The radioactive waste coming from the animals (feces, urine) and all the equipment
used on the workspace (e.g., syringes, paper tissue, paper mats, and gloves) were col-
lected in black boxes, upon which were written the isotope used and the date and time
of the experiment. These boxes were then collected by the radiation safety personnel of
the department.

2.4. Water Maze

The Morris Water Maze (MWM) is useful to test hippocampal-dependent learning,
including acquisition of short- and long-term spatial memory [24]. Typically, it consists of a
six-day trial, and it has to be conducted by the same operator in the same room in order to
reduce odor trail interferences [25]. In brief, the first test day served for acclimatization to
the visible platform (5 min per mouse). Thereafter, the mice underwent five training days,
during which each mouse had to perform four trials per day, with the platform visible
on the first training day, and the platform hidden under water for all other training days.
After the trial, the mice were placed in a heated box to dry. The test day entailed a single
trial with complete removal of the platform. The trial length on all training and test days
was set to a maximum of 70 s. The video tracking software EthoVision®XT (Noldus) was
used for analyses of escape latency, platform frequency, and attendance on the platform
quadrant during the trial. In our longitudinal studies, the test was conducted in a room
adjacent to both the cage facility and the room where the preparation and PET scans took
place, and the mice resided in a cabinet in the same behavioral room for the duration of
the trial. This minimized the stress caused by this additional procedure and by moving
animals to other, more distant, locations. The personnel who carried out the MWM test
received appropriate training from a veterinarian before the experiment and was also part
of the team that regularly deals with animal welfare, as well as with the preparation and
execution of PET scans.

2.5. Enrichment Environment

In our facility, the male mice are housed (in groups of 3–4 siblings, with one week age
difference and same genotype) with the same EE as the females. They are more intensively
monitored (for too much grooming, self-isolation attributable to the attempt to escape from
the attacks of the other mice, and the presence of wounds) so as to prevent the onset of high
levels of aggression, but still keeping them in a condition to be able to maintain a good
level of play and sociopositive behavior. The female mice are housed in groups of 3 to 5. All
of the mice are housed in large IVC-Techniplast cages (425 mm × 266 mm × 185 mm), with
a 12:12 h light: dark cycle, humidity of 45–65%, and temperature of 23–26 ◦C. All toys are
changed once a week. The food (standard diet from Sniff Spezialdiäten GmbH) is placed
ad libitum, as is water. Mice were allowed to acclimatize to their environment for 7 days
before any experimental procedure. The EE can be divided into categories (Figure 2) [26].
In our studies, we used the basic nest (2A), structural EE (2B), foraging EE (2C) and housing
EE (2D):

2.6. Handling

We use a handling method that reduces stress, and it can be used both during experi-
ments and in daily practices (such as weighing, animal checks, and changing cages) and
does not need any additional material (for example, tunnels). Once the animal is picked up
by the tail from the cage, with a quick but gentle twist of the hand, it is immediately placed
in the cupped hand (Figure 3).
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Figure 2. Basic nest (A), double mouse swing (B), paper or plastic tunnel and wooden cross with
holes (C), and mouse angle house, igloo, and paper angle (D). Example of cage with EE used in our
studies (E).

 

Figure 3. Gentle handling applied for all experimental procedures. As can be seen, the mouse shows
normal exploration behavior.

2.7. Monitoring Signs of Stress

Animals are monitored for any sign of stress using the Mouse Grimace Scale. It consists
of a standardized behavioral coding system with high accuracy and reliability in which
no-pain pictures and descriptions are compared with pictures of moderate and severe
distress via mouse facial expression (e.g., orbital tightening, nose bulge, cheek bulge, ear
position, and whisker change) [27]. In our longitudinal studies, the mice are scanned two
or, maximum, three times a week for each time point, and they are always observed in the
postanesthesia phase, until they have completely recovered. They are also checked on the
day after the procedures according to the Mice Grimace Scale, in order to identify the onset
of visible postprocedural stress symptoms. It is known that this scoring system allows for
the identification of the degree of pain in mice, but also shows that they manifest their
pain using facial expressions [26]. Furthermore, the MGS measures not only pain, but also
distress, fear, and discomfort, which can be detected by the ear and eye score [28]. Mice
hide signs of pain and suffering to avoid becoming prey, and, generally, they show only
subtle signs of suffering and pain, such as weight loss [29]. In addition to the parameters
shown in Figure 4, the weight of each mouse is monitored up to once per week during
all the experimental phases, as it has been demonstrated that mice gain weight when the
stress level is lower, and this can be achieved with appropriate EE and enough ventilation
(in IVC cages) [30].
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Figure 4. Four-mouse Hotel Bed (Mediso, Budapest, Hungary), in which two mice are positioned on
the lower part and two on the upper part. The parts are connected, and the isoflurane and oxygen can
easily and continuously be administered to the mice for anesthesia. Underneath the mice, there are
small pillows (at the end of the blue tubes, under the mice’s chests) that monitor the respiratory rate.

2.8. Anesthesia

In contrast to human studies, the imaging of small animals generally requires anesthe-
sia [31]. In our longitudinal studies, we use isoflurane because it is well suited for animal
PET scans for up to 6h of measurement time [32]. Repeated isoflurane anesthesia causes
only mild short-term distress and impairment of well-being, mainly in the immediate
postanesthetic period [33]. This can be kept under control by monitoring the respiratory
rate and heart rate, and keeping the body temperature of the animals constant throughout
the process in order to prevent the onset of hypothermia. Maintaining the temperature and
anesthesia at a constant level during the experiment minimizes any potential pain, suffering,
distress, or lasting harm to the animal [34]. In a study conducted by Baier J et al. in 2020 [35]
on repeated MRI scans, using isoflurane for general anesthesia and its maintenance three
times a week for four weeks, the mice showed no alterations in animal welfare due to the
repeated procedures. Another study [36] demonstrated that nest-building activity is not
altered by a second exposure to isoflurane.

2.9. Mouse Hotel Bed

Using a four-mouse bed (Mediso Ltd., Budapest, Hungary) it was possible to scan mul-
tiple mice (up to four) simultaneously (Figure 4). The use of this chamber is advantageous
in many aspects:

1. The chance to perform more scans in the same day using radioactive isotopes with a
short half-life (18F: 109, 7 min). This is especially important in longitudinal studies with
a large number of animals because all of the scans have to be performed respective of
the age-related time point.

2. There is a lower injected volume. This is important, as the 18F-based tracers decay
quickly. Since the activity has to be the same for each animal, the volume of the
injection needs to be increased according to the radioactive decay in sequential scans.
Thus, the volume to be injected would be above the maximum limit allowed for these
animal experiments. Using the 4-mouse bed, this problem is circumvented, since four
mice are injected and scanned at the same time (instead of four individual scans one
after the other).

3. This particular bed for four animals is equipped with a heating system that keeps
the temperature of the bed constant at about 37 ◦C, which is very important during
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anesthesia, as hypothermia can arise, and also because the temperature can have an
effect on the biodistribution of the injected radiotracer. In addition, there is a monitor-
ing system for cardiac and respiratory function that allows continuous monitoring in
each animal.

3. Results

3.1. Longitudinal Studies Enable the Analysis of the Same Animal with Different Radioligands
during Progressive Aging

Figure 5 shows an example of PET, CT, and Fusion PET/CT of four mice imaged
simultaneously.

 

Figure 5. From top: example of PET, CT, and FUSION PET/CT of four mice imaged simultaneously
using the four-mouse bed. The four APPSL70 mice were scanned for 30 min after 30 min uptake with
20 MBq [18F] Florbetaben tracer for beta amyloid accumulation. Axial, sagittal, and coronal slices.

Figure 6 shows an example of beta amyloid in a transgenic mouse brain over time
with the same radiotracer ([18F] Florbetaben): the same mouse was scanned at 6, 9, and
12 months of age. Coronal slices of the brain from the same animal after the injection of
four different radioligands at 12 months of age with a reference MRI (Magnetic Resonance
Imaging) used as anatomical reference are also included.

3.2. The Longitudinal PET Studies follow the Principle of Reduction by Russell and Burch

The graph in Figure 7 shows the number of mice used by our research group in
longitudinal studies in recent years, and the number of mice that would have been necessary,
in theory, for the same projects using separate groups for each time point.

3.3. Gentle Handling and EE Reduce Stress in Longitudinal Studies

For all the experiments, the MGS resulted in a score of zero.
We observed that, during the entire stay of the animals in the facility (9 months or

more), the nest material was regularly used, as were the other components of the EE. The
combination of gentle handling and EE makes the animals more docile and less stressed,
even during the time before/during/after the experimental procedures. The graph in
Figure 8 shows the development of the weight in a female AD mouse model (APPSL70,
n = 28) and in wild-type controls (n = 17), each receiving PET scans with four different
radiotracers at three different time points, with a MWM test before the last time point.
We observed an average of 13% mortality during this experiment of up to six months,
independent of the mouse line.
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Figure 6. Top panel: Example of an APPSL70 mouse brain in standard uptake value (SUV) scale.
PET projection view and MRI reference with the same 18F radiotracer ([18F] Florbetaben) at 6, 9, and
12 months of age (left to right). Lower panel: Coronal slices of PET scans of a transgenic AD-related
mouse brain at 12 months of age after injection of four different radioligands.

 

Figure 7. Difference between number of mice used (in black) and the number that would have been
necessary, in theory, if separate groups had been used in longitudinal studies (in blue). The data
reported include the AD models APPPS1, APPPSL70, P301S, APPPS1XTrem2, APP-NL-GF, PS2APP,
and C57BL/6 control mice.

While the body weight of wild-type mice increased continuously, the body weight in
the APPSL70 AD model did not increase further after ~10 months of age. A very similar
weight gain (9.6% mean percentage of gain weight from 3 to 6 months of age and 11.8% from
6 to 9 months of age) was observed in the APPPS1 group, which consisted of 11 animals. No
mouse, either wild-type or transgenic, had to be excluded from the trials due to stress/fear
factors, and no animal developed signs of anxiety/stress over six months of study (up to
one year of age for mice).
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Figure 8. Weight/time graph during the longitudinal study with mice up to one year of age. Shown
is the average weight (±STD) of C57BL/6J wild-type and APPSL70 AD mice. The time points within
which the PET scans and MWM were performed are marked (APPSL70 n = 28, WT n = 17). These
animals did not receive any pharmacological treatment.

4. Discussion

We report on aspects of implementation of the 3Rs Principle in longitudinal mouse
studies for AD research. Of note, the reported methods and findings concerning handling
and housing are not restricted to AD research. Repeated PET/CT measurements, combined
with a behavioral test, proved feasible in AD mouse models and wild-type mice without
losing animals due to increased stress, up to 12–18 months of age. Reduction in the number
of animals used for experimentation is achieved by longitudinal, multi-tracer PET scans
in the same animal; thus, each mouse is its own control, and the results of behavior tests
can also be correlated for each individual animal. No episodes of severe weight loss were
detected during the study (according to our approved scoring system). The weight loss
observed in the APPSL70 AD model is compatible with the findings in previous studies
on different AD mouse models, showing that weight loss is connected to the reduction
in body adiposity, an increase in energy expenditure, and a decrease in food efficiency
connected to the progression of AD [37,38]. It is known that stress has a negative effect
on the results of the MWM [39,40], and in some studies, it has been hypothesized that
the stress from less frequent handling before the test can be responsible for the failure
of some mice in finding the platform [41]. It is also known that the induction of stress
produces learning deficits in the MWM [42,43]. In this context, considering that routine
handling influences animal welfare and the relationship that is established between the
handler and the animal, we observed that the non-stressful handling method assures low
variability in the results obtained from the test. In all procedures, we adhered to the same
animal handling procedure. The standard method, picking up the mice by the tail, induces
more anxiety and stress compared to more gentle methods, such as cupping and tunnel
handling [44,45]; it was also previously demonstrated that gentle handling can foster a
better relationship between the handlers and the rodents, and, if implemented as the
standard of care, handling can reduce depressive symptoms in mice, producing data that
are more reliable and, in general, improve the animals’ well-being [46]. Ueno et al. [47],
in 2020, demonstrated that repeated exposure of the mice to the experimenter´s hand
before conducting behavioral tests allows them to become accustomed to it and to reduce
anxiety about high altitudes. In addition, it has been previously shown that reducing mouse
anxiety due to handling contributes to a reduction in the number of animals required for
experiments [47]. The same handling method (described in Methods 2.6) is used to put the
mice under general anesthesia before the radiotracer injection. Thus, no immobilization
method is necessary. How much our long-term gentle handling (up to six months stay in
the facility) effectively reduced stress in both male and female mice will need to be shown
in a further study including non-gentle handling control mice. While there are several
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advantages to using the four-mouse hotel chamber for PET imaging, it has the limitation of
keeping one single flow rate for all animals. Thus, individual adaption is not possible, but
could be improved in a new design. Providing enriched environments in sufficiently large
cages also contributes to decreasing mortality, as has been demonstrated by comparison to
conventional housing [48]. We used established, qualitative measures of stress, as well as
animal weight, as a surrogate of well-being. Quantitative measures, such as corticosterone
level, could not be integrated into the study protocol, since the mice are sacrificed only at
the end of the project, in order to follow the Reduction Principle.

5. Conclusions

In the context of longitudinal studies, animal welfare assumes particular relevance,
since the animals reside for long periods in the facility during their progressive aging and, at
the same time, are involved in all of the experimental phases. Non-invasive imaging using
PET allows repeated measurements of multiple biologically relevant tracer distributions
over time in the same animal, thus significantly reducing the number of animals required.
Reduction is achieved with the establishment of longitudinal studies that use radioactively
labelled molecules in very small-volume solutions without pharmacological effect. Re-
finement is ensured by the possibility of conducting PET/CT scans with four animals at a
time, a varied and stimulating enriched environment, and a standardized handling method
during all phases of the experiment with a minimal number of experimenters.
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Simple Summary: The development of innovative therapeutic strategies involving chronic drug
delivery to specific brain regions has been crucial in preclinical neuroscience. However, these
strategies involve complex surgeries due to the need for implanting a drug storage system connected
to the brain through a cannula while ensuring animal welfare, which is a challenge, especially for
long-term studies in rodents. In this study, we propose an optimized method with three main
refinements: (i) modifying the dimensions of the implantable devices, (ii) using a combination of
adhesive tissue and UV light-curing resin, and (iii) implementing a customized scoresheet to closely
monitor animal welfare throughout the experiment. Overall, the proposed refinements significantly
improved animal welfare, reduced complications related to surgery, increased animal survival, and
ensured safe long-term implantations.

Abstract: Stereotaxic surgeries enable precise access to specific brain regions, being of particular
interest for chronic intracerebroventricular drug delivery. However, the challenge of long-term studies
at this level is to allow the implantation of drug storage devices and their correct intrathecal connection
while guaranteeing animal welfare during the entire study period. In this study, we propose an
optimized method for safe intrathecal device implantation, focusing on preoperative, intraoperative,
and postoperative procedures, following the 3Rs principle and animal welfare regulations. Our
optimized protocol introduces three main refinements. Firstly, we modify the dimensions of the
implantable devices, notably diminishing the device-to-mouse weight ratio. Secondly, we use a
combination of cyanoacrylate tissue adhesive and UV light-curing resin, which decreases surgery
time, improves healing, and notably minimizes cannula detachment or adverse effects. Thirdly, we
develop a customized welfare assessment scoresheet to accurately monitor animal well-being during
long-term implantations. Taken together, these refinements positively impacted animal welfare by
minimizing the negative effects on body weight, surgery-related complications, and anxiety-like
behaviors. Overall, the proposed refinements have the potential to reduce animal use, enhance
experimental data quality, and improve reproducibility. Additionally, these improvements can be
extended to other neurosurgical techniques, thereby advancing neuroscience research, and benefiting
the scientific community.
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1. Introduction

Stereotaxic surgeries, in combination with other cutting-edge approaches, have rev-
olutionized preclinical neuroscience research [1]. These techniques have enabled precise
and controlled access to specific regions of the nervous system, offering unprecedented
opportunities to study brain function and evaluate potential therapeutic approaches, in-
cluding chronic intracerebral or intraventricular administration of drugs, in vivo optoge-
netic manipulations for activating or inactivating brain structures or systems, and in vivo
electrophysiological recordings in awake behaving rodents (Refs. [1–7], among others).
However, the success of these techniques relies heavily on complex, highly precise, and
time-consuming surgical procedures, the failure of which not only entails a significant
loss in economic and human resources, but also compromises the welfare of the animals
involved [8]. In fact, we have recently conducted a proof-of-concept study to assess the
feasibility and safety of implanting a device for continuous cerebrospinal fluid (CSF) aphere-
sis [2]. In this study, more than 30% of the operated mice had to be euthanized following
humane criteria. Retrospective analysis of the causes of this high mortality rate led us to
identify two factors that may have the largest effect at this level: (i) the size and weight of
the device, which accounted for more than 65% and 10% of the operated mice’s size and
body weight, respectively [2]; and (ii) the correct fixation of the cannula, allowing freedom
of movement of the animals without detachment from the skull. Based on our experience,
this last aspect stands out as the most critical one since it entails the formation of wounds
that do not heal and undergo necrosis, becoming the main reason for euthanasia of the
affected animals.

Although adjusting the size of implantable devices would be one of the simplest
refinement procedures, this does not apply to cannula fixation. In fact, one of the main
challenges and limiting factors of these procedures in small rodents is the secure fixation of
cannulas, guides, or electrodes at the specific stereotaxic coordinates on the skull surface for
long-term studies. Traditionally, three methods have been employed: (i) small anchoring
screws combined with dental cement (zinc-polycarboxylate), (ii) a combination of white
and pink dental cement (zinc-polycarboxylate and methyl-methacrylate, respectively), or
(iii) cyanoacrylate adhesive gel [1,9,10]. Despite the benefits of the aforementioned options,
all of them pose drawbacks not only for experimental rodents, but also for researchers
as some of these compounds contain respiratory tract irritants [11]. Regarding the re-
ported complications in small rodents, the use of dental cements or cyanoacrylate has
been associated with an increased incidence of surgical problems, such as skin necrosis,
brain damage and trauma, infection, and, most frequently, cannula detachment due to the
round shape of mouse skull. To address the last limitation, Sike et al. proposed in 2017 an
improved method involving the development of a custom skull-shaped silicone spacer as a
fixation adapter to be used in combination with cyanoacrylate tissue adhesive [10]. This
method reduced the time of surgery compared to dental cement and minimized adverse
effects, although it significantly increased the time required for preoperative procedures.
In addition, it required specific materials and equipment, such as a 3D printer or microCT
scanner, as the silicone spacer was reconstructed and molded from an original mouse skull,
making it a non-universal method and not affordable for all researchers.

Following the European Directive 2010/63/EU (for review [12]) for the protection of
laboratory animals and adhering to the 3Rs principle (replacement, reduction, and refine-
ment) from The Principles of Humane Experimental Technique [13], in this work, we propose a
new refined method to securely performed stereotaxic surgeries involving intracerebroven-
tricular or intrathecal device implantation in long-term studies. These refinements focused
on the main critical steps of intrathecal implantation in rodents (i.e., preoperative, intraop-
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erative, and postoperative cares and procedures [14]) and were based on our experience
in different studies conducted in our laboratory. Our proposed protocol introduces three
significant changes. Firstly, we have modified the dimensions of the implantable devices we
have previously used [2], while ensuring the functionality of the device. This allowed us to
significantly reduce the ratio between the weight of the devices and the body weight of the
mice. Secondly, we use a combination of cyanoacrylate tissue adhesive and UV light-curing
resin, which significantly reduces surgery time, improves wound healing, and reduces the
postoperative recovery period, with a near 100% success rate. Thirdly, we have designed
a customized welfare assessment scoresheet to monitor animals undergoing long-term
cannula implantation, including indicators that accurately and effectively reflect animals’
well-being for this particular surgery [15–23]. By implementing all the improvements, we
evidenced a positive impact on animal welfare, the reduction in the number of animals
used, and the quality of the experimental data, all of which align with the “refinement” and
“reduction” principles of the 3Rs [13]. Furthermore, these advances hold the potential to be
applied in other neurosurgical techniques that require long-term implantation, including
optic fiber fixation for optogenetics or electrode placement for in vivo electrophysiolog-
ical recordings, among others, which may greatly benefit the neuroscience community
and research.

2. Materials and Methods

2.1. Animals

Seven/eight-month-old male transgenic APP/PS1 (n = 40, hereafter referred to as
“APP”) of the 129Sv strain background mice expressing the chimeric mouse/human amy-
loid precursor protein (Mo/HuAPP695swe) and the mutant human presenilin 1 (PS1-
dE9; [2,24]) and their non-transgenic wild-type (WT) littermates (n = 32) were used in this
study. The animals were randomly assigned to one of four experimental groups depending
on the intrathecal device implanted and the neurosurgery protocol followed (Figure 1a):
(i) naïve (n = 10 for each genotype); (ii) group implanted with the original device using
traditional surgical techniques (n WT = 9; n APP = 10) from [2]; (iii) group implanted with
the miniaturized device using optimized surgical techniques (n WT = 3; n APP = 10); and
(iv) group implanted with a commercial osmotic pump using optimized surgical tech-
niques (n = 10 for each genotype; see specifications of the different implantable devices in
Section 2.2).

 

Figure 1. Experimental design and devices used in this study. (a) Schematic timeline of the experi-
mental procedures and groups included in the study. (b) Photograph of the different implantable
devices employed (from left to right): original device, miniaturized device, and a commercial ALZET®

Micro-Osmotic Pump 1004 (Cupertino, CA, USA). Note the difference in dimensions among the
implantable devices. The original and miniaturized devices are prototypes of a medical device
designed to selectively filter cerebrospinal fluid. Scale bar: 1 cm. WO, weeks old; WT, wild-type mice.

Considering that the experiment end times varied among the different experimental
groups, which are part of larger studies, our primary focus in this work was to analyze the
parameters at timepoints shared by most of the groups, mainly week (W)-1, W3, and W8.
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The exact sample sizes for each parameter and timepoint analyzed are provided in Table 1.
In addition, the experimental groups, design, and timeline are depicted in Figure 1a and
will be described in detail in the following sections.

Table 1. Specific sample sizes of each experimental group for different parameters at different
timepoints.

Parameter and Time Analyzed
Naïve Original Device Miniaturized Device Alzet Pump a

WT APP WT APP WT APP WT APP

Recovery time after surgery 10 10 9 10 3 10 10 10
Humane endpoint application 10 10 9 10 3 10 10 10
Body weight at W1 10 10 9 10 3 10 10 10
Body weight at W3 10 10 7 7 3 9 10 9
Body weight at W8 5 5 - - 3 9 - -
% Change in body weight at W0 10 10 9 10 3 10 10 10
% Change in body weight at W3 10 10 7 7 3 9 10 9
% Change in body weight at W8 5 5 - - 3 9 - -
Welfare assessment score at W3 10 10 7 7 3 9 10 9
Welfare assessment score at W8 5 5 - - 3 9 - -
Behavioral testing at W1 10 10 - - 3 9 9 10
Behavioral testing at W4/5 10 10 - - 3 9 9 9
Behavioral testing at W8 6 5 - - 3 9 - -

Legend: W, week. a “Alzet pump” refers to micro-osmotic pump model 1004 (ALZET®, Cupertino, CA, USA).

The mice were housed under a 12/12 light/dark cycle (with lights on at 8:00 a.m.)
at both constant room temperature (22 ± 2 ◦C) and relative humidity (55 ± 7%) and
provided with ad libitum access to water and rodent global diet chow (A40; SAFE®,
Rosenberg, Germany) at the animal facilities of Universidad de Oviedo (Spain). All animal
procedures were performed during the light period (8:30–15:00 a.m.) and were approved
by the Research Ethics Committee of the University of Oviedo (PROAE IDs 32/2020;
05/2022 and 06/2022) in compliance with European (Directive 2010/63/UE) and Spanish
(RD118/2021, Law 32/2007) legislation. Every possible effort was made to ensure animal
welfare, minimize pain and distress, and employ the smallest sample size necessary to
achieve statistically relevant results, in accordance with the ARRIVE guidelines developed
by the NC3R [25].

2.2. Implantable Devices

In our study, we employed different intrathecal implantable devices, namely, the
original device [2], miniaturized device, and commercial pump (Figure 1b, Table 2).
Both the original and miniaturized devices correspond to two prototypes of a medi-
cal device designed and manufactured by Neuroscience Innovative Technologies S.L.
(https://neurostech.com/; accessed on 31 May 2023) for continuous and selective apheresis
of CSF (in-depth review of this innovative therapeutic strategy [26–28]). Briefly, these de-
vices comprise two main components: a subcutaneous reservoir and an apheresis module
with selective nanoporous membranes connected to an intrathecal brain infusion cannula
(Brain Infusion Kit 3; ALZET®, Cupertino, CA, USA). Their unique design allows the
clearing of toxic molecules from CSF while avoiding the side effects caused by the direct
contact between the therapeutic agent and the brain parenchyma [2,27,28]. The main and
pivotal distinctions between the original and miniaturized devices lie in the dimensions of
the device components and the change in the coating material, as outlined in Tables 2 and 3,
without compromising its functionality. These modifications result in the following bene-
fits: (i) a reduction in total weight and volume by 47.55% and 57.09%, respectively; (ii) a
decrease in length, width, and height by 17.44%, 13.33%, and 40%, respectively; and (iii) a
drop in the device weight-to-animal body weight ratio from 14.16 ± 1.35% to 6.93 ± 0.46%
(equating to a 51.05% reduction). Additionally, we included the ALZET® 1004 osmotic
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pump (referred to as “Alzet pump” hereafter; Figure 1b) as a commercial implantable
device with smaller dimensions than the miniaturized device for comparative purposes
(Tables 2 and 3).

Table 2. Comparison of design parameters among devices and the commercial micro-osmotic pump
used in this study.

Parameter Original Device Miniaturized Device ALZET® Pump 1004 a

Weight (filled; g) 4.29 ± 0.41 2.25 ± 0.15 0.56 ± 0.06
% Weight (with respect to animal body
weight b; %) 14.16 ± 1.35 6.93 ± 0.46 1.85 ± 0.19

Total Volume (cm3) 5.92 2.54 0.54
Maximum L (cm) 3.5 2.9 1.5
Maximum W (cm) 1.5 1.3 0.6
Maximum H (cm) 1.5 0.9 0.6

Coated Material Polyetheretherketone
(PEEK; ISO 13485 [29])

LOCTITE® SI 5248 silicone
(Henkel, Düsseldorf,

Germany; ISO 10993 [30])
Cellulose ester blend

Catheter Tube Length and Outside
Diameter (cm) 3 ± 0.2, 0.11 ± 0.008 3 ± 0.2, 0.11 ± 0.008 3 ± 0.2, 0.11 ± 0.008

Catheter Tube Material and
Configuration

Polyvinyl chloride (MG),
pre-attached

Polyvinyl chloride (MG),
pre-attached

Polyvinyl chloride (MG),
attachable

Brain Infusion III Cap Cannula
Dimensions (L, W, H; cm) c 0.59, 0.59, 0.2 0.59, 0.59, 0.2 0.59, 0.59, 0.2

Brain Infusion III Cap Material c Polycarbonate Polycarbonate Polycarbonate
Brain Infusion III Cannula Dimensions
(L, W, H; cm) c 0.3, 0.031, 0.031 0.3, 0.031, 0.031 0.3, 0.031, 0.031

Brain Infusion III Cannula Material c Stainless steel Stainless steel Stainless steel

Legend: H, height; L, length; MG, medical grade; W, width; ISO, International Organization for Standardization.
a Data obtained from Micro-osmotic Pump Model 1004 (ALZET®, Cupertino, CA, USA) Datasheet; b Mean ± SEM
Body weight of 7-months old male mouse (30.30 ± 0.16); c Data obtained from Brain Infusion Kit III 1–3 mm
(ALZET®) Datasheet.

Table 3. Detailed dimensions of the different device components.

Parameter Original Device Miniaturized Device ALZET® Pump 1004 a

Apheresis Module Dimensions (L, W, H; cm) 1.4, 1.5, 1.5 1.3, 1.3, 0.9 -
Apheresis Module External Volume (cm3) 3.150 1.521 -
Apheresis Module Internal Volume (μL) 235.5 235.5 -
Reservoir Dimensions (L, W, H; cm) 2.1, 1.2, 1.1 1.6, 0.8, 0.8 1.5, 0.6, 0.6
Reservoir External Volume (cm3) 2.772 1.024 0.540
Reservoir Internal Volume (μL) 100 100 100
Total Volume (cm3) 5.922 2.545 0.540

Legend: H, height; L, length; W, width. a Data obtained from micro-osmotic pump model 1004 (ALZET®,
Cupertino, CA, USA) datasheet.

Preparation of the implantable devices was conducted prior to surgery. To begin
with, the original and miniaturized devices were sterilized by exposure to 25 kGy gamma
irradiation from a 60Co source, following a similar sterilization process as that specified
in ALZET® products and other medical instruments. On the day of surgery, the filling
and priming of implantable devices were performed under sterile conditions as previously
described [2] and adhering to the manufacturer’s instructions. The original and minia-
turized devices were loaded with a solution containing non-conjugated anti-β-Amyloid
antibody or artificial CSF (aCSF; Tocris Bioscience, Bristol, UK). Alzet pumps were filled
with a recombinant mouse factor or aCSF.

Since no significant differences in body weight and behavior were observed between
animals receiving the therapeutic agent and those receiving the vehicle at the analyzed
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timepoints employed in this study, all animals were included in the same experimental
group regardless of the treatment.

2.3. Intrathecal Implantable Device Surgery

The following sections will describe the optimized protocol for intrathecal device
implantation surgery, with a particular emphasis on the refined steps that have been
proven to be essential in ensuring and enhancing the welfare of mice during long-term
implantations compared to existing protocols [2,4,5,7,8,10].

2.3.1. Preoperative Care and Treatment

Regardless of the implanted device and surgical protocol followed, all animals received
a presurgical analgesic and antibiotic cocktail 15–20 min prior to the start of the surgery. This
treatment consisted of buprenorphine (0.05 mg/kg, subcutaneous injection (SC), Bupaq;
Richter Pharma, Wels, Austria), enrofloxacin (10 mg/kg, SC, Syvaquinol; Syva Laboratories,
Leon, Spain). Moreover, sterile saline solution was administered intraperitoneally (IP) or
SC (1 mL of 0.9% (w/v) NaCl; B. Braun, Melsungen, Germany) to prevent dehydration
associated with the surgical procedure itself.

To minimize the high risk of aggression and potential wound opening/infection in
male mice sharing housing, all animals were individually housed. In the case of animals
implanted with the original device, immediate isolation following surgery was carried out,
which may have contributed to increased distress. To address this concern, in the refined
protocol (i.e., animals implanted with the miniaturized device and Alzet pump) individual
isolation was conducted one week prior to surgery (W1). Additionally, a diverse range
of cage enrichments, such as a red polycarbonate arch (Bio-Serv, Flemington, NJ, USA),
sizzle-nest (Datesand, Bredbury, UK), disposable cardboard tunnels, cocoon (Datesand), or
paper wool (Datesand) were simultaneously provided. Moreover, palatable gel diet energy
and transport food (SAFE®,, Rosenberg, Germany) in a Petri dish was placed in the cage
bedding. This approach allowed the animals to adapt to their new housing conditions
for a 7-day acclimation period prior to surgery, minimizing possible stress and anxiety
associated with novel food and environments [31,32].

On the day of surgery, animals implanted with miniaturized and Alzet pumps were
placed inside a veterinary intensive care unit (S50 Advance Series II Model; Vetario, Westen-
Super-Mare, UK) and maintained at a controlled temperature of 33–36 ◦C for 30 min, as
pre-anesthetic warming has been shown to prevent hypothermia-related complications and
to shorten recovery from anesthesia in rodents [33–35].

2.3.2. Stereotaxic Surgery Procedure

Depending on the experimental group, the protocol employed for implantation of
the intrathecal device varied. For animals implanted with the original device, traditional
protocols were followed (as detailed in [2]). However, for animals implanted with the
miniaturized device or Alzet pump, a refined technique was used. In this section, we
will primarily focus on the modifications made to the stereotaxic neurosurgery proto-
col for long-term intrathecal device implantation compared to the available traditional
protocols [2,4,5,7,8]. A detailed step-by-step protocol is provided in Supplementary Infor-
mation S1.

A crucial aspect of all surgeries is the meticulous preparation of the operating room
and surgical instruments, which involves maintaining “clean” and “dirty” areas clearly
separated (see Figure 2). Every effort was made to employ strict aseptic techniques and
to ensure a sterile surgical field throughout the entire surgical process. For instance,
the working space was first cleaned with soap and water, dried, and then wiped with
70% ethanol. The surface was covered with protective paper (Nalgene™ Super Versi-
Dry™ Surface Protectors, Thermo Scientific™, Waltman, MA, USA), allowing the sterilized
material to be placed on it, organized as shown in Figure 2. Prior to each procedure and
between surgeries on different animals, all instruments underwent a thorough cleaning
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with an enzymatic detergent (Helizyme; B. Braun), followed by sterilization both with 70%
(v/v) ethanol and by heating at 230 ◦C for 1 min in a microbead sterilizer (B1305-E-FIS;
Fisherbrand, Waltman, MA, USA). In addition, all the researchers involved in the surgery
and in assisting the surgery changed gloves between mice and avoided touching other areas
of the operating room that may have been dirty. On the other hand, the larger equipment
(isoflurane delivery system, surface of the induction chamber, the stereotaxic frame and
its digital controller, and the stereo microscope), as well as the containers that carried the
medication or products to be used during surgery, were cleaned with 70% ethanol. All the
surgeries were performed from 08:30 to 15:00 by the same surgeons (E.P.-M. and M.A.Á.-V.)
and surgery assistants (A.C.-V.; J.C.-S. and B.F.-G.).

 

Figure 2. Operating room setup and surgical instrument arrangement. (a) Overview of the operating
room showing the main equipment and instruments required. (b–e) Close-up views highlighting
specific instruments and components used during surgery: cannula and stereotaxic needle holders
(b); ocular and topical anesthetic ointments, 70% (v/v) ethanol, and 1% (v/v) povidone-iodine
solution (c); surgical instruments (d); and cyanoacrylate tissue adhesive, UV light-curing resin, and
applicators (e).

After pre-anesthetic warming the animals and administering the presurgical analgesic
and antibiotic cocktail (see details in the previous section), anesthesia was induced with
4% (v/v) isoflurane (IsoFlo; Zoetis, Parsippany, NJ, USA) and 2.5% (v/v) O2. The animals
were gently shaved on top of the head (Aesculap Isis Rodent Shaver; Aesculap Scher-
maschinen, Buschbach, Germany) and a topical anesthetic ointment (lidocaine 25 mg/g
and prilocaine 25 mg/g, EMLA; AstraZeneca, Cambridge, UK) was applied around the
ear canal (Figure 3). Thereafter, the animal was securely placed in a digital stereotaxic
frame (Harvard Apparatus, Holliston, MA, USA) with a heating pad underneath to prevent
hypothermia during the procedure. Temperature monitoring using a rectal thermometer
connected to a physiological monitoring system (Harvard Apparatus) is strongly recom-
mended. Once the absence of withdrawal reflex was confirmed and ocular ointment
(Lubrithal; Dechra Pharmaceuticals, Northwich, UK) was applied, a U-shaped incision
was made in the specific area between the two auditory pavilions, and the upper skin
was removed rostrally by using two hemostats (see Figure 3). To facilitate visualization of
the craniometric points bregma and lambda on the cranial surface and to enhance poste-
rior cannula fixation, the periosteum was scraped using a microcurette (Model 10080-05;
Fine Surgical Tools F.S.T., Chandler, AZ, USA) and dried with a cotton swab moistened
with 70% (v/v) ethanol. The coordinates of the bregma and lambda landmarks were then
measured to accurately position them in the dorso-ventral (DV), medio-lateral (ML) and
antero-posterior (AP) planes [1,36,37] and readjusted whenever the difference between
coordinates exceeded 0.05 mm. Once a “flat-skull” position was reached, a 0.5 mm diameter
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craniotomy was drilled in the skull at the specific coordinates AP= −0.70 mm and ML=
−1.26 mm (Figure 3). Subsequently, a subcutaneous pocket was created with a hemostat by
dissecting from the original U-incision towards the mouse’s flanks, and the implantable
device was carefully inserted. The intraventricular cannula was slowly inserted into the
craniotomy until DV= −2.5 mm using a cannula holder (Stoelting Co., Wood Dale, IL,
USA) and was glued to the skull surface with cyanoacrylate adhesive tissue (Cicastick;
Sutuvet, Santiago de Surco, Peru). To secure the cannula in place, a thin annular layer of
UV light-curing resin (Transbond XT 4; 3M, Saint Paul, MN, USA) was applied around the
base of the brain cannula and polymerized in 3 cycles of 20 s using a portable UV lamp
(Lux E; Bestdent, Gansu, China). After the resin was fully hardened (1 min), the upper tip
of the cannula was removed using a bone nipper (Model 16102-11, F.S.T.; Figure 3). The
previously removed skin was rehydrated with sterile saline solution and the incision was
closed with single stitches using 5-0 monofilament non-resorbable polypropylene suture
(Atramat®, Mexico City, Mexico). It was crucial to increase the density of stitches at the
position of maximum tension of the U-shaped suture, corresponding to the portion where
the catheter was positioned beneath the skin (Figure 3). Finally, a 1% (v/v) povidone-iodine
solution (Betadine; Mylan, Canonsburg, PA, USA) and topical antibiotic ointment (Fucidine
20 mg/g; LEO Pharma, Ballerup, Denmark) were applied using a sterile cotton swab. The
isoflurane anesthetic was gradually reduced, and the animal was carefully removed from
the stereotaxic frame. Recovery time from anesthesia was recorded and classified into the
following intervals: >20 min, 5–10 min, or <5 min.

Figure 3. Roadmap of key steps in the refined neurosurgical protocol for long-term implantation of
intrathecal cannula in mice.
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2.3.3. Postoperative Care

Immediately after surgery, while the animals were still recovering from anesthesia,
the nails of the front and rear feet were carefully trimmed to prevent scratching that could
worsen incision healing or lead to wound reopening (Figure 3). It is important to note
that only the most distal portion of the nail plate, identifiable by its “pearly” coloration,
should be trimmed to avoid bleeding. Subsequently, anti-inflammatory treatment was
administered using meloxicam (2 mg/kg, SC, Metacam; Boehringer Ingelheim, Rhein,
Germany), and rehydration was ensured by supplying sterile saline solution (1 mL, SC). If
necessary, sterile saline with 5% (w/v) glucose (B. Braun) can be SC administered. The mice
were then returned to a clean and enriched cage (Figure 3) located within the veterinary in-
tensive care unit, and received a postoperative regimen of analgesic, anti-inflammatory, and
antibiotic treatment for two weeks following surgery [38], as described in Supplementary
Information S2.

2.4. Body Weight Monitoring and Welfare Assessment

Body weight was measured weekly between 09:00 and 13:00 p.m., starting one week
before surgery (referred to as “basal body weight” or W1) and continuing until the end of
the experiment, using a portable balance (CB 501; Adam Equipment, Milton Keynes, UK),
as the body weight reduction is widely used as a humane endpoint (Refs. [39,40], among
others). From the week of surgical implantation onwards, the actual body weight of the
animals was inferred by subtracting the weight of the implanted device from the total body
weight measured. Then, the percentage change in body weight for subsequent weeks was
calculated as follows:

% Change in Body weight =
(

Basal W − 1 Body weight − Real Body weight
Basal W − 1 Body weight

)
× 100 (1)

Regarding welfare evaluation, all implanted animals were closely and intensively
monitored for 24 h, which is considered the critical period. For the remainder of the experi-
ment, daily monitoring and welfare assessment were performed every morning (9:00–13:00
p.m.). All observations were made and diligently documented on a shared data sheet by
blinded scorers/observers (E.P.-M. and A.C.-V. or J.C.-S.; an example of the “postoperative
monitoring form” is provided in Supplementary Information S3). To ensure consistency
and reproducibility, a scoresheet was designed, including several indicators related to gen-
eral condition, nutritional and hydration status, spontaneous behavior, and surgery-related
parameters, as well as compensatory measures, as detailed in Table 4 [15,17,20–22,39,40].
Overall, these welfare indicators were carefully chosen based on our experience with
these specific surgical procedures and their relevance, ease of recognition, reliability, and
effectiveness in providing accurate assessment of welfare [17].

As indicated in Table 4, if compensatory measures failed to alleviate complications
or welfare scores reached values above 12 points, a humane endpoint was implemented,
leading to the euthanasia of animals. Complications and the percentage of animals reaching
the humane endpoint were recorded for each experimental group (see details in Table S1).

281



Animals 2023, 13, 2627

Table 4. Scoresheet for animal welfare monitoring criteria in mice undergoing intrathecal
catheter surgery.

Parameters Score

General Condition, Physical Appearance, and Posture
Smooth and shiny fur, clean forelimbs, and nose 0
Presence of piloerection, unkempt fur 1
Abnormal posture (abdominal curvature and/or kyphosis, increased muscle tone) 2
Skin lesions unrelated to surgery (ear dermatitis, scratches, excessive barbering) 2

Nutritional and Hydration Status
Unaffected or increased 0

Dehydration signs <2 s after pinching the back skin 1
>2 s after pinching the back skin 2

Animal Body weight
1 ≤ 10% weight loss 1
10–20% weight loss 4
>20% weight loss (duration >4 postoperative days) 8

Spontaneous Behavior
Normal behavior (sleeping, exploration, grooming, nesting, interaction with
environmental enrichment objects) 0

No use of enrichment objects, no nesting behavior 1
Impairment of motor function (hypo-locomotion) 4
Lethargy and/or slight loss of balance 8
Hind-limbs paralysis, tremors and/or signs of vestibulocochlear dysfunction 12

Surgery-specific Parameters
Clean and dry surgical incision, no signs of infection, no pain or signs of distress 0
Scratches around the scar or slight redness 1
Redness and/or necrosis of the skin around the scar 3

Grimace scale
Moderate 4
Severe 6

Suture opening Grade I (loose stitches with closed and healed wound) 3
Suture opening Grade II (loose stitches with unhealed wound) 6
Suture opening Grade III (open unhealed wound) 10
Suture opening Grade IV (Brain Infusion Kit cannula disconnected) 12

Score 0: normal physical condition, no pain. Scores 1–6: presence of discomfort indicating need for sustained
observation and increased vigilance, measures such as providing moist and palatable food, administering
analgesia, antibiotics, and subcutaneous saline or glucose may be necessary. Scores 6–10: significant suffering and
pain indicating need for compensatory measures, subcutaneous glucose, seeking veterinary advice, re-operating
scar with recovery in intensive care unit, and considering euthanasia if maintained for four consecutive days.
Scores 10–12: moderate to severe suffering and pain, consider a humane endpoint if compensatory measures do
not resolve complications and scores are maintained for 24 h. Scores > 12: severe suffering indicative of a humane
endpoint application and termination of the experiment.

2.5. Behavioral Analysis

To explore general and anxiety-like behaviors [41], the elevated zero maze was per-
formed both before (W1) and after surgery (W4/5 and W8, according to experimental
groups; for specific sample size see Table 1) between 09:00 and 11:00 am. The apparatus
(UGO Basile, Gemonio, Italy) consists of an annular gray platform 60 cm in diameter,
positioned 60 cm above the floor. It features two closed corridors of 15 cm in length. For
the test, a single mouse was placed in the center of one of the closed areas, and 5 min video
recordings were captured using a Basler ace acA1300-60gm GigE camera (Basler, Ahrens-
burg, Germany). The acquired videos were automatically analyzed using the Ethovision
XT version 16 software for Windows (Noldus, Wageningen, The Netherlands).

The rodents’ instinctive tendency to explore novel environments and to avoid unpro-
tected open and elevated spaces were analyzed based on three different measures: total
distance traveled, and the percentage of time spent exploring the open areas (TO) or closed
areas (TC), calculated as follows:

% Open areas =
TO

TO + TC
, % Closed areas =

TC

TO + TC
(2)
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Following each trial, the elevated zero maze apparatus was cleaned with a 70% (v/v)
ethanol solution to avoid the influence of odors.

To ensure minimal impact on the overall animal well-being, behavioral testing was
exclusively conducted in the following experimental groups: naïve, animals implanted
with the miniaturized device, and animals implanted with Alzet pumps, as these animals
showed higher welfare assessment scores (see Section 3). This approach aimed to minimize
any potential additional adverse effect or stress on animals, which could potentially worsen
their welfare.

2.6. Catheter Placement Validation

After the experiments, correct catheter placement at the specific stereotaxic coordinates
in the right lateral ventricle was confirmed by two different methods detailed below.

2.6.1. In Vivo Dye Infusion and Visualization

Firstly, a solution of 5% (w/v) blue dextran (5 kDa; TdB Labs, Ultuna, Arlanda) dye
diluted in aCSF was infused by percutaneous access through the reservoir of one of the
animals implanted with the miniaturized device. A total of 200 μL of tracer solution was
infused in two 24 h interval sessions, at a flow rate of 5 μL/min, using a programmable
syringe pump (Remote Infuse/Withdraw Pump 11 Elite Nanomite Programmable Syringe
Pump; Harvard Apparatus). Following CSF tracer infusion, while the mouse was under
anesthesia with 1.5–2% (v/v) isoflurane and 2.5% (v/v) O2, the cisterna magna was exposed
using a customized protocol based on a previous study [42]. A stereomicroscope with
integrated camera (S9i; Leica Microsystems, Wetzlar, Germany) was employed to visualize
in vivo the CSF color in the mouse ventricular system. Subsequently, the mouse was
euthanized by decapitation, and the brain immediately removed and embedded in Tissue-
Tek® O.C.T. (Sakura Finetek Europe, Alphen aan den Rijn, The Netherlands) before being
frozen at −80 ◦C. The brain was then sliced into 80 μm thick transversal sections using a
cryostat (CM1900; Leica Microsystems). Images were captured using a digital camera to
observe the visualization of the blue/dark color tracer within the mouse ventricular system.

2.6.2. Histological Analysis

To verify the specific AP, ML, and DV stereotaxic coordinates at which the intracere-
broventricular catheter was placed, histological analysis was also performed. Briefly, an
animal implanted with the miniaturized device was deeply anesthetized with 4% (v/v)
isoflurane, and both the device and intracerebroventricular cannula were carefully removed.
After exsanguination, the mouse was perfused with 40 mL of sterile ice-cold phosphate
buffer saline (PBS, pH 7.4; Corning Incorporated, Corning, NY, USA) to clean tissues.
The brain was immediately extracted and fixed in 4% (v/v) paraformaldehyde solution
(Electron Microscopy Science, Hatfield, PA, USA) diluted in Sorensen’s phosphate buffer
overnight at 4 ◦C with continuous shaking. After cryoprotection in a solution of 30% (w/v)
sucrose (Panreac AppliChem, Darmstadt, Germany) in PBS for 24 h, the brain was frozen
in Tissue-Tek® O.C.T. and stored at −80 ◦C until further use. The brain was sectioned into
30 μm thick coronal slices using a cryostat (CM1900; Leica Microsystems), then washed
in PBS and cryoprotected in a solution containing 30% (v/v) glycerol (VWR Chemicals,
Radnor, PA, USA) and 30% (v/v) ethylene glycol (Sigma-Aldrich, St. Louis, MO, USA)
in 0.02 M phosphate buffer, pH 7.2 at −20 ◦C until used for histological staining. Three
non-consecutive coronal sections were washed in PBS (3 × 10 min) and stained with 0.5%
(w/v) Toluidine blue O (Sigma-Aldrich) in distilled water for 1 min at room temperature.
Next, the slices were washed in PBS (3 × 10 min), dried overnight at room temperature,
and mounted on gelatin-coated slides (VWR). Finally, the sections were covered with an
aqueous mounting medium (Aquatex®, Merck, Rhaway, NJ, USA). Visualization and image
acquisition were performed using the integrated camera of a stereomicroscope (S9i; Leica
Microsystems) and compared with Paxinos and Franklin’s Mouse Atlas [37] and the Allen
Brain Mouse Atlas (http://mouse.brain-map.org/; accessed on 1 July 2023) for reference.

283



Animals 2023, 13, 2627

2.7. Statistics

The data are presented as individual data points and as the median ± interquartile
range (IQR), unless otherwise specified. The normality of the data was assessed before
conducting statistical analyses using both the Kolmogorov–Smirnov and the Shapiro–Wilk
tests. Due to the non-normal distribution of most variables, as indicated by p-values < 0.05
in the normality tests, and the unequal sample size of the experimental groups (Table 1),
the following non-parametric tests were employed in this work. For independent or depen-
dent quantitative two-samples comparisons, the Mann–Whitney U test or the Wilcoxon
test was carried out, respectively. For independent or repeated-measures quantitative
multiple comparisons, the Kruskal–Wallis test or the Friedman test were, respectively,
employed, followed by Dunn’s post hoc test when required. Finally, for qualitative anal-
yses (i.e., “range of recovery time after anesthesia” and “humane endpoint”), variables
were properly dichotomized when necessary and the Fisher exact test was performed.
A p-value < 0.05 was set as the minimum level of statistical significance. All statistical
analyses were conducted with SPSS Statistics version 26 for Windows (IBM, Armonk, NY,
USA), and graphical representations were generated with GraphPad Prism version 9.0.2
for Windows (GraphPad Dotmatics, San Diego, CA, USA).

3. Results

3.1. The Optimized Protocol of Stereotaxic Surgeries Shortens the Recovery Time Required after
Surgery and Significantly Minimizes Humane Endpoint Application

Recovery time was measured as the time interval between the end of stereotaxic
surgery (i.e., withdrawal of inhaled anesthesia) and complete recovery of the animal
(i.e., interaction with food or enrichment objects) and was classified in three different
ranges: higher than 20 min, between 5 and 10 min, and less than 5 min, based on the data
obtained (Table 5 and Figure 4a). Regarding the original device and traditional protocols,
100% (n = 20 out of 20) of the animals required more than 20 min to fully recover from
anesthesia (Figure 4a,b). For animals implanted with the miniaturized device and following
the optimized protocol, 30.76% (n = 3 out of 13) and 69.24% (n = 10 out of 13) of mice needed
between 5 and 10 and 5 min to recover, respectively (Figure 4a,b). Finally, 100% (n = 20 out
of 20) of the Alzet-pump-implanted mice following the optimized protocol recovered in
less than 5 min (Figure 4a,b). These results indicate a positive impact of both the changes in
the device dimensions and the implementation of a refined protocol in reducing the time
required to fully recover from stereotaxic surgery (Figure 4a,b). Furthermore, the Fisher
exact test revealed a clear relationship between the implanted device and recovery time
range for most dichotomized variables and comparisons carried out (specific p-values are
provided in Table 5).

Table 5. Comparisons and specific p-values for statistical qualitative analyses of recovery time and
humane endpoint application parameters.

Parameter Comparisons and p-Values

Recovery time Original Device Miniaturized Device Alzet Pump

>20 min <0.001 0.002 <0.001

5–10 min 0.284 0.003 0.151

<5 min <0.001 0.341 <0.001

Naïve Original Device Miniaturized Device Alzet Pump

Humane endpoint 0.029 <0.001 0.681 0.159
Bold values indicate statistical significance at the p < 0.05 in Fisher exact test, i.e., compared variables are related.
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Figure 4. Qualitative analyses of the effect of changes in implantable device dimensions and stereo-
taxic protocol followed on both the recovery time after surgery and the percentage of humane
endpoint application. (a) Prism representation of the percentage of animals in each range of recovery
time (i.e., >20 min, 5–10 min and <5 min, individually plotted in each vertex) for each experimental
group, regardless of genotype. Each inner grey prism line represents 25%. (b) Quantification of the
percentage of animals in each range of recovery time separated both by implanted device and proto-
col, and by genotype. Note that 100% of the animals implanted with the original device and Alzet
pump required more than 20 min and less than 5 min to recover from surgery, respectively; whereas
all animals implanted with the miniaturized device needed less than 10 min. (c) Quantification of the
percentage of humane endpoint application for each experimental group. Note that changes in the
implanted device and refinement of the protocol significantly reduced the application of humane
endpoint from 53% in animals implanted with the original device to 5% in those implanted with
Alzet pumps. Specific sample sizes and Fisher exact test p-values are provided in Tables 1 and 5,
respectively.

Regarding the application of humane endpoint based on welfare assessment scores,
changes in the device dimensions and the implementation of refined steps in the protocol
strongly decreased the percentage of application, this value being 53% for mice implanted
with the original device, 8% for animals implanted with the miniaturized device, and 5%
for Alzet-implanted mice (Figure 4c). In addition, the Fisher exact test demonstrated a
relationship between the device implanted in the experimental group and the percentage
of humane endpoint application, particularly in the naïve group and in those implanted
with the original device (specific p-values in Table 5; Figure 4c).

3.2. Improved Protocol Reduces the Drop in Body Weight Observed in Mice from the First
Postoperative Surgery Onwards and Normalizes It over Time

Body weight monitoring was performed throughout the experiment, starting at W1
and lasting for the remainder (Figure 5), as a broadly general humane endpoint ([39,40],
among others). Overall, one week before surgery (W1), a higher body weight was evidenced
in APP mice compared to their WT counterparts in the naïve group and in animals that were
to be implanted with the original device and Alzet pumps (p naïve= 0.007; p original = 0.043;
p Alzet pump = 0.004; Figure 5a,b and Figure S1). Moreover, we also detected differences
among animals planned to be implanted with different devices, with body weight being
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higher in those mice that would receive the original device compared to the rest of the
mice (p WT naïve vs. original = 0.043; p WT original vs. Alzet = 0.001; p APP naïve vs.
Alzet = 0.043; p APP original vs. miniaturized = 0.028; p APP original vs. Alzet = 0.002;
Figure 5b). It is worth mentioning that the original device weighed 4.29 ± 0.41 g (see Table 2
for specifications). Therefore, mice with higher body weight values were selected to be
implanted with this device in order to ensure their welfare and the feasibility of the surgery.
In addition, the reduced dimensions of the miniaturized device and Alzet pump enabled
us to perform the implantation surgery on animals of a lower weight (Figure 5b), which
would not have been possible with the original one and explains the initial differences
observed among experimental groups at W1 (Figure 5b).

 

Figure 5. Effect of changes in the dimensions of implantable device and the refined stereotaxic
protocol on the body weight at different timepoints. (a) Representation of the median body weight
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throughout the duration of the experiment of the different experimental groups included in this work
(based on the implanted device and genotype). Note the striking reduction in body weight in all
the animals undergoing stereotaxic surgery from the first postoperative week, particularly in those
implanted with the original device; and the partial recovery in mice implanted with the miniaturized
device from postoperative W6 onwards. No statistical test has been performed for these data over
time due to the incompatibility with the wide variety of experiment terminations. (b) Quantification
of animal body weight at timepoints shared by most experimental groups, i.e., W1, W3, and W8.
(c) Pre- and post-representations of body weight at W1 versus (vs.) W3 vs. W8 or W1 vs. W3, for
each experimental group. Note that animals implanted with the miniaturized device regain the body
weight loss observed at W3 over time. Specific sample size is provided in Table 1. Data expressed as
median and IQR. Kruskal–Wallis test for multiple comparisons (W1 and W3 in (b)); Mann–Whitney
U test for independent pairwise comparisons (WT vs. APP comparisons in b; W8 in (b)); Friedman
test for repeated-measures multiple comparisons (naïve and miniaturized in c); and Wilcoxon test
for dependent pairwise comparisons (original and Alzet in (c)). * p < 0.05; ** p < 0.01, for differences
between experimental groups based on the implanted device and multiple comparisons; # p < 0.05;
## < 0.01, for differences between WT and APP genotypes in b (see Figure S1 for detailed analysis).
W, week.

Regarding the differences among the animals with different devices and protocols
after surgery, a significant overall decrease in body weight was observed from the first post-
operative week onwards, regardless of the implanted device (Figure 5a,b). However, in the
particular case of W3 the decrease was only found in APP animals implanted with the minia-
turized and Alzet pumps compared to naïve APP (p APP naïve vs. miniaturized = 0.001;
p APP naïve vs. Alzet = 0.013; Figure 5b). Finally, at W8 no differences were detected
between animals implanted with the miniaturized device compared to naïve, regardless
of the genotype (p > 0.05 for all comparisons; Figure 5b), indicating a tendency for body
weight to normalize over time.

Taking the evolution of body weight for each experimental group individually (Figure 5c),
we can notice a striking drop at W3 compared to W1 in the animals implanted with the
original device (p WT = 0.018; p APP = 0.018; Figure 5c), a moderate decrease in those with
the miniaturized device (p WT = 0.097; p APP < 0.001; Figure 5c), and no differences in
those with the Alzet pump (p WT = 0.202; p APP = 0.086; Figure 5c). Interestingly, animals
implanted with the miniaturized device regained basal body weight at W8 (p = 0.480;
Figure 5c), results that are consistent with those described above.

To better understand and visualize the impact of the different implantable devices and
protocols employed on animal body weight, we also included the analysis of the specific
percentage change at different timepoints compared to W1 or basal body weight (Figure 6),
where the significant loss in body weight at W3 is even more prominent than in the previous
analysis and representations (p WT W0 = 0.035; p WT W3 = 0.002; p APP W0 = 0.049; p APP
W3 < 0.001; Figure 6). In this regard, and in agreement with the aforementioned results, the
percentage change in body weight decreased in all animals undergoing stereotaxic surgery,
regardless of the implanted device at W3 (p WT naïve vs. original= 0.001; p WT naïve vs.
miniaturized= 0.004; p WT original vs. Alzet = 0.045; p WT miniaturized vs. Alzet = 0.044;
p APP naïve vs. original < 0.001; p APP naïve vs. miniaturized = 0.002; p APP original
vs. Alzet = 0.006; Figure 6). Furthermore, this plot evidenced the remarkable drop in APP
mice implanted with the original device, which largely contributed to us considering and
applying a humane endpoint in these animals and terminating the experiment (Figure 6).
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Figure 6. Effect of the different implantable devices and the refined stereotaxic protocol on the
percentage change in animal body weight at different timepoints. Note the striking drop in APP mice
implanted with the original device at W3 leading to us considering and applying a humane endpoint
in this experimental group. Specific sample size is provided in Table 1. Data expressed as median
and IQR. Kruskall–Wallis test for multiple comparisons (W0 and W3) and Mann–Whitney U test for
independent pairwise comparisons (W8). * p < 0.05; ** p < 0.01. W, week.

3.3. Optimized Protocol and Implantation of Smaller Devices Significantly Improve Animal
Welfare and Enable Longer and Safer Experimental Periods

Animal welfare was monitored intensively after surgery and recorded weekly during
the remainder of the experiment, following a customized scoresheet for intrathecal device
implantation (Table 4, Figure 7). Among others, the welfare monitoring sheet included pa-
rameters of general condition, physical appearance and posture, nutritional and hydration
status, spontaneous behavior, and surgery-related indicators (see details in Table 4).

Regarding the overall welfare assessment scores of each experimental group (Figure 7a),
higher scores were observed in animals undergoing stereotaxic surgery in the weeks fol-
lowing surgery compared to naïve animals, reaching the highest values at postoperative
W3 (Figure 3a). These values were markedly elevated in both WT and APP mice implanted
with the original device and following the traditional protocols (Figure 7a). In fact, signifi-
cant statistical differences were detected among animals implanted with the original device
with respect to the rest of the experimental groups at W3 (p WT naïve vs. original < 0.001;
p WT naïve vs. Alzet = 0.006; p WT original vs. miniaturized = 0.038; p WT original vs.
Alzet = 0.017; p APP naïve vs. original < 0.001; p APP naïve vs. miniaturized = 0.002; p APP
original vs. Alzet = 0.006; Figure 7b). These evaluations reached values above 10 points in
some animals, representing moderate to severe suffering and pain and indicating a humane
endpoint and termination of the experiment at this timepoint. For animals implanted with
the miniaturized device, only significant statistical differences were detected compared to
the original device at W3 (p WT original vs. miniaturized = 0.038; p APP original vs. minia-
turized = 0.004; Figure 7b), but significant differences were found at W8 compared to naïve
mice (p < 0.001 for all comparisons, Figure 7b). In this case, the values were below three
points, indicating the presence of some discomfort and the need for increased vigilance and
compensatory measures, but without compromising animal welfare. Finally, for animals
implanted with Alzet pumps, differences in welfare scores were detected at W3 compared
to naïve in both genotypes (p WT naïve vs. Alzet = 0.006; p APP naïve vs. Alzet < 0.001;
Figure 7b) and compared to the original device only in WT mice (p WT =0.017; Figure 7b).
This experimental group shared similar welfare values to those obtained in mice implanted
with the miniaturized device (p > 0.05 for all comparisons; Figure 7b), however, termination

288



Animals 2023, 13, 2627

of the experiment was conducted at W4 due to the experimental design of this particular
project, but not because of humane endpoint considerations.

 

Figure 7. Effect of changes in the dimensions of implanted device and the refined stereotaxic protocol
on animal welfare throughout the experiment. (a) Representation (top) and heatmap (bottom) of the
median welfare assessment scores throughout the duration of the experiment for each experimental
group. The higher the scores, the more compromised the welfare of animals. It is important to
point out the elevated scores obtained in both WT and APP mice implanted with the original device
and following the traditional protocol at W2 and W3, which resulted in the application of humane
endpoint and termination of the experiment for this experimental group at this timepoint. No
statistical test has been performed for these data over time due to the incompatibility with the wide
variety of experiment termination. (b) Quantification of animal welfare at timepoints shared by most
experimental groups, i.e., W3 and W8. (c) Pre- and post-representations of animal welfare scores
at W1 vs. W3 vs. W8 or W1 vs. W3, for each experimental group individually. Specific sample
size is provided in Table 1. Data expressed as median and IQR. Kruskal–Wallis test for multiple
comparisons (W3 in (b)); Mann–Whitney U test for independent pairwise comparisons (WT vs. APP
comparisons in b; W8 in (b)); Friedman test for multiple comparisons with repeated measures (naïve
and miniaturized in (c)); and Wilcoxon test for dependent pairwise comparisons (original and Alzet
in (c)). * p < 0.05; ** p < 0.01, for differences between experimental groups based on the implanted
device and multiple comparisons; # p < 0.05; for differences between WT and APP genotypes in (b)
(see Figure S2 for detailed analysis).

As described above, when the pre- and post-score values of welfare assessment were
plotted and compared individually for each experimental group, an increase was detected
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in all the experimental groups at W3 and W8 compared to baseline, including both WT and
APP naïve mice (p WT naïve = 0.003; p APP naïve = 0.010; p WT original = 0.017; p APP
original = 0.016; p APP miniaturized = 0.001; p WT Alzet = 0.007; p APP Alzet = 0.006;
Figure 7c). In the latter, this increase was mainly driven by variations in the body weight
of the animals, indicating that these fluctuations are a normal situation even in healthy
mice (Figure 7c). Finally, it is noteworthy that no differences in animal welfare were
detected in WT animals implanted with the miniaturized device over time (p = 0.097;
Figure 7c). In addition, a trend towards improved welfare was observed in some of their
APP counterparts implanted with the miniaturized device over time, although no statistical
differences were found between W3 and W8 (p = 0.157; Figure 7c).

3.4. Optimized Intrathecal Implantation Procedures Do Not Appear to Negatively Affect General
and Anxiety-like Behaviors for at Least Two Months after Surgery

To minimize any additional stress on animals undergoing surgery that negatively
influenced their well-being, behavioral testing was conducted exclusively in the experi-
mental groups with the best welfare status (Figure 8a,b), i.e., naïve, animals implanted
with the miniaturized device and animals implanted with Alzet pumps, at W1, W4/5, and
W8 (depending on the experimental design of each group), as previously described (see
corresponding Material and Methods section). The elevated zero maze was used to analyze
general and anxiety-like behavior (Figure 8c), assessing the total distance traveled and the
percentage of time spent in the open and closed areas of the maze [41].

Regarding total distance traveled (Figure 8d), no statistical differences were detected
between genotypes (i.e., WT vs. APP) in most of the experimental groups (p > 0.05 for
all comparisons; p Alzet = 0.029; Figure 8d). In addition, a longer distance traveled was
only evidenced in APP mice implanted with the Alzet pump compared to those implanted
with the miniaturized device or naïve ones at W1 and W4/5 (W1: p naïve vs. Alzet = 0.001,
p miniaturized vs. Alzet = 0.004; W4/5: p naïve vs. Alzet = 0.006, p miniaturized vs.
Alzet = 0.004; Figure 8d), whereas no differences were found in the rest of the comparisons
at any of the timepoints analyzed (p > 0.05 for the remainder comparisons; Figure 8d).
These results clearly indicate that optimized intrathecal implantation does not limit or
reduce animal movement.

In terms of percentage of time spent in open and closed areas, most of the experimental
groups had a strong preference for closed areas within maze corridors except WT mice
implanted with the miniaturized device (p WT naïve W1 = 0.008, p WT naïve W4/5 = 0.015,
p WT naïve W8 = 0.028, p APP naïve W1 = 0.013, p APP naïve W2 = 0.005, p APP naïve
W8 = 0.042, p WT miniaturized W1, W4/5 and W8 = 0.109, p APP miniaturized W1 = 0.005,
p APP miniaturized W4/5 = 0.008, p APP miniaturized W8 = 0.011, p WT Alzet W1 = 0.005,
p WT Alzet W4/5 = 0.005, p APP Alzet W1 = 0.005 and p APP Alzet W4/5 = 0.005; Figure 8e
and Figure S3). This result aligns with normal unprotected and elevated space avoidance
behavior reported in mice [41]. Regarding the analysis of novel environment exploration,
inferred as the percentage of time spent in open areas (Figure 8d), differences were only
found between APP mice implanted with Alzet pumps compared to their counterparts
implanted with the original device or the naïve ones at W1 (p naïve vs. Alzet = 0.007; p
miniaturized vs. Alzet= 0.005; Figure 8d), with the percentage being always lower in the
Alzet-implanted mice (Figure 8d). In addition, WT animals implanted with the miniaturized
device also showed a lower percentage of time spent in open areas at W8 compared with
WT naïve (p = 0.024; Figure 8d). These findings could indicate a possible unfavorable effect
of the intrathecal implantation surgery on the particular behavior of novel environment
exploration, although further investigation is needed (Figure 8d). Nevertheless, the overall
results demonstrated that the refined intrathecal implantation procedures do not adversely
influence the neurobehavioral functions analyzed in the implanted animals, even after two
months of implantation.
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Figure 8. Effect of implantation of smaller devices following refined intrathecal implantation proce-
dures on general and anxiety-like behaviors. (a,b) Dorsal views of two different mice implanted with
the miniaturized device at W3 and W8 (a), and with the Alzet pump at W3 and W4 (b), following in
both cases the optimized surgery protocol. Note the good general appearance of the animals and of
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the healed wound, especially at the end of the experiment where it is almost unnoticeable (arrow-
headed). The asterisks point out the subcutaneous pocket where device is implanted. (c) Schematic
representation of the elevated zero maze apparatus. (d) Quantification and comparisons of the total
distance traveled in the maze at W1, W4/5 and W8. (e) Quantification and ring plot of the median
percentage of time spent in closed vs. open areas individually for each experimental group and
timepoint (see Figure S3 for detailed analysis). (f) Quantification and comparisons of the percentage
of time spent in open area among the different experimental groups at W1, W4/5 and W8. Spe-
cific sample size is provided in Table 1. Data expressed as median and IQR. Kruskal–Wallis test
for multiple comparisons (W1, W4/5 in (d) and (f)); Mann–Whitney U test or Wilcoxon test for
independent (W8 in d and W8 in (f)) and dependent (% of open vs. % of closed in (e)) pairwise
comparisons; respectively. * p < 0.05; ** p < 0.01, for differences between experimental groups based
on the implanted device and multiple comparisons; # p < 0.05, for differences between WT and APP
genotypes in (d).

3.5. Validation of Cannula Placement Is Required after Experiment Termination to Confirm Correct
Implantation at the Stereotaxic Coordinates of Interest

To verify the correct placement of the intrathecal cannula at the specific AP, ML, and
DV stereotaxic coordinates, two different approaches were performed. First, in vivo in-
fusion and visualization of blue dextran dye in the mouse cisterna magna (Figure 9a,b)
demonstrated both the correct positioning of the intracerebroventricular cannula in the
mouse right ventricle and the flow of the dye solution through the device system and
cannula into the ventricular system (Figure 9). In addition, post mortem dark blue vi-
sualization of blue dextran within the entire anatomy of the mouse ventricular system
also verified the correct intrathecal implantation and infusion of the cannula (Figure 9c–j).
Finally, histological analysis with Toluidine blue staining in coronal brain sections also
confirmed the correct placement of the intracerebroventricular cannula in the stereotaxic
coordinates of interest, compared to and with reference to the most widely employed
mouse brain atlases: Paxinos and Franklin [37] and Allen Brain Mouse Atlas (Figure 10).

 

Figure 9. Verification of intracerebroventricular cannula implantation by infusion and visualization
of blue dextran. (a) Experimental design of blue dextran (5%, v/v in aCSF) study. (b) Dorsal view
of in vivo visualization of blue dextran in the connecting tube between the cannula and the device
(left) and in the mouse cisterna magna (right). (c–j) Transversal cryosections (spaced 0.5 mm apart)
of mouse brain infused with blue dextran. Note that blue color of dextran is visualized throughout
the anatomy of the mouse ventricular system, indicating correct placement and flow of the cannula.
Scale bar (c–j): 2 mm. A, anterior; CB, cerebellum; CM, cisterna magna; R, right.
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Figure 10. Histological validation of the specific stereotaxic coordinates (AP = −0.70 mm;
ML = −1.26 mm; and DV = −2.5 mm) used for intracerebroventricular cannula implantation with
Toluidine blue staining and reference to mouse brain atlases. Images of middle and bottom rows
obtained from [37] and http://mouse.brain-map.org/ (accessed on 1 July 2023), respectively. Scale
bar: 2 mm. D, dorsal; L, left; *, cannula placement.

4. Discussion

Over the past decades, significant advances have been made in stereotaxic neuro-
surgery in rodents, driven by the need to adhere to higher ethical standards. This progress
requires not only a high level of knowledge and technical skills, but also deep under-
standing and awareness of ethics, animal welfare, and the importance of minimizing the
number of animals used to obtain robust conclusions, as outlined in the 3Rs principles of
“refinement” and “reduction” [13].

While certain general recommendations can be universally applied to all stereotaxic
surgeries, such as pain management during and after surgery, correct determination of
stereotaxic coordinates, and using appropriate aseptic techniques [1], other considerations
must be tailored on a case-by-case basis. In the context of our study, which involves the
long-term implantation of intracerebroventricular or intrathecal cannula in small rodents,
two critical steps are pivotal for successful experimentation. The first step involves securely
fixing and stabilizing the cannula on the surface of skull. Previous existing protocols de-
scribed several methods employing dental cement, screws, and cyanoacrylate (Refs. [1,9,10],
among others). However, based on our experience and the literature, these fixation methods
have proven to be less satisfactory due to the mismatch between the relatively large and
flat surface of the cannula and the round-shaped skull surface of mice [10]. To address
this issue, we proposed a refined stereotaxic surgery protocol that uses a UV light-curing
resin that can be molded and individually adapted to each mouse in combination with
cyanoacrylate adhesive tissue. The use of this resin offered several advantages, including
shorter surgical intervention times due to the rapid curing time, lower incidence of surgical
problems such as skin necrosis or infection (reported with the use of dental cement), and
stable and secure attachment of the cannula to the skull for prolonged periods. Importantly,
these improvements contribute to minimizing humane endpoint applications to very low
levels, in line with the “reduction” principle of the 3Rs [13]. Additionally, our findings
suggest that modifying the dimensions of the implantable devices may also be contributing
to improve surgical outcomes. Therefore, careful consideration of device dimensions is
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crucial before designing and performing specific surgeries, especially in mice, where size
constraints may arise. Importantly, a limitation of our study is that we cannot attribute the
observed improvements in long-term implantation exclusively to the refined stereotaxic
protocol, since both modifications (surgical refinement and changes in device dimensions)
were implemented simultaneously. However, in view of the fact that with the optimized
protocol we successfully overcame the most significant and critical surgical complication
reported [2], which involved cannula detachment triggering the application of humane
endpoint, we strongly believe that protocol refinement is the key factor mostly influencing
the observed improvements. Nevertheless, additional research would clarify the level of
contribution of each modification.

The second crucial step for the success of long-term intrathecal implantation studies
involves careful and thorough assessment and recording of animal welfare during the
immediate and long-term postoperative periods. To our knowledge, no studies have
proposed or described a specific protocol to accurately monitor the animal welfare of
mice undergoing such stereotaxic surgeries. Previous works have relied on individual
parameters such as changes in body weight, physical appearance, or behavior related to the
specific brain structure in which the cannula was implanted (Refs. [39,40], among others).
In our study, we designed a standardized scoresheet for effective and accurate follow-up
of the animal’s overall well-being, covering a wide range of indicators related to general
condition, physical appearance and posture, nutritional and hydration status, spontaneous
behavior, and the surgical procedure itself [15–23]. Our results corroborate the fact that
relying on a single parameter is insufficient in most cases. Conversely, the use of diverse
indicators provides a holistic view of the animal’s actual well-being [16,17,43]. Additionally,
close monitoring has enabled us to promptly apply compensatory measures whenever
necessary, thereby alleviating any discomfort or pain experienced by the animals in a timely
manner and allowing studies to be extended for a longer period of time.

Although the proportion of drop-out animals due to the application of humane end-
point has reached a remarkably low level (below 5% of cases) in our studies, and we have
significantly enhanced the welfare of animals undergoing long-term intrathecal implanta-
tion, we remain committed to refining our procedures further with the aim of improving
animal welfare and increasing reproducibility. It is important to emphasize that maximizing
animal welfare in research is crucial not only from ethical and legal perspectives, but also
because it positively impacts the quality of scientific outcomes derived from these animals,
thus benefiting the scientific community.

5. Conclusions

In summary, our study provides a refined protocol for safe intracerebroventricular
cannula fixation over extended experimental periods, as well as a customized protocol
to accurately monitor animal welfare in mice undergoing long-term intrathecal device
implantation, among other notable findings. The inclusion of these refined steps helps to
improve the safety and reproducibility of long-term experiments involving intracerebroven-
tricular cannula fixation, providing a valuable contribution to the neuroscience community
and research.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ani13162627/s1. Table S1: Overview of complications observed in the animals
employed in our study.; Figure S1: WT versus APP comparisons for body weight parameter at
W-1, W3 and W8.; Figure S2: WT versus APP comparisons for welfare assessment score param-
eter at W-1, W3 and W8; Figure S3: Detail of the percentage spent in open versus closed area in
Elevated Zero Maze at W-1, W3 and W8; Supplementary Information S1: Step-by-step protocol
for stereotaxic surgery procedure; Supplementary Information S2: Postoperative regimen of anal-
gesic, anti-inflammatory and antibiotic treatment; Supplementary Information S3: Procedure and
Postoperative monitoring form.
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Simple Summary: This study assessed a humane endpoint scoring system to detect animal suffering
in a rat model of type 2 diabetes. Sprague-Dawley male rats were divided into control and induced
(fructose-fed and streptozotocin (STZ) administration) groups. Induced animals drank 10% fructose
for 14 days, then received STZ (40 mg/kg) intraperitoneally. Weekly monitoring of body weight,
water, and food consumption, 14 parameters of animal welfare, and blood glucose levels were
conducted. Results showed weight loss, polyuria, polyphagia, and polydipsia, as well as lack of
grooming, narrowing of the orbital area, curved posture, liquid/pasty diarrhea, and abdominal
distension. The most useful parameters to evaluate humane endpoints in this type 2 diabetes rat
induction model were dehydration, absence of grooming, the posture of the animals, abdominal
visualization and palpation, and fecal appearance. The glycemia was significantly higher in the
induced group, validating the animal model of diabetes. The humane endpoints table was suitable
for monitoring animal welfare.

Abstract: This work aimed to define a humane endpoint scoring system able to objectively identify
signs of animal suffering in a rat model of type 2 diabetes. Sprague-Dawley male rats were divided
into control and induced group. The induced animals drink a 10% fructose solution for 14 days. Then,
received an administration of streptozotocin (40 mg/kg). Animals’ body weight, water and food
consumption were recorded weekly. To evaluate animal welfare, a score sheet with 14 parameters
was employed. Blood glucose levels were measured at three time points. After seven weeks of
initiating the protocol, the rats were euthanized. The induced animals showed weight loss, polyuria,
polyphagia, and polydipsia. According to our humane endpoints table, changes in animal welfare
became noticeable after the STZ administration. None of the animals hit the critical score limit (four).
Data showed that the most effective parameters to assess welfare in this type 2 diabetes rat induction
model were dehydration, grooming, posture, abdominal visualization, and stool appearance. The
glycemia was significantly higher in the induced group when compared to the controls (p < 0.01).
Induced animals’ murinometric and nutritional parameters were significantly lower than the controls
(p < 0.01). Our findings suggest that in this rat model of type 2 diabetes with STZ-induced following
fructose consumption, our list of humane endpoints is suitable for monitoring the animals’ welfare.
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1. Introduction

Several animal models have been used to better understand the biopathology of
chronic diseases, such as diabetes [1]. The use of laboratory animals raises many ethical
concerns, particularly when stress and pain are induced in the animals. Humane endpoints
have become a major element in experiments involving laboratory animals to overdue these
ethical issues, applying the 3R’s principles (Replacement, Reduction and Refinement) [2].
According to the Canadian Council on Animal Care (CCAC), humane endpoints are
physiological or behavioral signs that define the critical stage at which the animal’s pain
and/or stress must be finished or mitigated through decisions such as no application of a
painful procedure, treatment to alleviate pain and/or distress, or ultimately the animals’
sacrifice [3]. The assessment of the animals’ pain and stress can become subjective, and
the researchers may incorrectly interpret certain signs as indicators of pain even when
they are not. To reduce misinterpretations, scoring systems have been developed, thus
allowing the assessment of animal welfare through the attribution of a score to each
parameter. It is worth noting that the parameters examined in a certain study must be
adjusted to the study’s goal. Normally, at the end of the evaluation, the total score of each
animal is recorded and determines whether an animal should or not be removed from the
protocols [4–6]. The evolution of chromodacryorrhea [7], the animals’ grooming habits
(self-grooming) [8], the Rat Grimace scale (which allows the assessment of pain and stress
in animals through an analysis of the animals’ expressions) [9], body weight [10], and
body temperature using infrared thermometers [11] are some of the parameters generally
used to define humane endpoints in animal models of disease. However, a systematic
approach published by David Morton [4] suggested additional parameters that should
be included in the evaluation of humane endpoints in a rat model of type 2 diabetes, the
most prevalent type of diabetes worldwide [12]. This study utilized a non-genetic animal
model that mimics the pathogenesis of type 2 diabetes by administering STZ to animals
that had been fed with fructose in their drinking water [13]. Various parameters were
compiled to assess the welfare of animals throughout experimental trials, incorporating
those proposed by David Morton [12] and additional ones, such as signs of dehydration,
diarrhea, abdominal distension, and posture. Moreover, this work aimed to clearly define
a humane endpoint scoring system able to objectively identify signs of animal suffering
before the development of severe disease in this model of type 2 diabetes, mitigating all
ethical and animal welfare concerns.

2. Materials and Methods

2.1. Ethical Statements

The experimental protocol was approved by the University of Trás-os-Montes and Alto
Douro Ethics Committee (“ORBEA—Órgão Responsável pelo Bem-Estar e Ética Animal;
approval no 852-e-CITAB-2020 and A_1-e-CITAB-2021). All the experiments performed
on the animals were carried out under the European (European Directive 2010/63/EU)
and national legislation (Decree-Law no. 113/2013) on the protection of animals used for
scientific purposes.

2.2. Animals and Chemicals

Twenty-four Sprague-Dawley male rats (Rattus norvegicus) at three weeks of age and
weighing 134.24 ± 10.11 g were obtained from Envigo (Barcelona, Spain). The animals
were kept in polycarbonate cages with smooth surfaces and rounded edges (1500 U Eu-
rostandard Type IV S, Tecniplast, Buguggiate, Italy), three to five animals per cage, with
appropriate identification. Animals were negative for viruses, bacteria, mycoplasma, fungi,
parasites, and pathological lesions. The bedding for the animals was prepared from corncob
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(Ultragene, Santa Comba Dão, Portugal), and it was changed every week. Following the
introduction of fructose and the administration of STZ, the animals urinate more frequently,
demanding daily bedding changes. Polyvinyl chloride tubes were placed in each cage to
promote the rat’s environmental enrichment. With these materials, animals can hide and
mimic a natural environment. This research was conducted in a controlled environment
with a 12-h light/12-h dark cycle at a temperature of 20 ± 2 ◦C and relative humidity
of 50 ± 10%. Fructose, acquired from BioPortugal-Químico, Farmacêutica, Lda (Porto,
Portugal), was prepared daily in the drinking water at a concentration of 10% immediately
before being provided to the animals to avoid fermenting and placed in opaque bottles.
STZ was obtained from BioPortugal-Químico, Farmacêutica, Lda (Porto, Portugal) and
prepared before its use in a 0.1 M citrate buffer solution (pH = 4.3).

2.3. Experimental Protocol

After one week of acclimatization, the rats were randomly assigned to two experimen-
tal groups: group control (n = 8) and group induced (n = 16). The experimental design was
done without “nuisances”, with no need for randomized block designs. After reviewing
various published papers concerning animal models of diabetes [14–16], we identified
a mortality rate between 20–40% and a rate of disease induction from 58% to 70%. So,
to ensure the necessary sampling to have a statistical analysis power of the results, the
number of animals differs between groups. This number intends to be conservative and not
compromise the analysis of the results, considering Russell and Burch’s 3R principles. Thus,
the number of animals per group was calculated by the Experimental Design Assistant
(https://efa.nc3rs.org.uk (accessed on 1 May 2021)). A higher number of animals was
used in the group induced due to the higher mortality rate expected in the animals with
diabetes when compared with those animals from group control [13–16]. At 4 weeks of age
(beginning of week 1), the animals from the induced group began to drink a 10% fructose
solution prepared as indicated above for 14 consecutive days (two weeks). After this, all
animals from both groups were exposed to a 12 h overnight fast. Then, the animals from
the group induced received a single intraperitoneal administration of STZ (40 mg/kg),
while the animals from group control received an injection of the vehicle (0.1 M citrate
buffer). Throughout the trial, the animals had unlimited access to tap water via capped
bottles and a standard laboratory diet (SAFE® Custom Diets, Augy, France). Only the
bottles with the 10% (m/v) fructose solution were available to the induced animals during
fructose administration (Figure 1).

Figure 1. Experimental design.

2.4. Body Weight, Food, and Water Consumption

Weekly, individual rats’ weight, as well as food and water consumption, were deter-
mined, using a top-loading scale (Mettler PM4000, LabWrench, Midland, ON, Canada).

The body weight gain (BWG) for each rat (%) was also determined using the following
formula [17]:

BWG =
Body weight at a certain point − Initial body weight

Body weight at a certain point
× 100, (1)
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The following formula was used to calculate the mean daily food consumption for
each rat (g) [10]:

Daily food consumption =
Food weight (beggining of the week)− Food weight (end of the week)

No. of animals in the cage × No. of days
(2)

Initially, water consumption was determined similarly to food consumption. However,
with the disease development, the animals from the group induced started to drink more
water and, together with the weekly water losses, it became difficult to assess the real water
consumption. In this way, the research team decided to calculate the water consumption
for just 24 h, with three bottles available per cage. Thus, water consumption from week 4
onwards was calculated by dividing the total cage water consumption by the number of
animals in the cage.

2.5. Scoring Sheet

To monitor the animals’ welfare, the registration of humane endpoints was imple-
mented during the experimental protocol, according to Table 1. The parameters were
defined in accordance with CCAC guidelines [3] and updated based on earlier works
performed by our team [10,17,18]. A score from zero to three was given for each parameter
listed in the table. The animals were observed daily, and the scores were recorded once
a week by three independent observers to avoid bias. The data were recorded indepen-
dently and only cross-checked at the beginning and end of the experiment. The score
for each animal was calculated by adding the scores assigned to each parameter. It was
determined that if the animals’ humane endpoints score reached the critical level (total
score of four), they should be re-evaluated and, if necessary, removed from the study and
euthanized. Moreover, a score of three in some parameters, like body weight and mental
status, was an indicator of euthanasia. Animals were handled regularly before and during
the trial to reduce stress during manipulation and avoid any interference with the animal
welfare assessment.

When the animals did not clean themselves, a lack of grooming (i.e., the presence of
dirt on the hair) was registered. According to Mason et al., chromodacryorrhea can be an
indicator of stress and has been described in several studies with laboratory animals [8].
Harderian glands are secretory pigment lacrimal glands located posterior to the ocular
globes. These glands release a reddish lipid- and porphyrin-rich material that lubricates
the eyes and eyelids [19]. Healthy animals perform grooming frequently, so the deposition
of this secretion around the eyes is reduced. However, in discomfort and disease, the
animals reduce grooming, and this secretion accumulates around the rat’s eyes and nose.
Chromodacryorrhea changes the color of the hair and is also characterized by the presence
of excessive reddish secretions [20]. The Grimace scale was used to assess the animals’
pain based on their facial expressions [9]. The animals’ reaction to external stimuli was
evaluated by observing their response to hand clapping above their cages. To assess the
animals’ hydration status, a skin pinch test was performed. To make this test, the animal
was placed on the researcher’s forearm, and the pinch test was made on the back region,
more precisely on the lumbar region. If the skin took more than about two seconds to
normalize, the rat was considered dehydrated [10]. According to our score sheet, animals
with a sum of scores that reach 4 should be sacrificed. However, animals with the following
changes, including 20% of body weight loss, severe anemia, stupor and coma, skin necrosis
and walking on the tip of the extremities, must be re-evaluated and, if necessary, should
be sacrificed. When an animal approaches the critical score level, a veterinarian should
conduct a comprehensive health assessment, and if the animal’s condition has deteriorated,
it would be necessary to euthanize it.
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Table 1. Humane endpoints applied to the rat model of chemically induced type 2 diabetes. Adapted
from Silva-Reis et al., Faustino-Rocha et al. and CCAC guidelines [3,10,17].

Score 0 1 2 3

Body Condition/Weight Normal
Altered body

condition/weight
loss of <10%

Emaciated/weight
loss of 10–20%

Weight loss of
>20% (Euthanasia)

Posture Normal Curved — —

Hair/tail appearance and grooming Normal Lack of grooming
Very bad-looking hair,

dirty tail, severe
chromodacryorrhea

—

Grimace scale

Eyes and
extremities Normal Narrowing of the

orbital area

Moderate
anemia/Cataracts,
Eyes fully closed

Severe
anemia/Corneal

ulcers (Euthanasia)

Position of ears
and whiskers Normal

Dropped ears,
forward whiskers

(Stiffened)

Floppy and curved
ears, whiskers turned
forward and crumpled

(clusters)

—

Nose/cheeks Normal
Flattening and

elongating the tip
of the nose

Flattening of the
cheeks (cheek
appearance)

—

Walk Normal — —
Walking on the tip
of the extremities

(Euthanasia)

Skin Absence
Skin

injuries/infections
<5 mm

Skin
injuries/infections

>5 mm

Presence of
necrosis

(Euthanasia)

Mental status Normal Inactive Moribund Stupor/coma
(Euthanasia)

Response to external stimuli Normal Moderate Moderate with
vocalization Violent

Hydration status Normal Abnormal skin
pinch test (>2 s) — —

Stool appearance Solid Pasty diarrhea Liquid diarrhea —
Convulsions Absence — — Presence

Visualization and response to mild
abdominal palpation Normal Vocalization Distended —

Recommendation: A total score of 4 or a score of 3 in some parameters, like body weight, were indicators for
euthanasia. When an animal’s score exceeds a critical level, it was re-evaluated to decide if it should be removed
from the protocol.

2.6. Body Temperature

Additionally, to the parameters mentioned above, the animals’ body temperature was
recorded weekly with a non-contact infrared forehead thermometer (Andon iHealth PT2L,
Paris, France). For each animal, the temperature was measured on the forehead, always
at the same location, at approximately 3 cm. All readings were performed by the same
researcher when the animals stood relaxed in a black-lined cage. To avoid any temperature
increase due to stress, all temperature readings were recorded in under one minute.

2.7. Blood Glucose Assessed during Protocol

One week after STZ or vehicle administration (3rd week of protocol, see Figure 1),
blood glucose level was measured in all animals using a GlucoMen® Areo 2K and blood
test strips (A. Menarini Diagnostics, Florence, Italy). The measurements were taken after
12 h of fasting and 2 h after feeding. Blood was taken from the tail by gently “milking” it
after a small cut [21]. To promote hemostasis and to perform asepsis at the puncture site, we
used a sterile gauze with 3% hydrogen peroxide [22]. A new blood glucose measurement
was conducted two weeks later in all animals, after 12 h fasting and 2 h after feeding.
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2.8. Animals’ Euthanasia and Samples Processing

At the end of week 7, the animals were euthanized, after 12 h fasting, by intraperi-
toneal administration of ketamine (75 mg/kg, Rompun® 2%, Bayer Healthcare SA, Kiel,
Germany) and xylazine (10 mg/kg, Clorketam 1000, Vetoquinol, Barcarena, Oeiras, Por-
tugal), followed by exsanguination by cardiac puncture. Blood samples were collected
directly from the heart and centrifuged at 3000 g/10 min for serum separation. Glucose,
albumin, triglycerides and cholesterol levels were determined in an autoanalyzer (Pres-
tige 24i, Cornay PZ, Lomianki, Poland). A complete necropsy was performed in all animals,
and the internal organs were macroscopically observed, collected, weighed, and preserved
in 10% buffered formalin for 24 h for histopathological analysis. A veterinary pathologist
blindly examined 4-μm sections of paraffin-embedded kidneys, stained with hematoxylin
and eosin (H&E) under a light microscope.

2.9. Murinometric and Nutritional Measurements

The animals’ body weight was determined immediately before euthanasia (after 12 h
fasting) to determine the Lee index and body weight index (BWI) [23]. After the anesthesia
for euthanasia, the abdominal perimeter (AP), the thoracic perimeter (TC) and the nasal-
anal length (NAL) of all rats were measured, and the AP/TC ratio was determined [24].
The following formulas were applied:

Lee index = 3

√
Final body weight (g)

NAL (cm)
, (3)

BMI =
Final body weight (g)

NAL2 (cm2)
, (4)

Moreover, the specific rate of weight gain (SRWG) and food efficiency coefficient (FEC)
were calculated using the weight of the animals before fasting at the end of the experiment:

SRWG =
Final body weight (g)− Initial body weight (g)

Initial body weight (g)× Days of the experiment
, (5)

FEC =
Final body weight (g)− Initial body weight (g)

Animal’s total food consumption (g)
, (6)

The food consumption of the animals was measured as the mean per cage, and the
mean consumption per animal was considered.

2.10. Statistical Analysis

All data were analyzed using GraphPad Prism® software for Windows (version 8.0.1,
San Diego, CA, USA). The mean and the standard deviation (SD) were calculated for
each parameter. Body weight, food and water consumption, glucose levels during the
protocol and temperature were compared using the Ordinary two-way ANOVA with Šidák
correction for multiple comparisons. For post-mortem glucose, albumin, cholesterol, and
triglycerides levels, kidneys’ relative weight, and murinometric and nutritional parameters,
the differences between groups were assessed using Student’s t-distribution. Since the
values in Table S1, Supplementary Material, do not follow a normal distribution, a non-
parametric Mann-Whitney test was performed. p-values lower than 0.05 were considered
statistically significant. Boxplots were performed to identify outliers. To avoid bias, data
analysis was carried out by both researchers related and unrelated to those conducting the
animal experiment.
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3. Results

3.1. General Observations

No deaths were recorded during the experimental protocol. The animals’ mean body
weight (Figure 2a), after one week of introducing fructose in the animals’ drinking water,
was always statistically lower in the induced groups when compared to the controls (week 2,
p < 0.05; weeks 3–7, p < 0.0001). When looking at the body weight gain, some differences
were observed between control and induced animals. In fact, a decrease in weight gain
over time was observed in both groups, justified by the natural growth of the animals.
Throughout the experiment, the weight gain presented several variations in the induced
group and was negative in week 3 of the trial (Figure 2b); that was the week after the STZ
injection and in the last week. After the STZ injection (week 3), 81.25% of the animals
in the induced group showed weight loss. At the end of the protocol, the percentage
of animals that lost weight increased to 93.75%. During the consumption of fructose
solution, over the first three weeks of the experiment, the animals from the induced group
consumed less food when compared with animals from the control group (p < 0.0001).
However, this was inverted after STZ administration, with the average food consumption
in the induced animals higher during the remaining weeks of the experiment (Figure 2c,
p < 0.0001). Concerning water consumption, induced animals drank more water over time
than control animals, and the water intake also increased after STZ injection (Figure 2d,
p < 0.001).

Figure 2. (a) Mean body weight of each group, (b) mean body weight gain, (c) mean food and (d)
water consumption per day throughout the trial in both experimental groups. * Statistically different
from control group (p < 0.05); ** p < 0.01; *** p < 0.001; **** p < 0.0001. The group control (n = 8)
was intraperitoneally administrated with 0.1 M citrate buffer, while the induced group (n = 16) was
intraperitoneally administrated with STZ diluted in 0.1 M citrate buffer after fructose feeding. Data
are presented as mean ± standard deviation (SD).

3.2. Animal Welfare

Regarding the assessment of animals’ health status by using the parameters stated in
the table of humane endpoints, changes were only observed in the induced group (Figure 3).
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The first changes were observed in the second week of the experimental protocol, when
the animals were being supplemented with fructose solution, with six animals showing
dehydration, detected by the skin pinch test as shown in Figure 4a. Changes in animal
welfare became increasingly obvious after the STZ administration. Lack of grooming
(weeks 3, 4, 6, and 7; Figure 4b), narrowing of the orbital area (week 3; Figure 4c), curved
posture and removal of the remaining animals from the cage (weeks 5, 6 and 7; Figure 4d),
liquid and pasty diarrhea (week 7; Figure 4e), and distension of the abdomen (Figure 4f)
were observed. It is important to note that these changes were not consistent; for ex-
ample, some animals displayed changes one week, recovered the following week, and
the alterations reappeared later. The highest number of alterations in the animals was
identified in the last week of the protocol, shortly before they were euthanized. Despite
these alterations, none of the animals hit the critical score limit of 4, which implied its
removal from the experiment. Nevertheless, the maximum score values assigned to each
animal in the induced group were significantly higher when compared to controls (p < 0.01;
Supplementary Material, Table S1).

Figure 3. Changes observed in the animals’ welfare over time according to previously established
humane endpoints. Animals from the control group did not show any change.

Figure 4. Welfare parameters changed in the induced animals throughout the experimental protocol.
(a) Dehydration detected by the skin pinch test (black arrow); (b) lack of grooming (black arrow);
(c) narrowing of the orbital area (evaluation of animal expression using the Grimace scale) (black
arrow); (d) curved posture and isolation from the other animals in the cage (black arrow); (e) presence
of pasty diarrhea; (f) difference between distended abdomen (on the right) and normal abdomen (on
the left).
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3.3. Body Temperature

No statistically significant variations in the animals’ body temperature were reported
during the trial (p > 0.05). The mean body temperature of animals from both groups ranged
from 35.9 to 36.1 ◦C (Figure 5).

Figure 5. Mean body temperature (◦C) recorded weekly per group throughout the protocol. No
statistically significant differences were found between the groups (p > 0.05). The group control (n = 8)
was intraperitoneally administrated with 0.1 M citrate buffer, while the induced group (n = 16) was
intraperitoneally administrated with STZ diluted in 0.1 M citrate buffer after fructose feeding. Data
are presented as mean ± SD.

3.4. Kidney Analysis

Animals from the induced group exhibited higher kidneys relative weight (animal
kidney weight/animal body weight) when compared to controls, as it is shown in Table 2
(p < 0.01, right kidneys; p < 0.001, left kidneys).

Table 2. Mean relative weight of rats’ kidneys after euthanasia.

Relative Weight (g/kg) Control (n = 6) Induced (n = 16)

Right kidney 4.053 ± 0.165 4.952 ± 0.676 a

Left kidney 3.861 ± 0.266 4.802 ± 0.593 b

a Statistically different from the control group (p < 0.01), b p < 0.001. Data are presented as mean ± SD. The
group control was intraperitoneally administrated with 0.1 M citrate buffer, while the induced group was
intraperitoneally administrated with STZ diluted in 0.1 M citrate buffer after fructose feeding.

To gain a better understanding of the increase in fructose-fed and STZ-injected rat
kidneys’ relative weights, a histological analysis of this organ was conducted. As illustrated
in Figure 6a,b, the histology of the control animals’ kidneys showed normal glomeruli and
cortical tubules. However, the histological sections of the induced animals revealed focal
cell necrosis, characterized by a darkly stained cytoplasm and sloughed necrotic cells in the
lumen of the cortical tubules (Figure 6c,d).

3.5. Blood Parameters

When animals presented blood glucose levels higher than the maximum value read by
the glucometer (600 mg/dL), the maximum value was attributed to them for the assessment
of glycemia in each group. In the first evaluation, 56.25% of the rats exhibited feeding
glucose readings higher than 600 mg/dL. This percentage increased to 81.25% in the second
measurement (performed in week 6). Three animals from the group induced exhibited
blood glucose levels <250 mg/dL 2 h after feeding, which were considered outliers by the
statistical analysis performed.

In general, the blood glucose levels were higher after feeding, when compared with
those measurements taken after fasting, in both experimental groups, reaching a statistically

307



Animals 2023, 13, 1397

significant difference in the group induced at the 4th and 6th weeks of the experiment
(p < 0.0001) (Table 3).

  
(a) (b) 

  
(c) (d) 

Figure 6. Kidney sections from the animals under study. Images (a,b) display normal glomeruli and
cortical tubules from an animal of the control group. Notice the vacuolation of the cytoplasm and
pyknosis of the epithelial cells of cortical tubules. Focal cell necrosis, marked by a darkly stained
cytoplasm and sloughed necrotic cells in the lumen of cortical tubules, are also observed in images
(c,d) from fructose-fed and STZ-injected animals.

Table 3. Mean blood glucose levels per group after 12 h fasting and 2 h after feeding in both
experimental groups at the 4th and 6th weeks of the experiment.

Glucose Levels (mg/dL)
Week of Protocol Timepoint Control (n = 8) Induced (n = 16)

4
After fasting (12 h) 67.00 ± 8.97 65.06 ± 19.06
After feeding (2 h) 141.00 ± 15.22 568.92 ± 71.43 a

6
After fasting (12 h) 94.63 ± 8.35 110.63 ± 30.25
After feeding (2 h) 141.63 ± 9.55 600.00 ± 0.00 a

a Statistically different from the control group (p < 0.0001). Data are presented as mean ± SD. The group control
was intraperitoneally administrated with 0.1 M citrate buffer, while the induced group was intraperitoneally
administrated with STZ + 0.1 M citrate buffer.

Regarding albumin, total cholesterol, and triglycerides levels, no statistically signifi-
cant differences were found (p > 0.05; Table 4), supporting the absence of systemic inflam-
mation and lipid metabolism alterations, respectively, in fructose-fed and STZ-injected
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rats. Fasting glucose levels measured in serum samples obtained from the blood samples
collected at necropsy were significantly higher in the induced group when compared to
the control group (p < 0.05; Table 4), suggesting insulin resistance in fructose-fed and
STZ-injected rats.

Table 4. Albumin, total cholesterol, glucose, and triglycerides serum levels per group after animals’
euthanasia.

Control (n = 6) Induced (n = 16)

Albumin (g/dL) 2.28 ± 0.66 1.81 ± 0.84
Cholesterol (mg/dL) 47.75 ± 10.24 52.19 ± 21.17

Glucose (mg/dL) 107.87 ± 25.23 251.73 ± 136.84 a

Triglycerides (mg/dL) 36.77 ± 12.88 60.52 ± 45.23
a Statistically different from the control group (p < 0.05). The group control was intraperitoneally administrated
with 0.1 M citrate buffer, while the induced group was intraperitoneally administrated with STZ diluted in 0.1 M
citrate buffer after fructose feeding.

3.6. Murinometric and Nutritional Measurements

Except for the initial body weight, the murinometric and nutritional parameters of
induced animals were significantly lower when compared with control animals (p < 0.01;
Table 5). In fact, the trend of the average weight of the induced animals remains the same
as the average weight measured during normal feeding of the animals. Mean nasal-anal
length, thoracic perimeter, and abdominal perimeter were significantly lower in induced
animals (p < 0.01) than in control animals, suggesting that the animals’ normal growth
was retarded after exposure. The Lee index, BMI, specific rate of body weight gain, and
food efficiency coefficient, factors related to an animal’s body weight and food intake, were
also significantly lower in chemically induced animals (p < 0.001, p < 0.01, p < 0.0001),
respectively), revealing the same tendency as the mean body weight.

Table 5. Murinometric and nutritional parameters of animals from both groups control and induced.

Parameter Control (n = 8) Induced (n = 16)

Initial body weight (g) 130.57 ± 12.29 133.75 ± 10.92
Final body weight (g) 349.33 ± 21.76 256.07 ± 51.99 c

Final fasting body weight (g) 328.75 ± 18.94 235.01 ± 51.41 c

Nasal-anal length (cm) 23.50 ± 0.79 21.03 ± 1.39 b

Thoracic perimeter (cm) 15.13 ± 0.60 13.22 ± 1.22 b

Abdominal perimeter (cm) 15.88 ± 0.70 14.38 ± 1.08 a

Lee index 2.41 ± 0.04 2.22 ± 0.11 b

BMI (g/cm2) 0.60 ± 0.03 0.53 ± 0.06 a

Specific rate of body weight gain (g/g) 0.03 ± 0.00 0.02 ± 0.0 c

Food efficiency coefficient (g/g) 1.41 ± 0.14 0.66 ± 0.28 c

a Statistically different from group control (p < 0.01); b p < 0.001; c p < 0.0001. The group control was intraperi-
toneally administrated with 0.1 M citrate buffer, while the induced group was intraperitoneally administrated
with STZ diluted in 0.1 M citrate buffer after fructose feeding. Data are presented as mean ± SD.

4. Discussion

In general, and following the EU directive, to perform an experimental protocol in
European countries is necessary to request authorization from the institutional authorities
in which the experimental procedures will be carried out, as a first phase, followed by an
authorization request to the national authority responsible for the supervising of the use
of animals for scientific purposes. To avoid animal suffering, the analysis of the humane
endpoints is required by both bodies. However, the bibliographic references related to the
analysis of the humane endpoints in the most diverse research with laboratory animals
are scarce and, according to our experience, often difficult to publish. To overcome this
problem, our team has collected as much information as possible on this subject over the
years to expand the available knowledge. So, envisioning to contribute to this, this research
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had as a main goal to provide a list of humane endpoints to the rat model of fructose-fed
and STZ-induced type 2 diabetes in male Sprague-Dawley rats, as well as to validate this
induction model. STZ, together with fructose, is widely used to induce type 2 diabetes in
rats [13].

The choice for a 10% fructose solution was based on a previous study that compared
the effects of the administration of 10, 20, 30 and 40% fructose solutions on the development
of the disease [13]. Once some animals belonging to the three highest dose groups ended
up dying during the trial, to ensure the success of the experiment, the concentration of
10% fructose was chosen. The same study was used as a reference to define the STZ dose.
In our study, as the objective was to validate the humane endpoints table, the animals
were euthanized after 5 weeks of STZ administration and not after 9 weeks, as reported
by Wilson and Islam [13]. Those doses and time points guaranteed diabetes development
without compromising severely animals’ welfare. In this study, no deaths were recorded,
inversely to that previously described in an animal model of diabetes type 1 induced by
the single administration of STZ at 50 mg/kg [25]. The study by Wilson and Islam also
reported no animal deaths with the same doses of fructose and streptozotocin [13]. After
fructose and STZ administration, the beds and cages of induced animals were changed
daily; the animals were handled extensively before and during the experiments. Moreover,
the animals were observed daily to check their welfare, available water was verified daily,
and scores were attributed to each parameter weekly.

Over the weeks of fructose ingestion, the induced animals consumed more water,
probably due to the sweet taste, and ate less food. These animals began to drink and
eat more water and food after receiving STZ. Previous research in both male Wistar and
Sprague-Dawley rats found similar results [13,26]. Indeed, polydipsia and polyphagia
are symptoms of diabetes [27]. Polydipsia (excessive thirst) is commonly linked to high
blood glucose levels, as the kidneys produce more urine to eliminate the excess sugar.
Consequently, animals tend to drink more water to replace fluid loss [28]. This event can
lead to increase kidney damage. Indeed, the kidneys’ relative weight was increased in
the induced group when compared to the control group, suggesting that morphological
changes may have occurred in these organs. In fact, hypertrophy of cortical tubules
due to the vacuolation of the cytoplasm of degenerative epithelial cells was observed in
tissue sections of fructose-fed and STZ-injected rats. Polyphagia causes the body to lose
energy, which triggers the brain to increase appetite to compensate [29]. Interestingly,
Wilson and Islam [13] reported that their type 2 diabetes-induced model did not display
polyphagia. According to Chu and collaborators [30], analyzing the circulating levels of
leptin is important for validating polyphagia, as this hormone is responsible for balancing
food intake and energy expenditure. Polyuria was also observed in the induced rats. This
symptom was observed by looking at the bed, soaked in urine and by its smell. It became
necessary to change it every day, compared to the weekly bedding change required for
the control rat cages. Our results indicate that animals from induced groups showed renal
histological changes associated with polyuria and suggest the presence of early signs of
diabetes-related nephropathy. In advanced diabetes, the decline of renal function can be
attributed to a prolonged state of nitric oxide deficiency that consequently may exacerbate
polyuria [31]. In future studies, the urinary levels of albumin should be assessed to better
screen the onset of kidney disease. The dehydration observed in the induced animals
throughout the weeks was also linked to polyuria and polydipsia [32].

Some altered parameters in the table of humane endpoints, such as lack of grooming,
narrowing of the orbital area, and hunched posture, were indicative of animals’ suffering
and stress, most likely because of diabetes development. The Grimace scale described in
the table was demonstrated as a scale that, analyzing altered facial expressions in rodents,
provides a precise and reliable assessment of the animals’ pain status [9]. Throughout our
trial, the symptoms related to diabetic neuropathic pain identified by the Grimace scale
were identified, including altered eyes position, slight discomfort of the animals during
handling and curved posture. Lack of grooming was also analyzed by Yanlin Wang-Fischer

310



Animals 2023, 13, 1397

and Tina Garyantes in a diabetic rat model as an indicator of disease or stress [33]. Diarrhea,
as well as visualization and palpation of the abdomen, were included as typical clinical
signs of diabetes mellitus in our humane endpoints table. High blood sugar levels can
damage the body’s tiny blood vessels and neurons, resulting in occurrences like the ones
described above [34,35]. In fact, in 7th week of protocol, the animals showed a distended
abdomen, probably caused by gastrointestinal constipation and the presence of liquid and
pasty diarrhea. Other parameters stated in the table remained unchanged throughout the
experiment; however, if the protocol were to be extended for a longer duration, there would
likely be an increase in both the total score attributed to the animals and several altered
parameters, such as body weight loss in fructose-fed and STZ-injected rats. Considering the
humane endpoints evaluated, the most useful parameters to assess humane endpoints in
this type 2 diabetes induction model were dehydration, absence of grooming, the posture
of the animals, abdominal visualization and palpation, and fecal appearance. These results
suggest that the parameters used to evaluate animal welfare were sensitive in this model.
More than 20 years ago, David Morton proposed a table to determine humane endpoints
in an STZ-induced diabetes model in Wistar rats [4]. In that table, each parameter was
evaluated as negative or positive and assigned a score. In addition, Morton stated that this
assessment should be performed in critical periods, such as after administration and in the
middle of the study. Although we did not include parameters such as temperature and food
and water consumption in our table of humane endpoints, they were evaluated separately.
Effectively, our purpose was to create a table that was relatively simple to evaluate, with
detailed information and with a direct score assignment. Moreover, instead of dividing the
parameters at a distance and through handling, we used the main parameters, and through
the attribution of a score, a brief description of the changes was carried out so that the table
can be easily reproducible and the subjectivity reduced. In addition, our observations were
recorded weekly, allowing better control of the animal’s health status. A study performed
by Wang-Fischer and Garyantes evaluated animal welfare in an animal model of type 1
diabetes. However, the authors only attributed a score to the grooming and the feces
appearance. Parameters such as dehydration, sleepiness, unkempt appearance, anemia,
skin or eye infection, and morbidity were only subjectively evaluated by a veterinarian,
and no score was applied [33]. Furthermore, to the best of our knowledge, no humane
endpoint studies have been performed in a rat model of type 2 diabetes with the addition
of fructose in drinking water.

We strongly believe that this table will be helpful in future experiments on fructose-fed
and STZ-induced type 2 diabetes, and depending on the study’s goals, it can be extended
to other animal models of diabetes. To better monitor animal welfare, human endpoints
can also include the body temperature of animals [36]. Diabetes is associated with damage
to blood vessels and nerves, which can lead to rises in body temperature [37]. However,
no differences were seen in the induced animals until the end of the study. Maybe some
difference in body temperature between groups may be observed in longer protocols.

The fasting blood glucose levels revealed statistically significant variations at the end
of the protocol when the analysis was performed in an automated autoanalyzer, confirming
the hyperglycemia associated with diabetes development [38]. Fructose-feeding is known
to trigger insulin resistance, islet dysfunction, renal hypertrophy and tubulointerstitial
disease, and cataracts, among other complications [39]. In this animal model, serum insulin
concentrations were found to be lower in this animal model 9 weeks after STZ administra-
tion, which was attributed to fructose-induced oxidative stress and β-cell damage [13]. The
same authors observed histological signs of partial β-cell damage and noted sensitivity to
anti-diabetic drugs, supporting insulin resistance in this model. Using the same animal
model but with access to a diet supplemented with bread, we did not notice significant
changes in insulin levels, despite the observed hyperglycemia, 5 weeks after STZ injection.
Our data suggest that at this stage of the disease, insulin is not able to stimulate glucose
uptake in striated muscles and adipose tissues [40]. As the disease progresses, islet cells
became severely damaged and unable to secrete insulin [13]. At the end of the experiment,
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the induced animals (fasted or not) had a lower mean body weight compared to the con-
trols. These findings are in accordance with previous studies in this diabetes induction
model [33,41]. Effectively, these results are not related to food and water consumption, as
the induced animals had a higher consumption, but they may be associated with increased
energy expenditure [42]. The induced groups had lower Lee’s index, BMI, and specific rate
of body weight gain when compared with control animals. The feed efficiency coefficient is
a scale that represents the conversion of the consumed food into animals’ weight gain [23].
The lower values of this variable can be explained by the higher food consumption of
induced animals compared to controls. This result can be explained by the typical weight
loss seen in diabetic rats, as stated before, as well as the polyphagia phenomena.

5. Conclusions

Our results suggest that our table of humane endpoints is appropriate to monitor
the animals’ welfare in this rat model of type 2 diabetes STZ-induced following fructose
ingestion and can be used by other researchers using this model and eventually expanded
to other models of diabetes to successfully ensure animals’ welfare. In this study, none of
the biological parameters appeared to justify the premature sacrifice of any of the animals;
however, if the sum of the assigned scores is equal to or higher than four, the animal must
be carefully evaluated and considered its sacrifice.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani13081397/s1, Table S1: The final score assigned to each animal
throughout the trial.
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Simple Summary: It is crucial that research primates receive adequate pain treatment from ethical,
animal welfare, and research-related perspectives. There is limited research on current pain manage-
ment in research primates. A survey was administered to primate veterinarians (n = 93 respondents)
to investigate a veterinary approach to pain recognition and alleviation as well as the pain manage-
ment challenges that primate veterinarians may face. Survey results were used to guide a subsequent
literature review on the topic. This review discusses current evidence and challenges in research
primate pain management such as limited pharmacokinetic data and efficacy testing as well as a
lack of validated pain assessment tools to recognize and evaluate pain in primates. Both the survey
and literature review demonstrate gaps and challenges in primate pain management, and suggest
science-based recommendations for improving current management guidance as well as future areas
of research.

Abstract: Research primates may undergo surgical procedures making effective pain management
essential to ensure good animal welfare and unbiased scientific data. Adequate pain mitigation
is dependent on whether veterinarians, technicians, researchers, and caregivers can recognize and
assess pain, as well as the availability of efficacious therapeutics. A survey was conducted to evaluate
primate veterinary approaches to pain assessment and alleviation, as well as expressed challenges
for adequately managing primate pain. The survey (n = 93 respondents) collected information
regarding institutional policies and procedures for pain recognition, methods used for pain relief,
and perceived levels of confidence in primate pain assessment. Results indicated that 71% (n = 60) of
respondents worked at institutions that were without formal experimental pain assessment policies.
Pain assessment methods were consistent across respondents with the majority evaluating pain
based on changes in general activity levels (100%, n = 86) and food consumption (97%, n = 84).
Self-reported confidence in recognizing and managing pain ranged from slightly confident to highly
confident, and there was a commonly expressed concern about the lack of objective pain assessment
tools and science-based evidence regarding therapeutic recommendations of analgesics for research
primates. These opinions correspond with significant gaps in the primate pain management literature,
including limited specific pharmacokinetic data and efficacy testing for commonly used analgesics
in research primate species as well as limited research on objective and specific measures of pain in
research primates. These results demonstrate that there are inconsistencies in institutional policies
and procedures surrounding pain management in research primates and a lack of objective pain
assessment methods. Demonstrating the gaps and challenges in primate pain management can
inform guideline development and suggest areas for future research.

Keywords: pain assessment; 3Rs; veterinary medicine; analgesia; macaque; animal welfare

1. Introduction

Research primates may undergo surgical and other invasive procedures for experi-
mental purposes as well as periodically for veterinary care, which may result in pain [1,2].
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To meet ethical obligations and ensure good animal welfare and quality of scientific data,
prompt pain mitigation is necessary [3–5] and is required by research regulatory and over-
sight bodies [6–8]. Effective pain treatment is dependent on being able to recognize pain
and assess its intensity [9–11]. While pain management has been an ongoing subject of
research in human and veterinary medicine, pain management in research primates is less
well studied and documented.

The International Association for the Study of Pain defines pain as “An unpleasant
sensory and emotional experience associated with, or resembling that associated with,
actual or potential tissue damage” [12]. Many factors can influence pain perception in
animals, such as age [13], sex [14], and the environment [15], as well as past experiences with
pain [16], and social ranking [17]. This demonstrates that pain is a subjective experience in
animals as in humans, and emphasizes the importance of individualized pain assessment
and treatment. Conversely, pain alters many physiologic, psychologic, and behavioural
parameters that in turn can be used to identify if an animal is experiencing pain [6,9,18–20].
Some of these changes, such as weight loss, decreased food intake, altered mentation,
and others, are not specific for pain and need to be interpreted in context [11], [21–23].
Among the most commonly used pain indicators in research primates are behavioural
assessment, in which activity levels, locomotion, posture, and species-typical behaviours
are assessed [6,20]. However, unless baseline measures and guidelines are provided,
behavioural observations can be highly subjective [24]. It can also be challenging to directly
assess pain in primates given that they are prey species and tend to hide signs of pain in
front of human observers [25].

Pain management in human and veterinary medicine has continued to be an ongoing
topic of research given that issues of inadequate pain mitigation are universal. Primate pain
management practices are largely based on empirical evidence and given that primates
are a nondomestic and nonverbal species, it can be difficult to recognize, assess, and treat
pain effectively [9]. A survey conducted almost two decades ago in the UK examining
the recognition and assessment of pain in laboratory animals demonstrated that there
is a lack of objective pain assessment methods and that pain management practices are
poorly reported [26]. A more recent survey on pain management in research animals also
demonstrated that there are gaps in pain management due to the lack of evidence-based
knowledge and that existing pain management protocols are generally not species-specific
or discipline-specific [27]. These two surveys pertain to all laboratory species and there is
limited knowledge of the current pain management practices for research primates and the
views of primate veterinarians on this topic. In the process of developing a new Association
of Primate Veterinarians (APV) primate pain mitigation position statement [28], there was
interest in knowing more about routine practices for assessing pain. To address this issue, a
cross-sectional anonymous online survey was developed on pain management in research
primates and issued to members of APV and European Primate Veterinarians (EPV).
The objective of the survey was to better understand: (1) pain assessment practices and
institutional policies regarding pain assessment methods and treatments; and (2) primate
veterinarian perceptions about pain management, including challenges and confidence
levels in recognizing and treating primates in pain. From the survey, recurrent themes
were used to conduct a literature search on primate pain treatment and management,
specifically, looking for validated pain assessment tools for research primates as well as
studies reporting analgesic pharmacokinetics and efficacy for common New and Old World
research primates.

2. Survey about Primate Veterinarians’ Perspectives on Pain Management in Research
Primates

2.1. Narrative Review Methods

The literature review was performed using the following databases: EBSCOhost
(MEDLINE, Academic Search Premier, Ipswich, MA, USA), Elsevier ScienceDirect Jour-
nals, GALE ACADEMIC ONEFILE, Google Scholar, JSTOR, ProQuest (Science database),
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PubMed, SAGE Premier Journals, Scholars Portal Journals, SpringerLink, Web of Science
(all databases), and Wiley InterScience Journals. Themes were identified from survey
results and divided into 2 major topics: pain treatment and/or analgesics and pain assess-
ment and/or recognition. Keywords were identified for both topics and entered into the
databases in which all date ranges were included and sorted by relevance.

2.2. Survey Methods

APV is largely a U.S.-based not-for-profit organization of veterinarians who provide
care for and oversee the health of multiple species of primates in research settings. EPV is
an EU-based not-for-profit organization of veterinarians that also provides care for research
primates. Both organizations deliver educational content to their members and promote
the informal exchange of experiences, knowledge, and research data to facilitate ongoing
professional development on primate medicine, care, and welfare. The survey was sent to
members of both organizations.

A 21-item questionnaire was developed (see Supplementary Materials). The APV Pain
Assessment Subcommittee members reviewed the survey and the APV Board of Directors
approved the final version. No identifying information was collected of participants
and the survey was administered by APV association management personnel, with only
aggregate data provided to the researchers. The survey was deemed exempt from REB
approval because of this. Participants were informed before answering the survey that their
participation was voluntary, all answers would be anonymous, no incentives were used,
and they could choose to leave questions unanswered at their discretion. To be eligible to
participate in this study, individuals had to be members of APV or EPV. The survey was
conducted from 28 January 2019 to 15 February 2019. APV members received the survey
by email through the APV listserve. EPV members received the survey through the EPV
LinkedIn group.

2.3. Survey Data Analysis

Descriptive statistics were conducted using Microsoft Excel (version 2017) on all ques-
tions except open-ended questions. The final open-ended questions were only answered
by 29% of respondents; non-response rates on questions ranged from 0 to 14, with an
average of 87 (94%) responses per question. Percentages given for responses are from
the total number of responses received. Participants working in two types of facilities
were grouped as follows: if academia and a private research or government facility were
reported, they were categorized as the latter. Participants with two positions (example:
clinical veterinarian and facility director), were classified using the more senior position as
the primary position. For the three questions relating to type of pain control drugs used for
primates, responses that included name brands were classified according to the US Food
and Drug Administration generic name. A Likert scale was used to assess confidence levels
of respondents on a particular topic; a score of 1 indicating not very confident and a score
of 5 indicating highly confident.

2.4. Survey Results
2.4.1. Demographics of Respondents and Primate Species

A total of 93 members of APV and EPV responded to the survey, representing at
least a 20% response rate, given that there is a membership overlap between these two
societies. Eighty-four (90%) respondents were from the USA, two (2%) were from Canada,
two (2%) were from Germany, and five (4%) were single responses from other countries
(Barbados, the Netherlands, China, and Israel). Forty-one (44%) respondents worked in an
academic setting and thirty (32%) in a private or contract research institution. Seventy-four
(81%) respondents indicated that their main role was as a clinical, research, or attending
veterinarian at their facility. Eighty-nine (96%) respondents worked with primates at
the time of the survey and the majority with macaques (genus Macaca). More in-depth
demographic data can be found in Table 1.
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Table 1. Demographics of primate pain survey respondents and primate species.

Parameter Assessed No. (%) of Respondents

Country

n = 92 a

United States 83 (90)
Canada 2 (2)

Germany 2 (2)
China 1 (1)

Netherlands 1 (1)
Barbados 1 (1)

Puerto Rico 1 (1)
Israel 1 (1)

Institution type

n = 92 a

University/Academic research 41 (44)
Private or contract research 30 (33)

Pharmaceutical research 7 (8)
National Primate Research Center 6 (7)

Hospital 2 (2)
Non-profit/Sanctuary 2 (2)

Primate breeding facility/Supplier 2 (2)
Military 1 (1)

Private consulting 1 (1)

Primary job function b

n = 91 a

Veterinarian (Clinical/Attending/Research) 74 (81)
Director 8 (9)

Administrative 3 (3)
Management 2 (2)
Consultant 2 (2)

IACUC member 1 (1)
Post-Doctoral fellow 1 (1)

Primary job includes working with living
primates

n = 93 a
Yes 89 (96)
No 4 (4)

Primate species currently worked with b

n = 88 a

Macaques 84 (96)
Baboons 17 (19)

Squirrel monkeys 16 (18)
African green monkeys 12 (14)

Chimpanzees 7 (8)
Owl monkeys 6 (7)

Sooty mangabeys 2 (2)
Other 25 (29)

a Total number of survey participants = 93; b participants could select more than one answer.

2.4.2. Policies or Procedures for Pain Recognition in Research Primates

Respondents were asked if their animal ethics committee had a formal experimental
pain assessment policy for research primates, and if so, whether the Standard Operating
Procedures (SOP) were generic or specific to primates. Sixty (65%) respondents indicated
that their institutional animal ethics committee did not have a formal pain assessment policy
for primates (Figure 1). Twenty-five (27%) respondents indicated that their institution had
a formal pain assessment policy for primates, fifteen (16%) had SOPs specific to primate
pain assessment, and nine (10%) had generic SOPs related to pain assessment for all species
housed in their facility. Respondents were also asked what type of pain assessment methods
they used for primates. Eighty-five (91%) respondents reported using direct observation
(e.g., cage side), thirty-two (34%) reported assessing pain indirectly (e.g., video camera),
and four (4%) reported that the primates could not be closely observed at their facility
due to their housing situation. Over 90% of respondents used general activity levels,
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food consumption, disuse or guarding of a body part, posture, and lameness to identify
pain (Figure 2).

Figure 1. Percentage of animal ethics committees that have (blue) or do not have (red) a formal
experimental pain assessment policy for research primates at their institution (n = 85).

Figure 2. The different pain assessment tools in use (expressed as a percentage) for primates at the
respondents’ facilities (n = 86).

Respondents were asked who was responsible for assessing pain in primates at their
facility and if responses to pain treatment were evaluated. Based on responses received,
veterinarians and veterinary technicians were primarily responsible for conducting pain
assessments at all facilities. Seventy-eight (84%) respondents indicated that primates are
routinely monitored in the post-procedural period to evaluate the effectiveness of analgesia.
Respondents were also asked how often unplanned top-ups of analgesics occur. Forty-five
(48%) respondents reported that unplanned top-ups of analgesics occur sometimes and
thirty-four (37%) reported that this rarely occurs (Table 2).
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Table 2. Policies and protocols for research primate pain assessment and treatment.a

Parameters Assessed No. (%) of Respondents

Individual responsible for making pain
assessment in primates a

n = 85 b

Veterinarian 83 (98)
Veterinarian technicians 77 (91)
Animal care personnel 54 (64)

Other research staff 36 (42)
Principal investigators 30 (35)

Students 8 (9)
Other 3 (4)

Primates monitored after treatment to evaluate
effectiveness of analgesia

n = 86 bYes 78 (91)
Sometimes 8 (9)

No 0 (0)

Frequency of unplanned top-ups in analgesic
medication to primates

n = 85 b
Often 3 (4)

Sometimes 45 (53)
Rarely 34 (40)
Never 1 (1)

N/A (no procedures requiring analgesic) 2 (2)
a Total number of survey participants = 93; b participants could select more than one answer.

2.4.3. Methods Used to Alleviate Pain in Research Primates

In terms of methods used to alleviate pain in primates, most respondents indicated
that analgesic drugs were generally given. Eighty-six (92%) respondents reported using
nonsteroidal anti-inflammatory drugs (NSAID), eighty-four (90%) used opioids, and eighty
(90%) reported using topical/local anesthetics (Figure 3). Meloxicam was the most widely
used NSAID and was reported to be used by 77 (83%) respondents (Figure 4A). Of these
respondents, 13 indicated also using the sustained-release formulation of meloxicam. For
opioids, 80 (86%) respondents reported using buprenorphine (Figure 4B), with 36 further
indicating that they also used the sustained-release formulation of buprenorphine. In terms
of topical/local anesthetic treatment, 70 (75%) respondents reported using bupivacaine and
69 (74%) respondents reported using lidocaine (Figure 4C). Other analgesic agents were
also used, but less frequently than those indicated above (Figure 4).

Figure 3. Methods used to treat and manage pain in research primates (expressed as a percentage of
responses) (n = 86).
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Figure 4. Pharmacologic agents used for the treatment of pain in primates (expressed as percentage
of use): (A) NSAIDs (n = 83), (B) opioids (n = 82), and (C) local or topical anesthetic agents (n = 79).

The most common methods of non-pharmacologic care included acupuncture (4%,
n = 4), hydrotherapy (12%, n = 11), and massage therapy (9%, n = 8) (see Figure 3).
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2.4.4. Quality of Pain Assessments in Research Primates

Respondents were asked to self-report their confidence level in recognizing and man-
aging pain in primates vs. that of their associates. Forty-two (45%) respondents indicated
that they were highly confident in recognizing and managing pain whereas forty-four (47%)
respondents indicated that they were somewhat confident that research personnel at their
facility could recognize pain in research primates (Figure 5).

Figure 5. The level of confidence of recognizing and managing pain in research primates using a
5-score Likert scale (n = 85).

Additional pertinent comments provided by participants included, “ . . . use a multi-
modal approach, whenever possible”, “ . . . I think we need a shift in pain management
which focuses on pre-emptive analgesia and intraoperative analgesic methods”. “To me,
postoperative analgesic protocols are well established but relied on too much”. and “Re-
search staff are sometimes the first to pick up on subtle signs, but trained veterinary
technicians are also very good at assessments”. “They are key components in the monitor-
ing of all”. Finally, one respondent noted, “ . . . unfortunately we still don’t have objective
tools to score pain and the effectiveness of the provided analgesics”.

2.5. Discussion

This study summarized the results of 93 laboratory animal veterinarians, largely based
in the U.S.A. across a range of employment sectors, and all with significant experience
working with primates in research settings. The most significant finding of this survey
indicates that primate pain management may be less than optimal due to inconsistencies
in institutional policies and procedures and a lack of objective pain assessment tools in
research primates. Macaques were the most reported species of primates housed from
responding facilities, as expected from a 2014 survey on the use of research primates in
North America in which rhesus and cynomolgus macaques were the most commonly
reported species [29].

These survey results suggest that the majority of primate research facilities do not
currently have a formal experimental pain assessment policy and even institutions that
have a formal experimental pain assessment policy are not generally species-specific. A
general survey on pain management in research animals demonstrated that there are
inconsistencies in pain management across institutions and species as a consequence of not
having specific guidelines in place [27]. Similarly, a survey conducted in the UK on pain
recognition and treatment identified that only 6 of 25 institutions had a written policy for
pain management [26]. The lack of formal pain management policies for research animals
could be due to a lack of resources (i.e., time and scientific evidence) to effectively retrieve
information and communicate pain assessment methods [24,26,30]. It may also be because
there is a dearth of information published on the topic. As demonstrated in a number of
recent literature surveys, researchers publishing in mainstream scientific journals have not
been rigorous about reporting pain assessment and mitigation strategies, making it difficult
for those searching for evidence of effective treatments [31–34].
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The majority of respondents reported that veterinarians and veterinary technicians
are largely responsible for conducting pain assessments at their facility and that these
assessments are mostly conducted by direct observation. Rhesus macaques have been
reported to suppress signs of illness following direct observation compared to indirect
observation (i.e., video camera) [25]. Thus, exclusive use of direct observation methods may
result in reduced detection of pain in primates. The predominant pain assessment technique
reported was behavioural observation including general activity levels, disuse, or guarding
of a body part, lameness, posture, and interactions with conspecifics [34]. As for health
indicators of pain, food consumption and respiratory patterns were used most often as a
measure of pain. All of the reported indicators are in line with the recommended guidelines
for primate welfare assessments [28]. More recently, primate welfare assessment indicators
have been identified using a Delphi method; although, the indicators are not specific to pain,
rather they are indicators of general wellness and evaluate different categories of welfare
including physical, environmental, and input-based measures [35,36]. As these guidelines
state, a reference point (i.e., the individual’s normal behaviour) should be quantified so that
when pain is assessed it is as objective as possible. Most indicators used are not specific to
pain and need to be interpreted in context. Formalized score sheets are a good means to
quantify pain behaviour, track frequency of evaluation, and can be kept in health records
as a reference for the individual animal as well as the procedure.

Procedures that are thought to cause pain in humans need to be treated accordingly in
animals unless proven otherwise. Pharmacologic methods were reported as the primary
method of treatment. It can be difficult for veterinarians to choose which drug to use as
well as the appropriate dosage due to the limited scientific evidence and possible research
model pharmacologic restrictions [5,27,30,37]. It is a common practice in laboratory animal
medicine to use multimodal pain treatment—that is, combining different drug categories
to target different mechanisms of pain development [38,39]. In this survey, buprenorphine,
meloxicam, and bupivacaine were the most commonly used opioids, NSAIDs, and topical
anesthetics, respectively, for pain management in primates. These results are similar to
the findings in a recent review of the analgesics and anesthetics reported in experimental
surgical procedures in primates [31]. The only difference is in the NSAID category in
which carprofen was reported more than meloxicam. Both meloxicam and carprofen have
a similar mechanism of action and both are cyclooxygenase-2 selective [40]. Meloxicam
has been demonstrated to be effective for postoperative pain mitigation in primates for
orthopedic surgery [41,42] and neurosurgery [42,43] and is also used in combination with
opioids [44]. A sustained-release formulation of meloxicam (0.6 mg/kg) is reported to
result in therapeutic blood drug levels in cynomolgus macaques for 48–72 h compared to
intramuscular or oral administration, which may last up to 24 h or 8–12 h, respectively [44].
Similarly, sustained release formulations of buprenorphine may last up to 96 h vs. 6–8 h for
intramuscular formulations in macaques [45]. In the current survey, a small proportion of
respondents reported using the sustained-release formulations of NSAIDs and opioids. It
is unknown whether this is due to a lack of availability, concerns surrounding adverse side
effects, a lack of knowledge about these formulations, or other reasons.

Perceived confidence can have an impact on pain management practices. This is a
common phenomenon in human and veterinary medicine and recent surveys in both fields
have queried levels of confidence in pain assessment and mitigation. Results from those
surveys demonstrate that human nurses and veterinary technicians can have diminished
levels of confidence due to limited knowledge on pain assessment and the appropriate
analgesics to use, a lack of appropriate tools to assess pain objectively, and a lack of contin-
uing education [27,30,37,46–48]. These factors also may have an impact on the confidence
levels reported in this study, in which approximately half the respondents reported being
somewhat confident in assessing and managing pain and the other half reported being
highly confident. In a recent survey similar to this study, primate veterinarians were asked
about their level of confidence and to associate their level of confidence with certain state-
ments [49]. It was found that primate veterinarians who have higher levels of confidence
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will be more likely to use behaviour and facial expressions as pain indicators and to opt for
an increased use of pain medication [49]. Conversely, in the current survey, when asked to
report the perceived level of confidence in research personnel, the majority reported that
they were only somewhat or less confident. We need to consider that confidence levels do
not reflect skill level and that this survey assessed the participants’ self-reported confidence
and not their objectively assessed ability to identify and evaluate pain in primates.

Study limitations include a small sample size, and thus, the results may not be reflec-
tive of the views and opinions of all APV and EPV members. Furthermore, the majority of
respondents were from the U.S.A, and may not be reflective of the views and opinions of
primate veterinarians in other countries. Finally, due to participant anonymity, answers
could not be linked to the participant demographics, and thus it was not possible to assess
the relationship between these parameters (for example, years of clinical experience vs.
confidence in recognizing and treating pain in macaques).

Subsequent to the administration of this survey, the APV Guidelines on Pain Manage-
ment were published [50]. It would be interesting to conduct a follow-up survey study to
examine the impact of APV guidelines on pain management practices in different institu-
tions. As demonstrated by this survey, there is a lack of objective pain assessment tools in
research primates, and thus future research should focus on validating pain assessment
tools for these animals.

3. Pain Assessments in Research Primates—A Review

To provide effective pain treatment it is important to recognize and evaluate the
intensity of pain. There are various assays used for pain identification and assessment
that fluctuate in objectivity, reliability, and practicality. Pain can be difficult to identify
and quantify in primates as they are prey species and often hide signs of pain in front of
human observers, unless severe [25]. In this section, we will present commonly used pain
assessment methods or assays employed to evaluate pain in primates and discuss their
pros and cons in research settings (see Table 3).

Table 3. Reported assays and methods used to recognize and evaluate pain in research primates.

Assay Category Assay or Method Description Reference

Reflex-based
Application of noxious stimuli

(i.e., chemical, thermal,
or mechanic)

Dose-related increase in pain [51–53]

Physiologic

Cage-side observation
Thermometer/infrared

thermography Stethoscope
Urine, fecal, blood
samples Telemetry

Blood pressure Respiratory rate or
changes in respiratory rate Body

temperature Heart rate
Cortisol/adrenocorticotropin

[18,54–58]

Clinical Cage-side observation Scale
Quantify food intake

Body weight/body condition
score Appetite [59,60]

Behavioural

Cage-side observation Scoring
grid Daily activity budget

Ethograms Behavioural scoring
using software (i.e., Observer XT)

General activity levels Posture
Changes in species-typical behaviour

Social behaviour
[19,20,61–63]

Facial expression Cage-side observation
(no validated grimace scale) Pain grimace [20]

3.1. Reflex-Based Assays

Reflex-based assays are commonly used to evaluate dose-related increases in pain
threshold to assess the efficacy of analgesics, but they are rarely used in clinical practice [64].
The approach usually involves the application of a standard noxious stimulus (i.e., chemical,
thermal, or mechanic) followed by quantification of the animal’s reflex response. For
example, a study using squirrel monkeys performing an operant behaviour (i.e., pulling on
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a thermal rod that increased in temperature) demonstrated that administration of several
opioids resulted in dose-related increases in temperature threshold [52]. Similarly, in rhesus
macaques, thermode behavioural testing has been validated pharmacologically as a tool
to determine analgesic efficacy with commonly used opioids (i.e., tramadol, morphine,
and fentanyl) [51]. This assay is a simple method to conduct and can be attributed a
value. However, this type of assay only captures the sensory component, more specifically,
hypersensitivity of the nociceptors; thus, this method does not capture the learned and
emotional components of pain [53]. This suggests that the clinical significance may be poor,
but these assays may be useful for the preliminary determination of the therapeutic efficacy
of novel analgesics.

3.2. Physiologic Parameters

Pain causes a cascade of physiologic events that can be measured and quantified.
Acute pain and breakthrough pain activate the sympathetic nervous system resulting in
increased blood pressure, respiratory rate, body temperature, and heart rate [54]. Pain
also activates the hypothalamic–pituitary–adrenal system causing an increase in certain
hormones in serum (i.e., cortisol and adrenocorticotropin) [65]. Physiologic parameters
are objective; however, there are currently no predefined, validated values that are specific
to pain in primates. Moreover, measuring these parameters usually requires the capture
and restraint of primates, which can skew the results by increasing arousal and stress [61].
Field research has made use of techniques to attempt to measure these parameters remotely,
such as imaging photoplethysmography to measure heart rate from a distance [55]. Other
possibilities include measuring cortisol levels in saliva, urine, or feces [18,56–58]. For
example, Salimetrics® Oral Swabs were validated for cortisol measurement in marmosets,
in which animals are given a swab to chew (saliva can be extracted from the swab) [66].
Physiologic measures are not specific to pain and need to be interpreted using other
measures and information.

3.3. Clinical Indicators

Clinical signs are representative of the outcome of animal care. In a research setting,
body weight or body condition scores are recorded for study purposes but also to evaluate
overall animal health. When body weight or body condition scores drop this usually
signals a need for a further veterinary exam. Weight loss or a decrease in body condition
score is an indirect measure of pain that may reflect a behavioural change related to pain;
however, it can also be linked to other sources such as illness (i.e., chronic disease, cancer,
or infection), social conditions, and the environment [67]. Body condition scoring may be a
preferred measure in primates since it can be performed cage side. Currently, validated
body condition score scales have been validated for macaques and chimpanzees [59].
However, there is no literature on body weight or body condition score changes in relation
to acute or chronic pain in research primates. This method should be used as an indirect
indicator of potential chronic pain, general health, or as a human endpoint [60].

Similar to body weight, food intake or appetite are clinical indicators related to general
health. In a research setting, food consumption or food evaluations are generally values
recorded for study purposes and for health monitoring [68]. When an animal experiences
acute or chronic pain, it may lead to a reduced appetite [69]. It is important to note that both
body weight and appetite will most likely be reduced in the days following a moderate to
highly invasive procedure; thus, these values need to be interpreted in context [9]. These
types of clinical measures are representative of a long duration of negative states, such
as pain, and they should be used in conjunction with other measures of pain, to avoid
prolonged welfare compromise. Usually when pain is anticipated or present animals are
treated with analgesic agents. The administration of analgesics or anesthetics alone can
also result in diminished food intake and body weight demonstrating the importance of
context and variables that can influence these two clinical signs [70].
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3.4. Behaviour

Cage-side behavioural observations are the most commonly reported wellness as-
sessment in research primates [71]. Many welfare frameworks and uni/multidimensional
scales have been created to quantify pain and behaviour. For example, the Extended
Welfare Assessment Grid (EWAG) for the assessment of welfare and cumulative suffering
in experimental animals evaluates the following components: clinical condition, experi-
mental/clinal events, environment, and behavioural deviations [72]. Having a grid with
specific welfare descriptors aids in assessing objective behavioural measures. However,
this tool is not specific to pain assessment and there are currently no pain assessment tools
for primates. Similarly, primate welfare assessment indicators have been identified and
developed into a tool to assess general primate welfare in a research setting [35,36]. Again,
these indicators are not specific to pain, but can be influenced by pain or pain treatment, for
example, reduced appetite [35]. Another example more specific to pain is the Melbourne
Pain Scale used in a clinical setting for cats and dogs. This tool assesses mostly behaviour
indicators of pain, including activity levels, vocalizations, response to palpation, posture,
mental status, and physiology measures [19]. These tools demonstrate that it is possible to
measure behaviour objectively; however, as pain is a subjective and transient experience,
knowledge of the animal’s normal state is necessary. This can be challenging in a research
setting if regular behaviour and temperament assessments are not conducted or recorded.
This demonstrates the importance of communicating with technical staff given their close,
daily experience with animals.

Various behaviours can be indicative of potential pain in primates. General activity
levels can be assessed to detect potential pain. A recent study examining wellness indicators
in rhesus macaques in the post-procedure period found a significant reduction in overall
activity levels and a decrease in the behavioural repertoire including arboreal behaviours
(i.e., climbing, hanging, and standing up straight) [20]. Another behaviour indicative
of potential pain found in the latter study was slouched posture, in which the head is
positioned below the level of the shoulders. These findings are similar to a study that
evaluated the efficacy of different analgesics following abdominal surgery in olive baboons,
supported by telemetry data [43]. As with other pain indicators, decreases in general
activity and hunched posture may occur due to other states, such as depression [63].
Furthermore, behaviours may be influenced by the location and type of pain. Assessing
guarding and disuse of a body part, vocalization in response to touch or palpation, as
well as lameness, may be indicative of pain in a specific area. This demonstrates that pain
should be interpreted in context and emphasizes the importance of keeping an observation
log even when primates are not on study.

Changes in species-typical behaviour relative to baseline can also be indicative of po-
tential pain. Primates are social species, thus evaluating social behaviour with conspecifics
or humans can be helpful. In a worksheet developed to assess behaviour as a quality of life
assessment in nonhuman primates, researchers incorporate several social behaviours such
as affiliate behaviour (i.e., grooming, huddling, embracing, or proximity to others), play
behaviour (i.e., wrestling, pulling, tickling, chasing, or play biting), aggressive behaviour
(i.e., threatening, chasing, hitting, attacking, fighting, or biting), submissiveness to other
(i.e., pant-grunting, lip-smacking, bobbing, avoiding, crying, or grimacing), and interest in
a novel situation that includes humans [73]. Using a primate’s natural daily activity budget
as a benchmark for measuring welfare can be useful. For example, primates spend ~40 to
60% of their daily activity budget foraging for food; thus, a significant alteration in this
time proportion can be indicative that the animal is feeling unwell [74]. This study also
emphasizes the importance of creating an environment that provides primates with the
opportunity to perform species-motivated behaviours so that changes can be used as a
measure of welfare and, potentially, be indicative of the presence of pain.

To quantify daily activity budgets, detailed ethograms can be created [75,76]. In the
context of pain, ethograms can be helpful to quantify the reduction in normal or species-
typical behaviour and the appearance of pain-related behaviours [77]. Software systems
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such as Observer XT can facilitate behavioural scoring and statistical analysis; however,
conducting these assessments is laborious, inter- and intra-observer reliability needs to be
assessed, and assessments need to be conducted in real time to be useful. To attempt to
address the problem of real-time scalability, new technology is being developed to automate
pain behaviour recognition for some species, such as mice [77–79]; however, none currently
exist for research primates.

3.5. Facial Expressions

In the past decade, facial grimace scales have been developed for many species,
including domestic [80,81], agricultural [82–85], and research [86–88] animals. The facial
action units within these scales are similar among species, generally focusing on the eye,
mouth, and nose areas. Generally, facial grimace scales are composed of 3–5 facial action
units scored on a numerical scale resulting in a score that reflects the level of pain an animal
is experiencing, ideally resulting in prompt decisions for pain treatment.

Grimace scales are relatively simple to conduct and a rapid measure of pain that is
readily available and requires minimal training; however, this method should be used
alongside other pain assessments to offer a holistic approach and make the most accurate
decision for pain treatments. Although no validated grimace scale exists for primates, as
reported in the survey (see Section 2), this method is used by primate veterinarians. In a
recent study conducted on macaques, it was found that eye narrowing and lip tightening
were present in the postoperative period compared to baseline [20]. However, due to the
methodology and levels of variations between subjects these changes were not signifi-
cant [20]. This shows that there may be similarities with other species and that future
research may yet validate a facial grimace scale for research primates.

Facial grimacing is a novel measure of pain in animals and past research has fo-
cused on scoring images retrospectively. Currently, research is emphasizing the use and
validation of the grimace scale for real-time use. The mice and rat grimace scales have
been validated for cage-side use, and this has helped to demonstrate that recommended
analgesic doses for certain procedures in mice and rats were insufficient, leading to new
recommendations [61,89–91].

As with the other pain assessment methods, there are some considerations when using
facial expressions to evaluate pain. Human observers can influence an animal’s facial
expressions; thus, when possible, indirect observations are preferred in primates [25]. In a
recent review, the main barriers to the widespread clinical application of grimace scales
are discussed [92]. This includes not being able to compare the suspected painful animal
to their baseline (i.e., the methods used to create grimace scales do not lead to practical
implementation); statistical significance in parameter changes may not translate to clinical
significance, and thus it is important to set an intervention threshold; and the variance
between observer and their experience with a given species, emphasizing the importance
of having a robust training [92]. Grimace scales have great potential for clinical use, but
need to be used alongside clinical assessment and behaviour.

4. Pain Treatments in Research Primates—A Review

The standard means to treat pain in research primates is through pharmacologic
methods. Most therapeutic pain treatments fall into one of the following classes: opioids,
nonsteroidal anti-inflammatory drugs, and local anesthetics. In this section, we present the
challenges of treating pain in research primates, the primary analgesics used with pharma-
cokinetic values and efficacy evidence (where available), and the routes of administration
and potential side effects.

4.1. Research Primates and Analgesics

Treating pain in research animals can be challenging due to the balance between scien-
tific outcome (i.e., analgesic interaction with test articles or models and the confounding
effect of unalleviated pain) and animal welfare (i.e., ethical duty to minimize pain and
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distress) [5]. There is a lack of evidence-based knowledge for pain management in pri-
mates specifically for pharmacokinetics and analgesic efficacy as well as a lack of reporting
detailed analgesic protocols [31,32].

Consequently, current recommendations are often extrapolated from other species,
even though pharmacokinetics can have significant interspecies and intraspecies variability.
To effectively treat pain, it is necessary to know the appropriate analgesic, dosage, frequency,
and period of action. Furthermore, pain is a subjective experience and varies in intensity
and duration depending on the individual’s sex [93], previous experience with pain [16],
psychological state [94], social status [17], and genetics [95]. Considering this variability,
pain treatments should be tailored to the individual, which can be difficult in a research
setting when working with large groups of animals.

4.2. Opioids

Opioids are generally used to treat moderate to severe anticipated pain in research
primates. As reported in Section 2, the most commonly used opioids are buprenorphine,
hydromorphone, fentanyl, and tramadol. These opioids have various mechanisms of action
and potencies. For example, buprenorphine is a partial mμ agonist and can reach a plateau,
limiting analgesic effects, whereas fentanyl is an mμ agonist and serum concentrations rise
as dosages increase [96]. These properties should be considered when developing a pain
management protocol.

The most studied analgesic therapeutic class in research primates, in terms of phar-
macokinetics, is opioids (see Table 4). When comparing the efficacy and pharmacokinetics
reported in other laboratory species, such as rodents, empirical evidence in primates is very
limited [97]. Another gap in the primate literature is efficacy testing. Most rodent studies
conduct efficacy testing with reflex or chemical-based assays [97], whereas there are few
validated reflex-based assays for research primates.

Studies evaluating efficacy testing in primates have usually assessed behaviour and
physical indicators of pain in the post-operative period, but rarely report pharmacokinetic
values. For example, the efficacy of buprenorphine (0.01 mg/kg given every 12 h) was
assessed in olive baboons undergoing a surgical procedure with and without combination
with carprofen [43]. Some individuals had elevated heart rates and reduced activity levels
in the post-operative period when compared to the multimodal approach potentially in-
dicative of pain [43]. Although this study did not report pharmacokinetic values, it can be
interpreted with other studies that used the same dosage of buprenorphine in primates. For
example, a study in cynomolgus macaques demonstrated that buprenorphine (0.01 mg/kg)
had a half-life of 2.6 ± 0.7 h and a Cmax of 8.1 ng/mL with a recommended dose interval of
6–8 h [45]. This study also examined the pharmacokinetics of buprenorphine at 0.03 mg/kg
with a very high standard deviation (i.e., Cmax 40.7 ± 48.7 ng/mL) indicating high individ-
ual variability with the same dosage [45]. The half-life at this dosage was 5.3 h—suggesting
that waiting 8–12 h before redosing may leave the animal without sufficient analgesic cover-
age. This emphasizes that more research that examines both efficacy and pharmacokinetics
is needed in research primates.

Similarly, there is evidence of high variability for efficacy and pharmacokinetics
between species. A recent study examining two formulations of transdermal fentanyl
patches in cynomolgus macaques based on reported doses in dogs demonstrated adverse
effects at 2.6 mg/kg, which had been demonstrated to be effective and safe in dogs [98].
This highlights some of the challenges in creating adequate pain management protocols
in primates.
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4.3. Nonsteroidal Anti-Inflammatory Drugs (NSAID)

NSAIDs are frequently used to treat mild to moderate pain in primates or are added
as part of a multimodal regimen. Typically, NSAIDs act on cyclooxygenase-1 (COX-1) and
COX-2 receptors to control the inflammatory response and provide analgesia [95,103]. As
reported in section A, the most used NSAIDs in research primates are meloxicam, carprofen,
ketoprofen, and flunixin. Through this review, it was determined that of these commonly
used NSAIDs, only meloxicam has pharmacokinetic values specific to research primates
and only carprofen has been studied for efficacy in primates (see Table 4). No pharmacoki-
netic studies are available for the other common analgesics reported in Section 2 (carprofen,
ketoprofen, and flunixin); thus, data from other species are provided in Table 5. As men-
tioned, most information about dosages and dosing intervals for research primates contain
values extrapolated from other species, such as rodents, cats, and dogs [60]. Oral and
injectable preparations of both meloxicam and carprofen are available and recommended
to be given once a day [104,105]. However, research in rodents shows that previously
recommended doses of NSAIDs, such as carprofen were insufficient for common surgical
procedures, demonstrated by elevated facial grimace scores [106,107]. This highlights the
importance of pain recognition and assessment outside of reflex-based assays and the need
to evaluate pain when using recommended doses of analgesic agents. Furthermore, as
mentioned above, there is interspecies variability; thus, analgesics need to be used with
care in primates with effects monitored frequently.

Table 5. Pharmacokinetics of analgesics used in other common research species.

Species Class Agent Dosage Route
Dosing
Interval

Cmax Half-Life AUC Efficacy Reference

Dog NSAID Carprofen 25 mg PO
SC 12 h 16.5 μg/mL

8.08 μg/mL
4.95 h
7.07 h

0–12:
71.7 μg*h/mL
64.9 μg*h/mL

No [108]

Goat NSAID Ketoprofen 3 mg/kg IV 12 h 13.6 μg/mL 3.10 0–24:
7.71 μg*h/mL No [109]

Dog NSAID Ketoprofen 1.0 mg/kg PO - 2.02 μg/mL 1.65 h 0–12.5:
6.06 μg*h/mL No [110]

Rat NSAID (S)-Ketoprofen 3.2 mg/kg PO - 2.73 μg/mL 26.9 h 0–24:
34.5 μg*h/mL

Pain-induced
function

impairment
[111]

Sow NSAID Flunixin 3.3 mg/kg TD - 14.61 ng/mL 9.76 h 214.78 ng*h/mL No [112]

Mice NSAIDS Flunixin 2.0 mg/kg SC - 4553.4 ng/mL 0.95 h 0–6:
4742 ng*h/mL No [113]

4.4. Multimodal Analgesia

Combining different classes of analgesic agents to target different pain pathways
is often beneficial [39,114]. Although there are limited data on the pharmacokinetics of
multimodal regimens in primates, it is known that when an opioid, an NSAID, and a
regional block with a local anesthetic are combined, this allows for the reduction in the
dosages/frequency of the individual drugs and consequently their side effects (multi-
modal analgesia regimes in rodents, reviewed in [96]). This review did not evaluate local
anesthetics in depth; their use was queried in the survey in Section 2, and the most used
local anesthetics were reported to be bupivacaine, lidocaine, proparacaine, and EMLA® (a
prilocaine/lidocaine mixture) cream. Local anesthetics, such as bupivacaine and lidocaine
typically have a short duration of action of 60 min and 30 min, respectively, and are used
around the surgical site to reduce peripherical nociceptor activity [104,115]. Thoughtful
perioperative planning, for example, by administering NSAIDs prior to surgery, as well as
opioids and local anesthetics during surgery to treat pain before its onset, has demonstrated
a faster recovery, minimizing the potential for breakthrough pain [116]. More information
is needed to optimize perioperative analgesia protocols in research primates.
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4.5. Route of Analgesic Administration

There are many factors to consider when choosing the route of administration of therapeu-
tics in primates, such as the stress associated with handling or immobilization, the frequency
of administration to achieve therapeutic levels, the level of absorption/bioavailability, and
the desired effect. Below we discuss the common routes used in primates as well as the
advantages and disadvantages from a practical and physiological standpoint.

Oral administration of analgesics is common and some primates will voluntarily take
the medication cage side if it is palatable. This is especially true when positive reinforce-
ment training is employed with primates [117]. Another option for voluntary consumption
is through chewable commercially available tablets. Common opioids used in research
primates such as tramadol and hydromorphone as well as NSAIDs such as meloxicam,
carprofen, ketoprofen, and flunixin are available in commercially produced oral prepa-
rations [96]. Oral administration may cause more efficacy variability compared to other
routes of administration based on fed or fasted conditions of animals [118]. Furthermore,
some therapeutic agents may irritate the gastrointestinal mucosa when given orally [59].

Subcutaneous (SC) injections are given between the layer of skin and muscle and can
be administered over a large portion of the body. Typically, the rate of absorption is slower,
which may be desirable for prolonged action [105]. Subcutaneous injections can cause depot
accumulation; thus, injection sites need to be changed when multiple injections are given [105].
In primates, common opioids such as buprenorphine, hydromorphone, and fentanyl and
NSAIDs such as meloxicam have been reported to be used SC [45,51,99,101,119].

Intramuscular (IM) injection is the most common route of analgesic administration
in primates because it is an easy technique that requires minimal handling and restraint.
IM injections are given in deep muscle tissue and the high vascularisation permits rapid
absorption [105]. The volume per injection site should be limited based on the primate’s
weight to minimize the potential for injury and necrosis. For example, a primate weighing
approximately 3 kg or 13 kg should receive no more than 0.5 mL or 1.0 mL per site,
respectively [120]. The standard IM injection sites for primates include the caudal thigh,
the deltoids, and the longissimus (paralumbar) muscles to avoid major blood vessels and
nerves [120]. Opioids such as buprenorphine and hydromorphone as well as NSAIDS,
including carprofen and meloxicam, have been reported to be used via IM injection in
research primates [43–45,121].

Intravenous (IV) injections are usually given in a superficial vein with a needle or via
continuous infusion with a catheter. The rate of infusion/administration is controlled for a
given time and smaller doses are generally required since agents are administered directly
into the bloodstream [105]. Without sedation and/or training, primates may be unwilling
to cooperate for a long duration. In primates, common opioids such as buprenorphine,
hydromorphone, and tramadol have been administered through IV injection [51,72,101].

Finally, transdermal drug delivery via patch or other protected depot can be beneficial
for long-term pain treatments through slow epidermal absorption and requires minimal
handling after the first application [122]. Primates usually require a jacket (which can
require further pre-study habituation) to avoid self or partner ingestion. Inadvertent inges-
tion of a fentanyl patch with fatal consequences has been reported in primates [123]. More
recently, research on the use of transdermal fentanyl solution and patches has demonstrated
prolonged serum concentrations at therapeutic levels over 3–5 days [97,100,102].

4.6. Adverse Effects

The goal of therapeutic pain treatment in animals is to create a balanced state and
minimize the pain experienced without producing substantial adverse effects. Multimodal
approaches are recommended when possible, as these techniques generally result in re-
duced dosages and dosing frequency when compared to individual analgesics. Each class
of therapeutic analgesics has side effects based on their different action mechanisms, chem-
ical structures, formulation pH, etc. It is important to know these side effects when treating
pain to recognize them and modify treatment accordingly to ensure that a toxic level is
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not reached. From a research perspective, knowledge of adverse effects can be used to
distinguish analgesic effects from test article effects or study outcomes. There is limited
research into analgesic adverse effects in research primates; thus, these are mostly identified
based on the literature for other species, such as dogs.

Opioids are potent drugs with a narrow window for therapeutic safety; consequently,
they must be used with caution and doses must be calculated for the individual animal [104].
Opioids have been reported to cause respiratory depression, bradycardia, and when admin-
istered at high doses or via IV injection can cause hypertension [124]. Opioids can also affect
the gastrointestinal tract by reducing mobility and emptying as well as inducing nausea
and vomiting [125,126]. Opioids may induce behaviour changes, specifically, sedation. For
example, in a study comparing the behavioural and physiologic effects of morphine versus
fentanyl in dogs, significantly higher sedation scores were seen when fentanyl was the
chosen analgesic [127]. The primary adverse effects of NSAIDs occur in the gastrointestinal
tract, inducing ulceration, perforations, diarrhea, vomiting, and reduced appetite [128].
In extreme cases in dogs, some COX-2-specific NSAIDs have also been reported to cause
hepatic failure and lethargy [129]. These side effects must be assessed at the individual
level as different animals will react differently.

Different routes of administration can also create adverse effects. Skin puncture can
be mildly painful, and it is important to regularly check injection sites as some animals
may have an adverse reaction. For example, a small proportion of cynomolgus macaques
injected SC with meloxicam SR showed adverse injection site reactions including redness,
sloughing of superficial tissue, and abscess formation, whereas other animals in the same
study did not [44]. If injections are frequent, consider recording injection sites to ensure
that specific sites are not over-used to avoid tissue damage. If injections cause a severe
reaction consider an alternate route of administration.

Distinguishing pain behaviour from sedation behaviour in research primates is impor-
tant as signs can be similar. Furthermore, in some circumstances primates are immobilized
with anesthetics such as ketamine to be manipulated; thus, when administered in con-
junction with analgesics, side effects may be difficult to distinguish. The main side effect
that anesthetics and analgesics have in common is reduced appetite. A study in rhesus
macaques and African green monkeys evaluated the association between ketamine in-
jections (10 mg/kg) and appetite, 24, 48, 72, and 120 h post-injection. The researchers
demonstrated a significant decrease in food intake at all timepoints with 24 h post-dose
being the most significant (mean % intake reduction: African green monkeys: 57%; rhesus
males: 48%; rhesus females: 40%, respectively) [70]. Decreased food intake has also been
reported following the use of analgesics in healthy animals, likely due to sedation [39].

5. Recommendations and Considerations for Refinement of Pain Management
Guidance for Research Primates

5.1. Institutional Policy to Implement Pain Management Guidance

Based on our survey results (Section 2), there is evidence of the need to implement guid-
ance within and between research institutions on primate pain assessment, pain treatment,
and general pain management procedures. The Canadian Council on Animal Care (CCAC)
has released new guidelines encouraging research facilities to create and implement welfare
assessments for laboratory species including the need to incorporate indicators related to
pain assessment and management [130]. There is a critical need for pharmacokinetic and
efficacy testing (based on objective pain assessment methods) to inform treatment protocols
for research primates as most evidence stems from anecdotal evidence.

5.2. Analgesic Administration Based on Empircal Evidence

There are many possible routes of administration for therapeutics, and it is important
to consider the required handling/restraint for each method. Incorporating slow-release
formulations may reduce the need for handling and restraint. These formulations also
help to minimize the risk of breakthrough pain [131]. Given the variability of absorption
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between different dose routes, there should be frequent monitoring in the immediate
hours following presumed pain with the administration of analgesics to ensure adequate
pain relief.

5.3. Appropriate Use of Pain Assessment Tools

Research institutions should have a standardized pain assessment protocol that inte-
grates two or more methods identified in Table 5. These protocols should have an objective
scoring system that can be replicated by multiple users and that demonstrate consistent
results over time. Integrating an analgesic threshold associated with the outcome of pain
assessment should be established. The gold standard pain assessment method for research
primates is indirect observation of behaviour. Combining this with other methods, such
as physiologic and clinical markers, ensures a more reliable assessment of pain and thus
better management and mitigation.

6. Conclusions

Results from a survey administered to primate veterinarians demonstrated incon-
sistencies in research primate pain management as well as a general lack of objective
pain assessment tools. Information in this review may be used by research institutions
to evaluate primate care as well as for creating primate-specific internal guidance. These
inconsistencies correspond with gaps in the research primate pain literature, which includes
limited pharmacokinetic studies and efficacy testing for commonly used analgesics as well
as limited objective measures of pain. These findings should encourage researchers and
veterinarians to study and report more detailed methods of pain management practices to
further improve research primate welfare and the quality of scientific data.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390ani12172304/s1, Supplementary Material: The use of analgesics in research
primates questionnaire.
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Simple Summary: According to European regulations, the severity of the suffering of animals
during animal experiments should be assessed. Regulatory documents and guidelines provide
recommendations on how to approach this severity assessment; however, they are often not specific
enough, resulting in inconsistencies between different institutes performing the same procedures. To
overcome this, two Belgian academic institutions with a focus on biomedical research, collaborated to
develop and align the severity classification for all procedures performed. This was performed based
on the available literature and guidelines, as well as the professional judgment of the designated
veterinarians, animal welfare bodies and animal ethics committees. Throughout the manuscript, we
motivate which criteria were used to classify procedures or groups of procedures within a specific
category. Our collaborative classification includes many procedures and disease models in a variety
of animal species for which a severity classification was not reported so far, or the terms that assign
them to a different severity were too vague. We believe this extensive list of procedures and the
approach described in this paper could be of great value to other research institutions.

Abstract: According to the EU Directive 2010/63, all animal procedures must be classified as non-
recovery, mild, moderate or severe. Several examples are included in the Directive to help in severity
classification. Since the implementation of the Directive, different publications and guidelines have
been disseminated on the topic. However, due to the large variety of disease models and animal
procedures carried out in many different animal species, guidance on the severity classification of
specific procedures or models is often lacking or not specific enough. The latter is especially the
case in disease models where the level of pain, suffering, distress and lasting harm depends on the
duration of the study (for progressive disease models) or the dosage given (for infectious or chemically
induced disease models). This, in turn, may lead to inconsistencies in severity classification between
countries, within countries and even within institutions. To overcome this, two Belgian academic
institutions with a focus on biomedical research collaborated to develop a severity classification for
all the procedures performed. This work started with listing all in-house procedures and assigning
them to 16 (sub)categories. First, we determined which parameters, such as clinical signs, dosage
or duration, were crucial for severity classification within a specific (sub)category. Next, a severity
classification was assigned to the different procedures, which was based on professional judgment by
the designated veterinarians, members of the animal welfare body (AWB) and institutional animal
ethics committee (AEC), integrating the available literature and guidelines. During the classification
process, the use of vague terminology, such as ‘minor impact’, was avoided as much as possible.
Instead, well-defined cut-offs between severity levels were used. Furthermore, we sought to define
common denominators to group procedures and to be able to classify new procedures more easily.
Although the primary aim is to address prospective severity, this can also be used to assess actual
severity. In summary, we developed a severity classification for all procedures performed in two
academic, biomedical institutions. These include many procedures and disease models in a variety
of animal species for which a severity classification was not reported so far, or the terms that assign
them to a different severity were too vague.
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1. Introduction

According to EU Directive 2010/63, a ‘procedure’ means any use, invasive or non-
invasive, of an animal for experimental or other scientific purposes, with known or un-
known outcomes, or educational purposes, which may cause the animal a level of pain,
suffering, distress or lasting harm equivalent to, or higher than, what could be caused by
the introduction of a needle in accordance with good veterinary practice. It includes any
course of action intended, or liable, to result in the birth or hatching of an animal or the
creation and maintenance of a genetically modified animal line in any such condition but
excludes the killing of animals solely for the use of their organs or tissue. The Directive
also states that all procedures on animals should be classified as ‘non-recovery’, ‘mild’,
‘moderate’ or ‘severe’. Severity classification of animal procedures does not only create op-
portunities to refine procedures, but it is also crucial in the harm–benefit analysis performed
during the project’s evaluation and authorization [1,2]. The severity of procedures should
be classified prospectively and retrospectively. The prospective severity classification is
performed upfront during project writing and will thus help in the harm–benefit analysis.
The retrospective, or actual severity, is estimated for each individual animal and is based
on that animal’s experience during the course of the procedure. The latter enters the annual
statistics that promote transparency and dictate public opinion.

However, the estimation of the level of pain, suffering, distress and lasting harm, and
thus classifying the severity of a procedure, is not easy. Annex VIII of the EU Directive
gives some examples of the severity classification of procedures. Although some classi-
fications are very straight forward, e.g., categorizing ‘non-invasive imaging of animals
with appropriate sedation or anesthesia’ as mild, other examples remain vague with room
for interpretation. For example, ‘breeding of genetically altered (GA) animals, which is
expected to result in a phenotype with mild effects’ does not provide clear guidance on
what these mild effects are. Since the implementation of the Directive by the different
EU member states, several articles have been published on the topic [3–5]. In addition,
different working groups (Working Group of Berlin Animal Welfare Officers [6], EU sever-
ity assessment framework [7]) and countries (Switzerland [8] and UK [9]) have written
guidelines on the severity classification of animal procedures. However, due to the large
variety of disease models and animal procedures carried out in multiple animal species,
guidance on the severity classification of specific procedures or models is often lacking or
not specific enough.

Furthermore, the reported severity classifications per country within the EU depict
large differences in the percentage of mild, moderate and severe procedures (Table 1).

Table 1. Severity classifications reported for the EU; Germany, France and the UK (the three countries
using the most animals in Europe) and Belgium in 2020.

Mild (%) Moderate (%) Severe (%) Non-Recovery (%)
Total Number of

Animals Used
Reference

EU 48.7 37.3 9.9 4.1 8,054,930

[10]

Germany 66.9 23.7 3.8 5.6 1,850,443

France 30.1 49.8 13.7 6.4 1,643,787

UK 51 24 4 7 1,681,383

Belgium 55.23 31.851 10.76 2.16 437,275
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These differences may be due to different research areas but also due to different
severity classifications by the competent authorities. Within the EU, Belgium is one of
the few countries where the competent authority has delegated project evaluation and
authorization, and thus severity classification, to the institutional level instead of the
regional or national level. As a result, the differences in severity classification for the same
procedure probably occur even between different institutions within the same country.

Here, we want to share the prospective severity classification we have developed and
aligned for two Belgian academic institutions. Severity classification was based on existing
guidelines and the professional judgment of all parties involved. This was performed for
all procedures performed in (laboratory) animals in two Belgian academic institutions with
a focus on biomedical research.

2. Materials and Methods

2.1. Establishing a Framework for Severity Classification

In 2016, procedures and disease models performed at KU Leuven were listed by re-
viewing all ethical projects approved in the period 2013–2015. Although this catalog was
not made within the scope of this project, it formed the basis for our severity classifica-
tion. In 2019, the Norwegian Consensus-Platform for the Replacement, Reduction and
Refinement of animal experiments (Norecopa) compiled available severity classifications
from the EU Directive Annex VIII [7], the FELASA/ECLAM/ESLAV report [3], the UK
Home Office [9], the Swiss FSVO (Federal Food Safety and Veterinary Office) [8] and the
Working Group of Berlin Animal Welfare Officers [6]. At that time, KU Leuven decided to
develop an in-house severity classification system for all procedures and disease models
within KU Leuven. This work started by reviewing the literature and the previously cited
legislation and guidelines that were consulted via the Norecopa database [11]. By doing
this, it became clear that not all procedures from KU Leuven were listed and that some
procedures were classified differently by the different guidelines. For example, gavage is
classified as mild in the EU Directive while the Swiss FSVO considers this as moderate; a
single subcutaneous (SC) injection is considered mild according to UK guidelines, while
the Swiss FSVO considers this below threshold. Therefore, we decided to develop a more
detailed severity classification at KU Leuven. During the process, another academic institu-
tion (VUB) was approached as we wanted to align the severity classification system with
another Belgian academic institution. Together, we defined the following key points for
our severity classification system:

- It must be clear with defined cut-offs, avoiding (where possible) vague terms;
- It should not only be a list of procedures within a severity classification but must also

define common denominators so that it can easily be adapted when new models are
adopted in an institution;

- It must represent the severity of a procedure that is performed once by a well-trained person
using the most refined technique. It must be applicable to all species and procedures.

2.2. Approach to an Institutional Severity Classification System

The development of the severity classification system is based on existing guidelines
and professional judgment and is performed in a stepwise approach. First, all procedures
from the catalog of procedures were divided into categories. Next, for each (sub)category,
the aforementioned references and guidelines were extensively reviewed. Based on this, we
decided which format of the available criteria and guidelines could be useful to approach
the severity classification (see results). As mentioned above, guidelines were inconsistent
for some procedures or missing for other procedures. When differences occurred between
existing guidelines, the experts decided on the appropriate severity classification. When
procedures were not reported in existing guidelines, the experts first defined criteria and
common denominators to classify the severity of these (see results). If necessary (i.e.,
when experience with or knowledge of certain procedures or models was insufficient),
research experts were consulted. This was mainly performed for the behavioral tests, pain
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tests and infectious disease models. Next, per (sub)category, an initial draft was drawn
containing the severity classification proposal, references from other guidelines and, if
necessary, references from the literature describing, e.g., clinical signs in certain disease
models. The content of this initial draft was discussed until consensus was reached. If
needed, additional references and (research) experts were consulted. Notably, consensus
was usually reached easily. Once the initial draft was finalized, a final draft was sent to the
whole institutional AEC (and AWB for VUB) for approval. AECs only evaluated procedures
performed in their own institution. Once approved, the severity classification was adopted
in the institutions.

2.3. Experts Involved

The following experts were involved in drafting and evaluating the severity classification:

- The designated veterinarians from both institutions. They both have been working as
designated veterinarians in academic institutions for more than 5 years. As members
of different institutional AECs, they are closely involved in severity classification of
procedures and research projects;

- Subgroup of the KU Leuven AEC: to facilitate the process, a subgroup of the EC was
appointed for this work. This subgroup consisted of the designated veterinarian,
the animal welfare officer of the aquatic species and one of the external members
of the AEC, a veterinarian who has been working as a designated veterinarian and
consultant in laboratory animals for many years;

- AWB: at VUB there is one central AWB in contrast to KU Leuven where each de-
partment has its own AWB. This means that the involvement of the AWB of the KU
Leuven, in contrast to the VUB, is limited to some members of the AWB that were
represented in other categories of experts;

- AECs of both institutions. At VUB, the AEC consists of 32 members (members +
substitutes), at KU Leuven of 27 members (members + substitutes);

- Research experts: Researchers that were contacted to obtain more information on
disease models were considered experts when they worked with a specific animal
model for many years and had multiple peer-reviewed papers describing and utilizing
a specific animal model.

The involvement of the different experts in the different steps of the process is indicated
in Table 2.

Table 2. Involvement of the different experts in developing the severity classification system.

Catalogue of
Procedures

Extensive Review
of Existing

Literature and
Guidelines

Decide on
Approach to

Severity
Classification

Drawing First
Draft

Reviewing
First Draft

Classification
per Category

Drawing
Final Draft

per
Category

Reviewing
Final
Draft

K
U

Le
uv

en

Designated
veterinarian x x x x x x

Subgroup of
AEC x x

AEC x

Research
experts x

V
U

B

Designated
veterinarian x x x x

AWB x x x

AEC x

Research
experts x

3. Results

In the period of 2013–2015, a total of 804 projects involving animals were approved
by the institutional AEC of KU Leuven. From these projects, 673 ‘technical’ procedures in
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14 species were identified. These species were as follows: mouse, rat, rabbit, pig, sheep,
rhesus macaque, zebrafish, killifish, chicken, xenopus, gerbil, guinea pig, hamster and calf.
The technical procedures were divided into the following (sub)categories: administration,
sampling, surgery and surgical induction of disease, behavioral testing, pain tests, imaging
and function measurements. To cover the disease models, the following categories were
added: chemical disease, wherein a disease is induced by the administration of a chemical,
neoplasm, infectious disease and ‘disease models—others’, for those models not qualifying
the aforementioned subcategories. GA lines with a harmful phenotype, abnormal housing
and nutrition and clinical signs formed separate categories. These 16 subcategories were as-
signed to the following four larger categories entitled: procedures, measurements and tests,
disease models and animals (Figure 1). As in vivo pharmacokinetics/pharmacodynamics
and toxicity tests are not often performed in both institutions, no separate category was
made for these tests in contrast to most available guidelines. Where necessary, the animal
species are specified. If species is not specified, the severity level is considered to be the
same across species, although not all procedures are carried out in all species.

 

Figure 1. Diagram of main categories (dark blue) and subcategories (light blue)—animal procedures
are subdivided into 16 subcategories. Based on commonalities, these subcategories were assigned to
four main categories of procedures.

As mentioned before, the factors that were thought to be crucial for the severity
classification of a specific (sub-)category were determined, such as clinical signs, dosage or
duration. Based on these factors, defined cut-offs were established, and procedures were
assigned to different severity levels. The factors used and/or the final severity classification
are not always according to the existing guidelines. This is especially true in the disease
models, as they often depend on different parameters and can be progressive. Therefore,
clinical signs were used as a means to classify the severity of the different disease models.

In the following chapters, we will describe in more detail which factors were used
to assign a severity classification to a procedure. As some subcategories are classified
similarly, the classification is discussed in the same section of the text. Tables S1–S14 in
the Supplementary Material provide an overview of all procedures with their severity
classification. We have underlined the procedures/models for which severity has not been
described elsewhere.
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3.1. Severity Classification of Administration

To determine the severity of compound administration, we focused on the technical
procedures required to administer a compound and not on the effects of the compound
given. For these compound-specific effects, we refer to the chapters and Supplementary
Tables S5–S8 on disease models (chemical, infectious, neoplasm and others).

Following the EU Directive and UK guidelines, we classified all routes of administra-
tion in all species as mild. This includes conventional routes, like intravenous (IV) and SC
injections, but also less conventional routes, such as intragastric administration in mouse
pups. Some routes, such as intranasal administration, are considered mild as long as they
are performed under anesthesia. Hydrodynamic tail vein injection (HDTVI) and injection
in the footpad were classified as moderate as HDTVI can lead to transient, but severe,
cardiovascular effects [12,13], and injections in the footpad are painful due to swelling in
weight-bearing structures. Interestingly, our classification diverged most from the Swiss
guidelines, in which some administration methods, such as a single SC or IV injection, are
considered below threshold and gavage is considered moderate.

Table S1 describes the different severity classifications of administration.

3.2. Severity Classification of Sampling

All technical procedures involving taking fluid or tissue samples, including sampling
for genotyping, were grouped into the category ‘sampling.’ Fluid sampling includes all
fluids that can be sampled in different species, such as blood, urine and cerebrospinal
fluid. For blood sampling, the withdrawn volume, whether it is replaced or not, and the
technique used, were taken into account to assign the severity level. However, we did
not determine a severity classification for serial blood sampling, as the frequency, time
interval between samples and volume taken can all influence the final severity and, as such,
need to be evaluated on a case-by-case basis. According to the Commission Implementing
Decision (EU) 2020/569 of 16 April 2020 [14] and the EU Framework for the genetically
altered animals [15], tissue sampling for genotyping is not considered a procedure if the
sample obtained is a by-product from identification. However, if it is not a by-product
from identification, it is considered a procedure and has thus been classified accordingly.
Furthermore, ‘oocyte collection in xenopus by gentle squeezing’ and ‘non-invasive mucus
sampling for genotyping zebrafish’ were included, both technical procedures for which
a severity classification was not reported so far. Overall, most techniques are classified
according to EU Directive and legislation.

Table S2 describes the different severity classifications of fluid and tissue sampling.

3.3. Severity Classification of Anesthesia, Surgery and Surgical Induction of Disease

Following EU Directive and UK guidelines, anesthesia as such is prospectively classi-
fied as mild.

To classify the surgical procedures, including those used to induce a specific disease
model, a differentiation between minor and major surgery was made. Although the
definition of minor and major surgery is still under debate [16,17], we defined minor
surgery as surgery not opening body cavities and major surgery as surgery opening body
cavities, such as the abdomen or thorax. Most types of minor surgery are classified as mild,
and most types of major surgery, with appropriate analgesia, as moderate. However, the
consequences of the (minor or major) surgical procedures should also be taken into account.
Therefore, we also considered the following: impairment of locomotion, loss of function,
rejection of organ transplanted and failure of the device implanted. As a result, we have
stratified the severity of cardiac assist device implantation, stroke and myocardial infarction
into two different severity categories, i.e., moderate and severe, rather than assigning them
to a single severity classification as the examples provided by the EU Directive and the
Swiss guidelines. In the case of cardiac device implantation, the presence or absence of a
functional heart determines if the procedure is moderate or severe, respectively. In the case
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of myocardial infarction and stroke, the size, and, thus, effects on the animal determine
whether this procedure is classified as moderate or severe.

Table S3 describes the different severity classifications of surgery and surgical induc-
tion of disease.

3.4. Severity Classification of Clinical Signs

Disease models are challenging to classify, as often diseases are progressive, i.e.,
worsening over time. Depending on the study objective, researchers may be interested in
the early or late stages of a disease. To classify the severity of disease models, we therefore,
decided to estimate the severity of disease models mainly based on the severity of clinical
signs. Hence, much effort was put into the severity classification of clinical signs. Not only
do these enable us to classify disease models we currently have at our institutions, but they
will also facilitate severity assessment in case new models are developed. Furthermore,
they also aid in the assessment of actual severity.

Clinical signs and their severity classification were developed for mammals, zebrafish
larvae (up to 12 days post fertilization) and sexually mature zebrafish. We have defined
clear cut-offs between severity levels, taking into consideration different parameters, such
as duration, effect on behavior, etc. For the body weight loss of mammals, we took into
consideration the developmental stage and timeframe wherein the animal loses weight.
This is in line with UK guidelines. The severity classification of the other clinical signs of
mammals is largely consistent with the available guidelines, although we included duration
for some clinical signs. As at our institute, we also have disease models involving zebrafish
larvae (independently feeding and thus covered by Directive 2010/63/EU); we established
parameters for clinical follow-up of zebrafish larvae up to 12 days post fertilization. The
following clinical signs are described and assigned to mild, moderate or severe: overall
morphology, necrosis, swim bladder, posture, cardiac function and touch response. To
our knowledge, clinical signs and severity classification for zebrafish larvae have not yet
been reported. At our institute, there are currently no disease models involving adult
zebrafish. Nonetheless, clinical signs and severity for adult zebrafish were included in
the table. Therefore, we mainly followed Sabrautzki et al. [18], who defined and assigned
scores to different clinical signs in adult zebrafish.

Table S4 describes the different severity classifications of clinical signs.

3.5. Severity Classification of Disease Models

As mentioned above, we have defined disease models as follows: chemical, infectious,
neoplasm or others. As we do not have a separate category for toxicity tests, we included
these in the chemically induced models. Although very different in etiology, they all result
in the animals developing general or organ-specific clinical signs. Although the clinical
signs seen in a disease model are usually the same, the severity of these signs may depend
on several factors.

In the case of chemically induced disease models, the severity of the clinical signs may
depend on the dosage and the type of chemical given. As this may differ depending on
the study objective, we chose to prospectively classify this type of model according to the
severity of the clinical signs expected using a specific dosage of a compound rather than
assigning a fixed severity level. For example, intestinal inflammation in dextrane sulfate
sodium (DSS) colitis in mice depends on many factors, such as DSS molecular weight and
dosage, mouse strain, etc. [19,20]. Depending on the study objective, mice may experience
mild to severe clinical signs. The severity classification should therefore be based on the
severity of these clinical signs. The same is true for, e.g., diabetes. For well-established
chemically induced models that always give similar clinical signs, the severity level is
fixed. For instance, models of LPS-induced acute respiratory distress are always classified
as severe. To classify the severity of toxicity tests at our institution, mainly conducted on
zebrafish larvae, we took the following factors into consideration: clinical signs and, as
described by Hawkins et al. [5], predictability and death as a possible outcome.
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In infectious diseases, the clinical signs depend on the pathogen strain and dosage, the
route of administration and animal species and the strain, making severity classification
even more challenging. For the standardized models (using a specific pathogen and animal
strain, dosage and route of administration), the clinical signs are known, and a specific
prospective severity level is assigned. For example, Zika, dengue and Japanese encephalitis
in AG129 mice always lead to severe clinical signs and are thus classified accordingly. Some
infectious disease models are not so standardized, for instance, models of new, emerging
pathogen strains. Prospective severity classification for these models is difficult, and we
have therefore chosen not to include these.

For severity classification of (mouse) cancer models, we follow the same reasoning, i.e.,
assign severity level based on the clinical signs expected. As cancer is a progressive disease,
these clinical signs will depend on study duration, objective and humane endpoints applied.
In contrast to other disease models, we here refer to a specific set of clinical signs that can
be expected in most cancer models.

The disease models categorized in ‘others’, are those that do not fit into one of the
above categories as they are induced by laser, hypoxia or hyperoxia, mechanically or by
irradiation. Again, in this subcategory, severity is classified for different models that were
not described before.

Table S5 describes the different severity classifications of chemically induced dis-
ease models.

Table S6 describes the different severity classifications of infectious disease models.
Table S7 describes the different severity classifications of neoplasm.
Table S8 describes the different severity classifications of other disease models.

3.6. Severity Classification of Abnormal Housing and Nutrition

Some procedures require changes in housing and/or nutrition. For alterations in
both housing and nutrition, we mainly followed the Swiss FSVO guidelines, taking into
consideration the duration of the abnormal housing and several other factors, such as
social isolation. For food deprivation, the severity is based on body weight loss. For water
restriction, a differentiation is made between feeding dry food and food containing fluids
with different cut-offs in time. In the latter case, food restriction is only classified as severe
if it is accompanied by dehydration. In general, instead of using non-specific terms, such as
‘a short period of time’, we rather specify the duration of the abnormal housing/nutrition,
linking this to the appropriate severity. In our classification, no specific examples per
species are given to make the use of these tables as broad as possible. As mentioned before,
this does not necessarily mean that all these abnormal housing and nutrition conditions are
used in all species.

Table S9 describes the different severity classifications of abnormal housing and nutrition.

3.7. Severity Classification of Behavioral Testing, Function Measurements and Imaging

There is a plethora of behavioral tests and function measurements. The difference
between both terminologies is not always clear nor well described. We have therefore
defined behavioral tests as all tests measuring fear, cognition, memory, etc. Function
measurements, on the other hand, were defined as all tests measuring a body function,
including motor function.

Starting from an overview of both behavioral tests and function measurements per-
formed at our institutions, we searched for common denominators to classify them into
different severity categories. The criteria taken into account are the following: handling and
change in the environment during the test, changes in housing and nutrition (see above),
invasiveness and the duration of restraint in case the procedure is being performed in an
awake animal.

All imaging techniques, including those requiring injection of tracers or contrast, are
classified as mild when performed under anesthesia. In the case no anesthesia is used
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and restraint of the animal is thus required, the severity is determined by the duration of
restraint. A cut-off of one hour was determined to shift from mild to moderate severity.

Table S10 describes the different severity classifications of behavioral testing.
Table S11 describes the different severity classifications of function measurements.

3.8. Severity Classification of Pain Tests

For the pain tests, we took the duration and intensity of pain caused into account. By
doing this, we mainly followed the Swiss FSVO guidelines and added just a few changes.
Based on the retrospective severity assessment, we decided to classify nerve crush and
ligation as moderate and not severe. Furthermore, writhing is always considered to cause
severe pain [21]. For the footpad injections, we considered the effects caused by the injected
compound. This results in a severe classification for the footpad injection of Complete
Freund’s Adjuvant, capsaicin and acrolein and a moderate severity for footpad injection of
saline and pregnolone sulfate.

Table S12 describes the different severity classifications of pain tests.

3.9. Severity Classification of GA Lines with Harmful Phenotype

As stated in the EU Directive, GA animals with a harmful phenotype must be classified
as mild, moderate or severe. The determination of the severity of GA animals remains,
however, very difficult. Defining what is considered harmful and what is not is the first
challenge. Alterations may result in phenotypes that are macroscopically visible but do not
necessarily affect the welfare or wellbeing of the animals. Therefore, we choose to classify
all genetic alterations causing macroscopic changes not affecting welfare, as well as all
phenotypic changes that can only be detected using specific testing (e.g., by behavioral
tests or blood analysis), as not harmful. Another difficulty in assessing the severity of GA
lines is that, in contrast to other categories, the assessment should be performed on the
line and not the individual animal. Consequently, in the severity assessment, we consider
the life-long effects of the GA, not taking into account the humane endpoints applied.
Naturally, this does not mean that humane endpoints should not be applied. As a result,
we classify some lines, especially those with progressive diseases such as cancer, as severe
instead of stratifying the severity based on humane endpoints applied as Zintsch et al. [4]
or the Swiss guidelines [8]. Here again, the classification is mainly based on clinical signs
seen during the assessment of the line. Of note, our institutions only have GA rodent and
zebrafish lines.

Table S13 provides an overview of the severity classification of GA lines with harm-
ful phenotypes.

3.10. Severity Classification of Fetuses and Premature Animals

Article 2 of the EU Directive states that the Directive should apply to live, non-human
vertebrate animals, including the following: independently feeding larval forms and the
fetal forms of mammals from the last third of their normal development. Consequently,
the fetuses of mammals in the first and second semester of gestation, birds before hatching
and non-independently feeding larval forms from aquatic species are not considered
experimental animals. Therefore, their use is not regulated unless procedures carried out
could result in pain, suffering, distress or lasting harm if the fetuses are allowed to live
beyond the first two-thirds of their development. According to Commission Implementing
Decision (EU) 2020/569 of 16 April 2020 [14], fetal and embryonic forms of mammalian
species shall be excluded from the provision of annual statistical data. Only animals that
are born, including by cesarean section, and live are to be counted. To our knowledge, this
means that for procedures on mammalian fetuses and early developmental stages in other
species, severity should only be assessed for those animals that are born and in which pain,
suffering or distress occurs or is likely. We report here the severity of two such models for
which the severity was not reported before, i.e., in utero creation of spina bifida in lambs
and growth retardation in rabbits.
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Table S14 provides an overview of the severity classification of procedures carried out
in early developmental stages.

4. Discussion

This manuscript describes the severity classification of laboratory animal procedures
performed in two Belgian academic institutions with a focus on biomedical research. We
explain how the process of severity classification is performed, and, more importantly, we
describe the severity classifications for procedures and disease models through the tables
presented in the Supplementary Information. Our goal was to be as specific as possible and
provide clear cut-offs between categories. In addition, we included many disease models
for which severity classification was not yet described. Those novelties are made clear by
underlining them in the Supplementary Tables S1–S14.

Although performed with great care, this study has some shortcomings. Evidence-
based severity classification is upcoming and has been performed for different procedures
and models, such as epilepsy [22–24], repeated anesthesia [25,26], depression [27] and
models of gastrointestinal diseases [28]. Recently, a mathematical model to estimate the
severity of animal procedures has been described by Morton [29]. These methods use
objective parameters, scores and tests to assess the severity of animal procedures. The
severity classification described in this manuscript is based on available guidelines, in-
house expertise as well as retrospective analyses, and although we are aligned with other
guidelines, it is inevitably partly subjective. Further evidence-based severity classification
of the different animal procedures is necessary, especially since the severity of procedures
is an essential part of the harm–benefit analysis performed during project evaluation.
It should thus give a correct reflection of the expected suffering of an animal during a
certain procedure.

As we have covered all species used at our institutions and mostly used a one-fits-all
approach (i.e., not distinguishing between species), species-specific behavior and sensory
elements might not have been highlighted sufficiently. For example, we do not distinguish
between the different (social) species when classifying abnormal housing and nutrition.
However, the well-being of an individual animal might be affected differently depending
on the species and sometimes even the sex. Indeed, some studies show no difference in
the behavior between single-housed versus group-housed male mice [30], while others
consider the single housing of male rats as severe [31]. These differences might be even
more pronounced in non-rodent species. Future scientific research is needed to give us
more insight into how different animals perceive certain signals or procedures. This could
aid in the classification of different procedures, and additionally, these insights might help
in refining certain procedures.

Throughout the tables, we aimed to give clear guidelines, with specific time periods
and/or measurable clinical signs, to aid researchers, AWB and AEC members in the severity
classification of animal procedures. However, the severity classification only applies to
the procedure being performed once. Therefore, re-evaluation is necessary when different
procedures are being combined or repeated, and a cumulative severity score needs to be
given. We chose to not incorporate cumulative scores, as there are too many variables
within an experimental set-up that can influence severity, e.g., frequency of and time
interval between procedures. And, although repeating procedures or performing different
procedures does not automatically increase severity, it might become more severe. This
must, therefore, carefully be considered in order to correctly assess the severity.

Our severity classification of disease models is mostly based on clinical signs. This
implies a good knowledge of the anatomy, physiology and normal behavior of the species
involved. Especially the recognition of more subtle clinical signs, such as paresis and
pain, might be challenging, especially as researchers in biomedical sciences may come
from varying backgrounds. They thus need proper education and guidance. This applies
to all species and might even be more challenging in aquatic species, such as xenopus
and zebrafish, especially in their early developmental stages. We therefore included
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clinical signs of adult zebrafish and reported for the first-time signs to assess the early
developmental stages of zebrafish (up to 12 days post fertilization). Signs to assess zebrafish
between 12 days and sexual maturity and xenopus still need to be developed.

Although the aim of the EU Directive is to provide guidance, uniformity and clarity
for animals involved in research, some articles of the Directive, such as the classification
of procedures performed on fetuses and premature animals, remain controversial and
difficult to interpret. According to the Directive, from a certain age pre-birth, a mammal
fetus or larval form is considered an experimental animal as there is evidence it might
experience pain. However, according to Commission Implementing Decision (EU) 2020/569
of 16 April 2020, the fetal and embryonic forms of mammalian species shall be excluded
from the provision of annual statistical data. This seems in contrast with the definition
of an experimental animal for which annual statistics should be provided by each EU
member state. The severity classification of these early forms is therefore performed to
the best of our knowledge. Similarly, some procedures in animals are not standardized
in the community, making the severity classification difficult. For instance, the insulin
tolerance test in mice requires a period of fasting. However, different fasting times have
been reported [32]. Our severity classification takes both fasting and the influence of
glycemic levels into consideration. Both these factors are affected by fasting time and,
as such, might/should be classified differently. Not only for the severity estimation but
also for the reproducibility of in vivo experiments, an important concern in biomedical
research [33–36], further standardization of procedures is mandatory.

As new disease models, tests and GA models are developed on a daily basis, it would
be interesting if more emphasis is put on how to perform a good retrospective analysis and
assess actual severity. For new models or drugs, it is sometimes hard to classify prospective
severity based on the available knowledge. Clear communication on the retrospective
severity and, more importantly, the methods used to assess the severity level would be
very informative for the research community.

As discussed above, severity classification remains a difficult task for the researchers
and competent authorities during project application and evaluation, respectively. Al-
though difficult, both prospective and actual or retrospective severity classification and
reporting are important. Prospective severity is crucial in performing correct harm–benefit
analysis during the project evaluation and in refining procedures. As actual severity is
reported, it promotes transparency and dictates public opinion. In Belgium, project evalua-
tion has been delegated from the competent authorities to the institutional AEC. As shown
in Table 1, severity levels reported within the different countries significantly differ, and
although not reported, this difference may also exist between institutions. The aim of this
work was twofold. On the one hand, we wanted to align severity between two different
institutions. On the other hand, we wanted to report the severity of all procedures and
models used at our institutions, many of which were not covered in the available guidelines.

5. Conclusions

The severity classification of animal procedures remains a challenging task as it is often
mostly subjective. The large variety of procedures in many different species makes it even
more challenging. This is reflected in the reported number of procedures within a specific
severity classification by the different EU member states, with large variations between
the member states. Further evidence-based severity classification of animal procedures
is needed. In the meantime, sharing experience in the field will help in further aligning
the severity classification of animal procedures. This manuscript summarizes the severity
classification of two Belgian academic institutions wherein animals are mainly used in
biomedical research. We have provided a severity classification for all procedures and
models used at our institutions and discussed the process of that classification. Many of
those procedures were not covered in the available guidelines, and we hereby thus report
severity classification for many procedures for the first time.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ani13162581/s1, Table S1: Severity classification of administration;
Table S2: Severity classification of sampling; Table S3: Severity classification of surgery and surgical
induction of disease; Table S4: Severity classification of clinical signs; Table S5: Severity classification
of chemical disease models; Table S6: Severity classification of infectious diseases; Table S7: Severity
classification of neoplasm; Table S8: Severity classification of other disease models; Table S9: Severity
classification of abnormal housing and nutrition; Table S10: Severity classification of behavioral
tests; Table S11: Severity classification of function measurements; Table S12: Severity classification
of pain tests; Table S13: Severity classification of genetically altered (GA) lines; Table S14: Severity
classification of fetuses and premature animals.

Author Contributions: Conceptualization: S.D.V., K.L. and K.D.; methodology: S.D.V.; writing—
original draft preparation, S.D.V. and K.D.; writing—review and editing: K.L. and S.H. 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.

Acknowledgments: We would like to thank all EC and AWB members who critically evaluated sever-
ity classification of all procedures and all researchers who helped in classifying specific procedures.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bronstad, A.; Newcomer, C.E.; Decelle, T.; Everitt, J.I.; Guillen, J.; Laber, K. Current concepts of Harm-Benefit Analysis of Animal
Experiments—Report from the AALAS-FELASA Working Group on Harm-Benefit Analysis—Part 1. Lab. Anim. 2016, 50, 1–20.
[CrossRef] [PubMed]

2. Laber, K.; Newcomer, C.E.; Decelle, T.; Everitt, J.I.; Guillen, J.; Bronstad, A. Recommendations for Addressing Harm-Benefit
Analysis and Implementation in Ethical Evaluation—Report from the AALAS-FELASA Working Group on Harm-Benefit
Analysis—Part 2. Lab. Anim. 2016, 50, 21–42. [CrossRef]

3. Smith, D.; Anderson, D.; Degryse, A.D.; Bol, C.; Criado, A.; Ferrara, A.; Franco, N.H.; Gyertyan, I.; Orellana, J.M.; Ostergaard,
G.; et al. Classification and reporting of severity experienced by animals used in scientific procedures: FELASA/ECLAM/ESLAV
Working Group report. Lab. Anim. 2018, 52, 5–57. [CrossRef] [PubMed]

4. Zintzsch, A.; Noe, E.; Reissmann, M.; Ullmann, K.; Kramer, S.; Jerchow, B.; Kluge, R.; Gosele, C.; Nickles, H.; Puppe, A.; et al.
Guidelines on severity assessment and classification of genetically altered mouse and rat lines. Lab. Anim. 2017, 51, 573–582.
[CrossRef] [PubMed]

5. Hawkins, P.; Dennison, N.; Goodman, G.; Hetherington, S.; Llywelyn-Jones, S.; Ryder, K.; Smith, A.J. Guidance on the severity
classification of scientific procedures involving fish: Report of a Working Group appointed by the Norwegian Consensus-Platform
for the Replacement, Reduction and Refinement of animal experiments (Norecopa). Lab. Anim. 2011, 45, 219–224. [CrossRef]
[PubMed]

6. Working Group of Berlin Animal Welfare Officers. Empfehlung aus dem Arbeitskreis Berliner Tierschutzbeauftragte zu Score
Sheets, Belastungskategorien und Abbruchkriterien. Available online: https://www.ak-tierschutzbeauftragte.berlin/galerie
(accessed on 12 June 2023).

7. European Commission; Directorate-General for Environment. Caring for Animals Aiming for Better Science: Directive 2010/63/EU on
Protection of Animals used for Scientific Purposes: Severity Assessment Framework; European Commission: Brussels, Belgium, 2019.

8. Federal Food Safety and Veterinary Office. Technical Information Animal Experimentation, Severity Degrees 1.04. Available
online: https://norecopa.no/3r-guide/swiss-guidance-for-severity-assessment (accessed on 12 June 2023).

9. UK Home Office. Recording and Reporting the Actual Severity of Regulated Procedures. Available online: https://www.gov.uk/
guidance/animal-research-technical-advice (accessed on 12 June 2023).

10. European Commission. Statistics and Non-Technical Project Summaries. Available online: https://ec.europa.eu/environment/
chemicals/lab_animals/alures_en.htm (accessed on 13 June 2023).

11. Norwegian Consensus-Platform for the Advancement of the 3Rs, Compilation of Severity Classifications Across Europe. Available
online: https://norecopa.no/more-resources/severity-classification/compilation-of-severity-classifications-across-europe/
(accessed on 12 June 2023).

352



Animals 2023, 13, 2581

12. Sawyer, G.J.; Dong, X.; Whitehorne, M.; Grehan, A.; Seddon, M.; Shah, A.M.; Zhang, X.; Fabre, J.W. Cardiovascular function
following acute volume overload for hydrodynamic gene delivery to the liver. Gene Ther. 2007, 14, 1208–1217. [CrossRef]
[PubMed]

13. Suda, T.; Gao, X.; Stolz, D.B.; Liu, D. Structural impact of hydrodynamic injection on mouse liver. Gene Ther. 2007, 14, 129–137.
[CrossRef]

14. European Commission. Commission Implementing Decision (EU) 2020/569 of 16 April 2020 Establishing a Common Format and
Information Content for the Submission of the Information to be Reported by Member States Pursuant to Directive 2010/63/EU of
the European Parliament and of the Council on the Protection of Animals Used for Scientific Purposes and Repealing Commission
Implementing Decision 2012/707/EU. Available online: https://op.europa.eu/en/publication-detail/-/publication/1fa78fbf-85
f8-11ea-bf12-01aa75ed71a1/language-en#:~:text=Home-,Commission%20Implementing%20Decision%20(EU)%202020%2F569
%20of%2016%20April,of%20animals%20used%20for%20scientific (accessed on 12 June 2023).

15. European Commission; Directorate-General for Environment. Framework for the Genetically Altered Animals under Directive
2010/63/EU on the Protection of Animals Used for Scientific Purposes; Publications Office of the European Union: Luxembourg, 2022.

16. Newsome, K.; McKenny, M.; Elkbuli, A. Major and minor surgery: Terms used for hundreds of years that have yet to be defined.
Ann. Med. Surg. 2021, 66, 102409. [CrossRef]

17. Martin, D.; Mantziari, S.; Demartines, N.; Hubner, M.; Group, E.S.A.S. Defining Major Surgery: A Delphi Consensus Among
European Surgical Association (ESA) Members. World J. Surg. 2020, 44, 2211–2219. [CrossRef]

18. Sabrautzki, S.; Miller, M.; Kague, E.; Brielmeier, M. Welfare Assessment of Adult Laboratory Zebrafish: A Practical Guide.
Zebrafish 2021, 18, 282–292. [CrossRef]

19. Perse, M.; Cerar, A. Dextran sodium sulphate colitis mouse model: Traps and tricks. J. Biomed. Biotechnol. 2012, 2012, 718617.
[CrossRef] [PubMed]

20. Vowinkel, T.; Kalogeris, T.J.; Mori, M.; Krieglstein, C.F.; Granger, D.N. Impact of dextran sulfate sodium load on the severity of
inflammation in experimental colitis. Dig. Dis. Sci. 2004, 49, 556–564. [CrossRef] [PubMed]

21. Gawade, S.P. Acetic acid induced painful endogenous infliction in writhing test on mice. J. Pharmacol. Pharmacother. 2012, 3, 348.
[CrossRef] [PubMed]

22. Boldt, L.; Koska, I.; Maarten van Dijk, R.; Talbot, S.R.; Miljanovic, N.; Palme, R.; Bleich, A.; Potschka, H. Toward evidence-based
severity assessment in mouse models with repeated seizures: I. Electrical kindling. Epilepsy Behav. 2021, 115, 107689. [CrossRef]

23. Buchecker, V.; Koska, I.; Pace, C.; Talbot, S.R.; Palme, R.; Bleich, A.; Potschka, H. Toward Evidence-Based Severity Assessment in
Mouse Models with Repeated Seizures: (II.) Impact of Surgery and Intrahippocampal Kainate. Eur. Surg. Res. 2023, 64, 89–107.
[CrossRef]

24. van Dijk, R.M.; Koska, I.; Bleich, A.; Tolba, R.; Seiffert, I.; Moller, C.; Di Liberto, V.; Talbot, S.R.; Potschka, H. Design of composite
measure schemes for comparative severity assessment in animal-based neuroscience research: A case study focussed on rat
epilepsy models. PLoS ONE 2020, 15, e0230141. [CrossRef] [PubMed]

25. Hohlbaum, K.; Bert, B.; Dietze, S.; Palme, R.; Fink, H.; Thone-Reineke, C. Severity classification of repeated isoflurane anesthesia
in C57BL/6JRj mice-Assessing the degree of distress. PLoS ONE 2017, 12, e0179588. [CrossRef]

26. Hohlbaum, K.; Bert, B.; Dietze, S.; Palme, R.; Fink, H.; Thone-Reineke, C. Impact of repeated anesthesia with ketamine and
xylazine on the well-being of C57BL/6JRj mice. PLoS ONE 2018, 13, e0203559. [CrossRef]

27. Mallien, A.S.; Hager, C.; Palme, R.; Talbot, S.R.; Vogt, M.A.; Pfeiffer, N.; Brandwein, C.; Struve, B.; Inta, D.; Chourbaji, S.; et al.
Systematic analysis of severity in a widely used cognitive depression model for mice. Lab. Anim. 2020, 54, 40–49. [CrossRef]

28. Talbot, S.R.; Kumstel, S.; Schulz, B.; Tang, G.; Abdelrahman, A.; Seume, N.; Wendt, E.H.U.; Eichberg, J.; Hager, C.; Bleich, A.; et al.
Robustness of a multivariate composite score when evaluating distress of animal models for gastrointestinal diseases. Sci. Rep.
2023, 13, 2605. [CrossRef]

29. Morton, D.B. A Model Framework for the Estimation of Animal ‘Suffering’: Its Use in Predicting and Retrospectively Assessing
the Impact of Experiments on Animals. Animals 2023, 13, 800. [CrossRef]

30. Buckinx, A.; Van Schuerbeek, A.; Bossuyt, J.; Allaoui, W.; Van Den Herrewegen, Y.; Smolders, I.; De Bundel, D. Exploring
Refinement Strategies for Single Housing of Male C57BL/6JRj Mice: Effect of Cage Divider on Stress-Related Behavior and
Hypothalamic-Pituitary-Adrenal-Axis Activity. Front. Behav. Neurosci. 2021, 15, 743959. [CrossRef]

31. Manouze, H.; Ghestem, A.; Poillerat, V.; Bennis, M.; Ba-M’hamed, S.; Benoliel, J.J.; Becker, C.; Bernard, C. Effects of Single Cage
Housing on Stress, Cognitive, and Seizure Parameters in the Rat and Mouse Pilocarpine Models of Epilepsy. eNeuro 2019, 6.
[CrossRef] [PubMed]

32. Carper, D.; Coue, M.; Laurens, C.; Langin, D.; Moro, C. Reappraisal of the optimal fasting time for insulin tolerance tests in mice.
Mol. Metab. 2020, 42, 101058. [CrossRef] [PubMed]

33. Hay, M.; Thomas, D.W.; Craighead, J.L.; Economides, C.; Rosenthal, J. Clinical development success rates for investigational
drugs. Nat. Biotechnol. 2014, 32, 40–51. [CrossRef] [PubMed]

34. Henderson, V.C.; Demko, N.; Hakala, A.; MacKinnon, N.; Federico, C.A.; Fergusson, D.; Kimmelman, J. A meta-analysis of threats
to valid clinical inference in preclinical research of sunitinib. Elife 2015, 4, e08351. [CrossRef] [PubMed]

353



Animals 2023, 13, 2581

35. Pritt, S.L.; Hammer, R.E. The Interplay of Ethics, Animal Welfare, and IACUC Oversight on the Reproducibility of Animal Studies.
Comp. Med. 2017, 67, 101–105.

36. Cheleuitte-Nieves, C.; Lipman, N.S. Improving Replicability, Reproducibility, And Reliability In Preclinical Research: A Shared
Responsibility. ILAR J. 2019, 60, 113–119. [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.

354



Citation: Morton, D.B. A Model

Framework for the Estimation of

Animal ‘Suffering’: Its Use in

Predicting and Retrospectively

Assessing the Impact of Experiments

on Animals. Animals 2023, 13, 800.

https://doi.org/10.3390/

ani13050800

Academic Editor: Garikoitz Azkona

Received: 5 January 2023

Revised: 15 February 2023

Accepted: 19 February 2023

Published: 22 February 2023

Copyright: © 2023 by the author.

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

Concept Paper

A Model Framework for the Estimation of Animal ‘Suffering’:
Its Use in Predicting and Retrospectively Assessing the Impact
of Experiments on Animals
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Simple Summary: Assessing the impact of scientific procedures on animals is not always easy,
especially when considering the variety of species, ages and experimental conditions to which
research animals are exposed. It is important to do so, as legislation demands that humane endpoints
or intervention points be implemented by scientists when appropriate during an experiment. Herein,
I describe a scheme that is objective and avoids subjective assessments. It can be applied to many
types of experiments and for most species of animals used in research. It has the additional advantage
that the type of adverse effect does not have to be specified, e.g., pain, distress, suffering or lasting
harm, as it measures the impact of the experiment on the animals, which is more likely to reflect their
emotional state. The scheme can also be used to assess the effectiveness of any alleviative therapy.

Abstract: This paper presents and illustrates, with a working example, a hypothesis for the assess-
ment of ongoing severity before and during an experiment that will enable humane endpoints and
intervention points to be applied accurately and reproducibly, as well as helping to implement any
national legal severity limits in subacute and chronic animal experiments, e.g., as specified by the
competent authority. The underlying assumption of the model framework is that the degree of devia-
tion from normality of specified measurable biological criteria will reflect the level of pain, suffering,
distress and lasting harm incurred by or during an experiment. The choice of criteria will normally
reflect the impact on an animal and have to be chosen by scientists and those caring for the animals.
They will usually include measurements of good health such as temperature, body weight, body
condition and behaviour, which vary according to the species, husbandry and experimental protocols
and, in some species, unusual parameters such as time of the year (e.g., migrating birds). In animal
research legislation, endpoints or severity limits may be specified so that individual animals do not
suffer unnecessarily or endure severe pain and distress that is long-lasting (Directive 2010/63/EU,
Art.15.2). In addition, the overall severity is estimated and classified as part of the harm: benefit
licence assessment. I present a mathematical model to analyse the measurement data to determine
the degree of harm (or severity) incurred. The results can be used to initiate alleviative treatment if
required or if permitted during the course of an experiment. In addition, any animal determined to
have breached the severity classification of a procedure can be humanely killed, treated or withdrawn
from the experiment. The system incorporates the flexibility to be used in most animal research work
by being tailored to the research, the procedures carried out and the species under investigation. The
criteria used to score severity can also be used as additional scientific outcome criteria and for an
analysis of the scientific integrity of the project.

Keywords: assessment; adverse effects; mental pain; distress; severity limits

1. Introduction

Morton and Griffiths [1] pointed out that the very first step in any assessment for
avoidance or alleviation of pain and distress in animals is to recognise when they are
suffering or experiencing adverse states in some way. (I am using the term suffering in a

Animals 2023, 13, 800. https://doi.org/10.3390/ani13050800 https://www.mdpi.com/journal/animals
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broad way to encompass all adverse physical, physiological and mental states in animals,
which may be exacerbated further through some form of cognitive reflection and memory
(‘mentation’ as termed by De Grazia [2]). Other ways of looking at suffering include
the notion of an impaired wellbeing and measuring the impact of the procedures on an
animal. While pain and mental distress may be the commonest adverse states for most
experimental animals, there are other ways in which animals experience adverse states that
can lead to poor physical, physiological and mental welfare and, consequentially, a poor
quality of life. In animal research, the impact of an experiment on an animal’s homeostasis
(as measured by deviation from ‘normality’ that is not transient) will most likely reflect
the harmful consequences of experimental procedures, as well as the extent to which the
animal is suffering [1]. As we humans cannot verbally communicate with animals, this
approach is as good as (and probably better than) most other scientific measures. It should
be appreciated that all scientific measures of welfare, whether physiological, biochemical,
hormonal, behavioural or genomic, need to be interpreted for assessment of the degree
of harm that an animal is experiencing, which can be further categorised as a mental or
physical state (and the possibility and need to provide some form of alleviation).

An assessment may be carried out for the purposes of avoidance of suffering (through
refinement of the experimental design), to determine the effectiveness of alleviative thera-
pies (e.g., analgesics for pain or anxiolytics for fear) or, in the case of animal research, for
assessment of the level of severity (adverse effects) for ethical and legal reasons. Severity
comprises two components: the intensity of the adverse state such as pain or distress and,
secondly, its duration. Another factor to consider when calculating the overall animal
welfare impact of an experiment is any cumulative suffering, for example, inadequate
husbandry, in addition to the experimental procedures, the number of times an animal is
subjected to a repeated technique (e.g., injections) or procedure or any additional proce-
dures in more complex protocols. Short-term intense stressors may also have long-term
impacts, e.g., on the immune system. It is possible to determine the overall animal ‘cost’ in
terms of harms in a series of experiments by including the number of animals affected.

In competent humans, the assessment of suffering usually relies on verbal reporting
of some sort, whereas in babies and other non-verbal or non-communicating humans
and non-human animals, other methods have to be used. In animals, an estimate of the
intensity of suffering can be made by measuring the impact of an experimental protocol
on an animal, i.e., the degree to which it has deviated from normality compared with a
control naïve group kept in a similar or the same way. The duration of any suffering is
the second most important component of severity and is far easier to measure objectively,
although it is often not specified. The combination of intensity and duration is used to
estimate ‘severity’. The advantage of measuring impact by deviation from normal in this
way is that it does not require the type of adverse state experienced to be explicit, that is, it
does not need to be defined as pain, physical dystress (a state of stressor overstimulation of
the endocrine system as first described by Moberg 1985) [3] or mental distress, such as fear,
anxiety, boredom, frustration, grief, etc. If there is no measurable impact, then it is unlikely
that the animal will be suffering to any serious extent. That said, short-term suffering is
very difficult to assess, as many of the usual markers such as weight loss or appetite will not
be measurable, and other, usually behavioural, measures need to be used. Consequently,
the approach outlined in this paper is not applicable to acute/hyperacute suffering and is
more applicable when the duration extends over a day or more. Scorable clinical signs have
to be selected in accordance with the cause and the type of suffering involved, which are
partly determined by the experimental procedures being carried out and the species. These
clinical signs (sometimes mistakenly referred to as symptoms, which are feelings reported
by patients to doctors and not observable) in animals must be observable and assessed as to
whether they are within the range of normality or whether they are ‘abnormal’. Recognition
can be grouped into five categories: relating to appearance, posture, natural behaviour,
provoked behaviour and clinical measurements [1].
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Considerable advances have been made in the details of these sorts of abnormalities
and their observational robustness in many areas of research. For example, in one year in
one laboratory animal journal, four papers were published in the fields of rat models of
osteoarthritis [4–7]. Three or four decades ago, no mention would have been made of the
adverse effects on an animal in an experiment, let alone any measurement of them [8–11]. This
serves to emphasise that with the increasing awareness that pain and distress in animals is
important, the measurements used are become increasingly more accurate, reliable and generally
accepted. Moreover, the Federation of European Laboratory Animal Science Associations
(FELASA) provides comprehensive guidelines on the classification and reporting of severity
experienced by animals used in scientific procedures [12].

What to Measure?

In a research setting, it has to be decided what measurements to take to assess any
suffering. It is always better to use several criteria to ensure a better estimate, as just one or
two may be misleading. It may be possible to carry out measurements of the body’s reac-
tion to adverse effects such as effects on the sympathetic nervous system (catecholamine
levels and their corresponding end-organ responses, e.g., heart rate, blood pressure and
acute-phase proteins) or the pituitary–adrenal cortex axis (particularly adrenal corticos-
teroids). However, these tests can be expensive and may themselves require invasive blood
sampling methods, whereas the behaviour of an animal can be simply observed without
cost, including how an animal responds to a particular stimulus (provoked behaviour).
Furthermore, some of the affected parameters may be compounded by an inherent vari-
ation and vary according to the time of day, the time at which an animal is observed or
sampled and the specific experimental procedures being carried out. The time and method
of sampling, as well as behavioural observation, have to be practical. For example, in terms
of time, one would expect a greater change in pain and distress parameters around the
time of surgery rather than 2–4 weeks later. For experimental arthritis, adverse feelings of
pain such as dull aches may persist for weeks and not just hours or days as for a surgical
procedure; therefore, measuring body weight may be more appropriate. For an experiment
with several techniques or procedures being carried out over time, several time points
within the whole experimental period may have to be scored to develop an accurate picture
of the overall ‘suffering’ from the animal’s viewpoint. In conclusion, the time of observation
and the key criteria to be measured have to be carefully selected.

In EU Directive 2010/63/EU [13], harm or the adverse effects are defined as “any
pain, suffering, distress or lasting harm equivalent to or higher than that caused by the
introduction of a needle in good veterinary practice” experienced by an animal as a result of
the scientific procedures performed ([13] Art. 3.1). There is an obligation for an assessment
of the harm likely to occur as a result of the experimental protocols to be conducted at the
outset of a research project and for this to be recorded on the project licence as the severity
classification for a procedure or series of procedures, i.e., for the whole project. Severity
may also have to be recorded in hindsight as the harm that actually occurred, referred to
in the Directive as a “Retrospective assessment” ([13] Art. 39); in specific cases, this is a
legal requirement. If an animal is to be reused, then the severity of any previous use has to
be determined ([13] Art. 16.1. (a)). Finally, almost all international legislative measures to
control animal experimentation worldwide require the successful application of the Three
Rs. This paper deals with the aspect of refinement and provides a model whereby animal
suffering can be recognised, reduced, reviewed and even terminated on objective grounds
when necessary.

This model (first drawn up in the UK prior to the revision of the Directive [13] in
2010 and presented at various seminars) concerns measuring severity retrospectively and
comparing it with the predicted severity in order to determine if the severity classification is
being or has been exceeded. It is based on the author’s practical experience as a laboratory
animal veterinarian and close observation of experimental animals in a variety of research
settings. In addition, FELASA has produced some valuable and complementary guidelines
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(12) that expand further on this theme and provides several more comprehensive and
complicated examples. In this paper, I have tried to provide a more practical and accessible
approach that is simpler and easier to apply through the selection of the key criteria that fit
the purpose of assessing the level of harm and that can be applied to all vertebrates and
even invertebrates.

2. Methodology and Results

The first stage is to identify the criteria that can be used to assess any harm and then to
select from those the ones that commonly occur and are easy to score. The second stage is
to select the time at which to score those criteria. There is no limit to the number of criteria
scored or the number of time points chosen, but in order to reduce workload, only the key
and most relevant criteria should be used. These key criteria should also best reflect an
animal’s adverse state and not simply repeat other closely correlated signs. In addition,
the measured signs should reliably indicate severity, be robust, subject to little inter- or
intraobserver variation, and be economical and easy to measure. Furthermore, the criteria
measured should be independent of each other, for example, a failure to eat and body
weight are usually closely interdependent.

The aim of this semiquantitative assessment is to be able to compare predicted and
actual suffering and to express these estimates mathematically. In the following example,
the deviation from normality or intensity is determined for each independent criterion for
each animal in the group at a set time. This figure is then averaged to obtain a score for
that criterion. The average score per animal is made up of the averages for each criterion. It
is then possible to compare, for example, different experimental groups at the same time
point, as well as at different time points in an experiment. The easiest way to understand
this is to provide a simplified working example.

Example: A Hypothetical Comparison of Two Dose Groups in a Toxicity Test in Rats

In a study of drug safety and effectiveness, several doses were given, and the rats were
observed for adverse effects. Pilot studies and previous data with respect to closely related
compounds had shown the chemical’s likely adverse effects, and the relevant criteria were
chosen according to the criteria described above. In this example, only two dose groups
and two criteria were compared at the same time point. The project licence for the work
had predicted the severity classification, and severity limits had been set for individual
animals in a dose-level group. For the Low-dose group, the severity limit was mild, and for
the High-dose group, the severity limit was severe. The accuracy of these severity limit
predictions can be determined by assessing the actual severity outcomes in real time as
illustrated below.

2.1. Choice of Criteria

Affected animals were predicted to show signs, to varying degrees, of lethargy, fever,
reduced appetite, a failure to groom or preen, lachrymal secretions from the eyes and nose,
diarrhoea and occasional vomiting. The control group (in this case, drug vehicle only)
kept under similar conditions was not expected to show any adverse effects and would
be classified as the ‘normal comparator’ for the dosed groups. Among these clinical signs,
body temperature (Criterion 1) and body weight (Criterion 2) were the easiest and most
accurate to measure.

2.2. Scoring the Criteria

The next step was to classify the criteria to reflect the ‘intensity’ of the adverse state,
i.e., the impact on the animal based on the extent to which the two criteria deviated
from normality (see Tables 1 and 2). Three major bands were chosen to reflect the three
recognised legal severity categories of mild, moderate and severe. However, in practice,
there are two other recognisable and necessary categories: no change (normal variation)
and excessive change that is beyond the upper severity limit (i.e., more than severe and
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long lasting, which has to be described and be quantitatively and qualitatively defined
and would include death). These bands were also scored, resulting in a total of five bands.
For body temperature, the five bands corresponded to no significant change (0–0.2C, i.e.,
normal), an increase of 0.2 to 1C (mild), and increase of 1 to 2C (moderate), an increase of
2 to 3C (severe) and an increase of more than 3C above normal (greater than severe).

For body weight, the five bands are no significant change (0–5%, i.e., normal); a
mild change of 5–10%, a moderate change of 10–20%, a severe change of 20–30% and a
loss of more than 30% (greater than severe). Each of the five recognisable bands for each
criterion is assigned a score of 0, 1, 2, 3 or 4, and in this way, the scores are converted into a
mathematical model for analysis. Each animal is scored at the same time point for each
criterion at the same time of day in an attempt to keep everything constant except for the
measurement. This figure is then averaged to obtain a group average for that criterion at
that specific time.

Part A in Table 1 (body temperature, low dose) shows that two animals scored within
the range considered normal, and three animals had a rise of between 0.2 and 1C. This
resulted in a group score of 3 and a group average of 0.6 (i.e., total group score (3) divided
by 5 animals) for that criterion.

Table 1. (A) The proposed scoring matrix for body temperature (low dose). (B) The proposed scoring
matrix for body weight (low dose).

A

Change <0.2 >0.2 to 1C >1 to 2C >2 to 3C >3C

Control Normal range Mild Moderate Severe >Severe or death

SCORE: 0 1 2 3 4

1 X

2 X

3 X

4 X

5 X

Total score (2 × 0) (3 × 1) = 3 0 0 0

B

Change 0 to 5% >5 to 10% >10 to 20% >20 to 30% > 30%

Control Normal range Mild Moderate Severe > Severe or death

SCORE: 0 1 2 3 4

1 X

2 X

3 X

4 X

5 X

Total score 0 (4 × 1) = 4 2 0 0
Group total = 0 + 3 + 0 + 0 + 0 = 3; group average = 3/5 = 0.6.

For body weight (body weight (low dose), Part B in Table 1) four animals lost between
5 and 10% body weight, and one animal lost between 10 and 20% body weight, resulting in
a group score of 6 (0 + 4 + 2 + 0 + 0) and a group average of 1.2 (i.e., total group score (6)
divided by 5 animals). The same process is now applied to the high-dose group for the two
criteria (see Table 2).
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Table 2. (A) The proposed scoring matrix for body temperature (high dose). (B) The proposed scoring
matrix for body weight (high dose).

A

Change <0.2 >0.2 to 1C >1 to 2C >2 to 3C >3C

Control Normal range Mild Moderate Severe >Severe or death

SCORE: 0 1 2 3 4

1 X

2 X

3 X

4 X

5 X

Total score 0 0 1 × 2 = 2 3 × 3 = 9 1 × 4 = 4

B

Change 0 to 5% >5 to 10% >10 to 20% >20 to 30% >30%

Control Normal range Mild Moderate Severe >Severe or death

SCORE: 0 1 2 3 4

1 X

2 X

3 X

4 X

5 X

Total score 0 0 1 × 2 = 2 2 × 3 = 6 2 × 4 = 8
Group total = 0 + 0 + 2 + 9 + 4 = 15; group average = 15/5 = 3.0.

The scores for the calculation of actual overall impact assessment can now be per-
formed by summing the two criteria to derive an average impact intensity score for each
dose level.

2.3. Low-Dose Group

Overall score := Number o f animals × (group average criterion 1 + group average criterion 2)
Number criteria used

= 5 × (0.6 + 1.2)
2 = 5 × 1.8

2 = 4.5

Therefore, the average impact score for each criterion for each animal in the low-dose
group is 4.5/5 = 0.9.

2.4. High-Dose Group

Overall score := Number o f animals × (group average criterion 1 + group average criterion 2)
Number criteria used

= 5 × (3 + 3.2)
2 = 5 × 6.2

2 = 5 × 3.1 = 15.5

Therefore, the average impact score for each criterion of each animal in the high-dose
group is 15.5/5 = 3.1.
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3. Interpretation of the Results

The data obtained from this example can be used to determine whether the severity
limit has been exceeded during the study, as well as whether the overall severity classifica-
tion for the project has also been exceeded.

3.1. Severity Limit

The severity limit is imposed to protect the individual animal; any animal that exceeds
the severity limit on the average of the specific criteria should be reported to the project
licence holder to take some sort of action. For example, the animal can be withdrawn from
the study or, in some circumstances, attempts can be made to alleviate the suffering. An
alternative is to contact the competent authority to change the limit and for the study to
continue as planned.

3.2. Severity Classification of the Project

A comparison can now be made with the prediction of mild severity in the low-dose
group and severe in the high-dose group. In theory, the average score for each animal in a
mild band should be 1; however, the actual average was 0.9. Therefore, in the final analysis
for that time point, the suffering was less than predicted. Using the same approach, the
average score for each animal in the high-dose group should have been 3 (severe) but it
was actually 3.1. Therefore, in the high-dose case, the severity classification was exceeded.
As the severity limit applies to an individual animal (see [13]. Dir.Annex VIII), some of
these animals should have been killed or withdrawn from the study, although their scores
should still be recorded.

4. More Complex Experiments: Continued Use and Reuse (Directive 2010/63/EU, Art
16.1 (a))

If a project is more complex with several phases comprising a continued use, each phase
can be scored separately and assigned a severity limit, e.g., surgery to implant a monitor
followed by a treatment and removal of the monitor. The cumulative severity would then be
the severity of each phase of the project, i.e., the severity classification for the whole project.
This may be useful scientifically, as a grossly abnormal animal during one phase may not yield
reliable data at a later stage because the results could have been confounded by physiological,
homeostatic or behavioural responses during an earlier phase.

In terms of reuse, no animal may be reused if it has experienced suffering of mild or
moderate severity during a previous use; this scheme will be useful for such assessment.

5. Discussion

5.1. Legal Aspects

Current EU [13] and UK [14] legislation requires project licence holders to conduct
an ongoing assessment of the levels of pain, suffering, distress and lasting harm (severity)
experienced by animals in an experiment. It also requires that any such suffering be
reduced to the minimum necessary to achieve the scientific objective. The scheme described
in this paper will help to do this for subacute and chronic experiments (i.e., more than
2 days) but not always for acute experiments, in which the intensity of suffering may
exceed the severity limit but not result in any significant physiological or physical changes
that can easily be observed and scored. These hyperacute changes, indicating pain and
distress, require a different approach such as observing the behaviour of the animals
(e.g., vocalisation, escape behaviours, focal attention to a particular body site, etc). It
would also be possible to measure blood hormone hormones (e.g., a rise in corticosteroid
and/or catecholamine levels) and end-organ responses (e.g., increases in heart rate, blood
pressure and respiration); however, these are complicated by the measurement procedures
involved, e.g., handling and blood sampling, which in and of themselves, can cause extra
suffering [15].
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5.2. Choice of Signs to Score

The framework outlined above allows the licence holder to use whatever signs are
most appropriate for the specific experimental procedures being carried out. They can
be clinical signs, a change in normal behaviour, exhibition of abnormal behaviour or an
experimental variable that itself may indicate an adverse effect. The key points are that the
signs being scored should be robust in the sense that they reliably indicate a scorable change;
any change is easy and convenient to observe; scoring does not cause any further suffering
to the animals concerned, i.e., measurement should be non-invasive; and is economical to
implement. It is best if the signs also reflect some biological significance; for example, a
ruffled/harsh/starey coat is a more general sign of poor wellbeing than measuring tumour
size or joint pain, which are specific to the experiment. General signs may be of help in
diagnosing an unspecified adverse state, whereas specific signs can be used to make a better
scientific severity assessment and may also be used to help with the scientific objectives.

Some signs can relate more to mental distress than pain, and these two states, i.e., pain
and distress, often go hand in hand; all painful states are likely to cause mental distress,
but not all signs of mental distress indicate pain.

5.3. Number of Scorable Signs

How many scorable signs are needed to make an assessment? In one sense, the fewer
signs to score, the easier; therefore, it is useful to try to restrict the number to those that are
most important or are most likely to reflect animal suffering. The signs to be scored can be
evaluated using a statistical elimination/reduction analysis and the minimum number of
signs that closely correlate with the final severity outcome. This may be a circular argument
and open to bias, but the overall direction of changes and their magnitude make it less
likely to be wildly inaccurate. Using the approach described above, any number of signs
can be scored cumulatively and scored in pairs or trios, e.g., A + B, or A + B + C, etc., to
provide the best fit; that is, A should normally always accompany B, B should not normally
be measured in combination with C, etc.

The final crucial assessment is to compare and rank the experimental group(s) with
the control group. The control group may be a scientific control (e.g., vehicle only or sham-
operated); the most valid type of control would probably be to compare the experimental
group with a group of naïve animals kept under the same conditions. Scoring the ‘extra’
severity or suffering is a true indication of the impact of the experimental procedures on an
animal. It is worth noting that even the scientific control may sometimes experience some
pain and distress, e.g., injection of vehicle only or sham surgery. It is therefore important
to always measure and score the control group as well as the experimental group. A
comparison with naïve animals kept under the same housing and husbandry conditions
provides the most objective indicator of all extra adverse effects experienced by the animals
in the experiment, although it will not include any mental distress that may be caused by
the housing and husbandry alone.

5.4. Categories of Adverse States

Adverse states inevitably include both a physical and a mental component; for ex-
ample, all painful states will also have a mental component of suffering. Distress, on the
other hand, is more difficult to determine and quantify and can be broken down into two
types. The classical type described by Moberg [3,16], where there is a marked perturbance
in the pituitary–hypothalamic axis that affects end-organ responses such as the adrenal
cortex, thyroid and reproductive organs can lead to a marked loss of homeostasis and,
ultimately, a failure to thrive. This type of stress response is termed physiological dystress.
The other sort of distress, which was originally described by Selye, involves behavioural
changes and is more mental than physical. It can be caused by negative emotional states of,
e.g., frustration, boredom, fear or anxiety, and is usually transient, although not always;
this type of distress is termed mental distress. The choice of controls mentioned in the
preceding paragraph dealing with naïve animals will inevitably include a minimum of
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mental distress as a result of the housing and husbandry, e.g., frustration and boredom.
Extra suffering as a result of the procedures is the difference between the control group
and the experimental group(s), e.g., pain and fear. This further illustrates the difference
between any physiological dystress and any mental distress.

5.5. Change in Score Direction

Some changes in scorable signs may be positive or negative and can go in either direction
depending on the experiment and the species being scored. For example, in experimental
studies on infection, an increase in body temperature is normally seen in most species, but for
those species with a high metabolic rate, e.g., small rodents such as mice, infection may lead to
a decrease in temperature; exactly the same principle applies to scoring the severity deviation
from normality [1,17,18]. In terminally ill animals, the body temperature will gradually fall if
they are left to die. When using body weight as a measurement, the age and maturity of an
animal has to be taken into account. That is why the control should be chosen carefully. A
failure to eat will lead to body weight loss depending on the level of intake, but in growing
animals, the comparison should be age-matched, as a slowing of growth may be just as
important. Using body weight to measure tumour growth may result in appetite being
decreased or increased, whereas body weight may increase or decrease or not change. It has
to be coupled with other signs such as tumour size. Body weight may decrease as a result of
lowered intake or increased metabolic rate, or an increase in body weight may be observed
as a result of fluid accumulation, e.g., ascites with liver tumours or decreased activity. All
confounding factors need to be taken into account and interpreted biologically when selecting
appropriate clinical signs of suffering.

5.6. Scoring of Death

Death should always be scored as a criterion in its own right, as it represents major
change (usually unexpected) and should considered a serious adverse effect regardless of
deviation from normality. If death is expected, stringent efforts must be made to predict
it and to apply a humane endpoint, as death often indicates prior hyperacute suffering
of some sort [19]. However, death can also occur very rapidly between inspections. The
legislation permits death as an endpoint in exceptional circumstances [20].

5.7. What Is Normal?

Sometimes it can be challenging to decide what is the normal range for a particular
sign, as there is so much biological variation. Each animal is scored as an individual and
not as a group; therefore, investigators look for a change in the individual rather than an
absolute number or standardised qualitative estimate. Depending on the species, change
relative to normal can vary in rodents from 0–10% for body weight depending on the time
of day, whereas for other species, the range is much smaller. This is the reason why scoring
should take into account the circadian rhythm of animals and ideally be carried out at the
same time each day. An animal’s reaction to its housing and husbandry vary as much as
the husbandry, the housing and the personnel. That confounded by individual biological
variation means that ‘normal’ will inherently have some variation, which is why +/−5%
leeway is given for that category.

In the examples I have chosen for this study, I have given a score for each level of
change that correlates with severity classification in the legislation. The classification
of normal can be difficult in some species due to the natural variation in some species,
especially in non-mammals. Normal can vary with ambient temperature (poikilotherms
such as retiles amphibia, fish, including and the mole rat) and season of the year (e.g.,
body weight in migratory birds); however, for laboratory mammals kept under research
conditions and husbandry, ‘normal’ parameters are relatively stable for a given age and
sex. The normal baseline forms the basis for assessing the impact of an experiment on an
animal. The degrees of change above or below the normal threshold are set to reflect the
severity classification from ‘mild’ to greater than ‘severe’, which includes death; although
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changes greater than severe are not permitted, they will inadvertently occur between
scoring inspections unless an adequate safety margin is implemented (see the section above
on scoring death).

5.8. Assessment of the Severity Limit and Severity Band

The average score for an individual animal in a group at a particular time is the sum
of all the scores for a specific sign divided by the number of animals. This score is then
added to the scores for all the other signs, which provides an estimate of the actual severity
being experienced by that animal at that time. For the total score in an experiment, all
the scores for all the animals in that group are added together, and that sum can then be
used to obtain the average score for each animal in that experimental group. This figure
can them be used to determine any breach of the project severity classification, which
can be an overestimate or an underestimate. However, for the application of the severity
limit and the implementation of a humane endpoint, it is the estimated suffering of an
individual animal that is important. The project severity classification, on the other hand, is
based on the overall average for the worst-case scenario of the project. The estimation of
the level of suffering (severity) can then be used to corroborate the estimated projected
severity of the project.

5.9. Inspection Intervals

It is a legal requirement that animals be inspected for health every day ([12] Art 13.1.
(c)). Animals used in an experiment should be checked more regularly depending on to
how likely they are to undergo a change in their severity classification; the frequency of
inspection should be increased for higher severity levels to three to four times or more
daily or if there is a likelihood of exceeding the upper severe category during the night and
outside normal working hours (e.g., weekends) (see unpredicted endpoints in Ashall and
Millar, 2014) [21].

5.10. Uses of Scoring Results Other than Severity Estimates

Ongoing contemporaneous scoring of the signs can help to achieve the goals of ascertain-
ing when an animal has exceeded an allocated individual severity classification or limit, in
addition to helping to define a humane endpoint, scientific endpoint or intervention point
depending on which is being sought. It will also help in any retrospective analysis of any
suffering experienced by animals, as well as the effectiveness of any alleviating strategies.
Scoring the adverse effects of scientific procedures during an experiment will help in the
validation of the scientific data being measured, as confounding covariables may negate or
modify the interpretation of the scientific results. It must always be remembered that an
animal’s physiological responses to the experimental procedures being carried out are likely
to affect the scientific data being harvested and may confound the interpretation of the data.
Furthermore, these physiological responses may even be of greater significance than any
alleviative treatments; therefore, attempts should always be made to treat pain and distress.

Training: For some clinical signs used for scoring, e.g., behaviours, appearance, stance
and posture and provoked responses, it is often vitally important that there is consistency
between those scoring the signs; this may require some serious training. Such training
should be extended to all appropriate staff, including those staff working at weekends,
holidays and out-of-hours during the evening and the night.

Finally, it should not be forgotten that such an approach may be useful to assess positive
mental states, as well as negative ones, although the choice of specific measures will obviously
vary, e.g., use of any enrichment or attractions and time spent playing in young animals.

6. Conclusions

This paper describes the principles of a simplified system of analysis of the impact
of an experiment on an animal that is objective, robust and reproducible. It will permit a
contemporaneous assessment of the adverse effects and a scheme for the implementation
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of the severity classification limit. It will also provide a mechanism for the retrospective
assessment and accuracy assessment of the predicted severity classification.
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Simple Summary: In 2020, Slovenia joined the global effort to develop effective vaccines and drugs
to treat COVID-19. Two vaccine candidates developed in previous studies were selected and tested
in the golden hamster model using four different vaccination protocols. We followed the required
3Rs principle when performing the procedures on the animals: we refined animal housing, handling,
and measurements, including the introduction of pilot animal infection tests, and we reduced the total
number of animals used primarily through the replacement procedure. Replacement was conducted
by using a virus neutralisation test on cell cultures prior to infecting and killing the animals. We
determined that the antibodies produced by the tested vaccines did not have sufficient neutralising
properties, and the project was terminated. Approximately half of the golden hamsters that were
no longer needed in the procedures were rehomed and we received very encouraging feedback
from adopters.

Abstract: Effective vaccines are needed to fight the COVID-19 pandemic. Forty golden hamsters
were inoculated with two promising vaccine candidates and eighteen animals were used in pilot
trials with viral challenge. ELISA assays were performed to determine endpoint serum titres for
specific antibodies and virus neutralisation tests were used to evaluate the efficacy of antibodies.
All tests with serum from vaccinated hamsters were negative even after booster vaccinations and
changes in vaccination protocol. We concluded that antibodies did not have sufficient neutralising
properties. Refinements were observed at all steps, and the in vitro method (virus neutralisation
test) presented a replacement measure and ultimately lead to a reduction in the total number of
animals used in the project. The institutional animal welfare officer and institutional designated
veterinarian approved the reuse or rehoming of the surplus animals. Simple socialization procedures
were performed and ultimately 19 animals were rehomed, and feedback was collected. Recently,
FELASA published recommendations for rehoming of animals used for scientific and educational
purposes, with species-specific guidelines, including mice, rats, and rabbits. Based on our positive
experience and feedback from adopters, we concluded that the rehoming of rodents, including
hamsters, is not only possible, but highly recommended.

Keywords: vaccine research; golden hamster; animal models; SARS-CoV-2
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1. Introduction

In 2020, researchers in Slovenia joined a global race to find effective therapies and
vaccines against the COVID-19 pandemic. In this context, small animal models are essential,
as preclinical studies in animals are crucial for basic and applied research in most infection
studies. Several SARS-CoV-2 animal models based on ACE2 receptor homology have been
studied, including nonhuman primates, transgenic mice, ferrets, cats, and hamsters [1].
Among wild-type rodents, only hamsters—Cricetinae—show this homology, and project
proposals using hamsters have nearly tripled in Germany, for example, compared with pre-
pandemic years [2]. The golden hamster, also known as the Syrian hamster (Mesocriccetus
auratus), is the most common in publications, although it has been shown that the Chinese
hamster (Cricetulus griseus) actually develops more severe signs of disease [3], infection
in the Roborovski dwarf hamster (Phodopus roborovskii) can sometimes be fatal [4], and
both species seem to mimic human pathology better. However, the golden hamster is well
studied and readily available from laboratory animal breeders, having been recognized as
a good model for many emerging infectious diseases [5], served as a model for SARS-CoV
infection as early as 2005, and is essential for some specific studies [6]. They are also
inexpensive, easy to handle and keep in captivity.

Vaccine efficacy (and safety) testing has been characterized by extensive use of labora-
tory animals. Working groups have been formed and recommendations made to develop
the required 3R—Replacement, Reduction, and Refinement—methods that include a non-
clinical endpoint, ultimately reducing the number of animals and decreasing severity levels
of procedures on animals (refinement) [7]. Determination of antibody efficacy involves
multiple testing platforms, including ELISA, lateral flow immunoassay, microsphere im-
munoassay, and pseudovirus systems. These assays measure the binding of antibodies to
the SARS-CoV-2 spike, RBD, pre-fusion, and N proteins. However, because not all binding
antibodies can block viral infection, these platforms do not measure antibody inhibition
of SARS-CoV-2 infection. One possible in vitro replacement is a virus neutralisation test
(VNT)—a highly sensitive and specific serological assay for detecting the presence and
amount of functional antibodies that prevent viral infectivity [8]. However, for initial
efficacy tests, it is not yet possible to replace the challenge procedure. Challenge of animals
is used as a closed system to examine the impact of the virus and the interaction of vaccines
or drugs in a living model. At least improvements—including re-evaluation of humane
endpoints and overall animal welfare—must be considered. One of these aspects is the
final fate of the animals. According to Articles 17 and 19 of Directive 2010/63/EU, the most
appropriate decision should be taken as regards the future of the animal on the basis of
animal welfare and potential risks to the environment. It is up to Member States to state
under which conditions a reuse, setting free, or rehoming of the animals used in scientific
procedures or bred for scientific purposes may be allowed. In recent years, there has been
a particular focus on the rehoming of animals, especially appealing species such as dogs,
cats, horses, and camelids, but reports of the successful rehoming of poultry, rabbits, and
rodents have also been presented on institutional websites and congresses [9]. The FELASA
Workgroup recently issued related guidelines [10], and designated surveys shed some light
on practice in Europe and the UK [11,12].

In the present study, we tested two promising vaccine candidates based on previous
research [13] on an appropriate animal model—the golden hamster—testing different
vaccination protocols on 40 animals. We describe measures for refinement of all procedures
on animals and show examples of replacement of the in vivo method. VNT was introduced
to decide which of the vaccination protocols were promising, and with negative results (no
neutralizing antibodies detected), the in vitro test actually replaced the viral challenge to
test antibody efficiency. We also introduced a rehoming procedure at the end of the study.

368



Animals 2023, 13, 2616

2. Materials and Methods

2.1. Animals

Golden hamsters (Mesocricetus auratus) of strain HsdHan AURA were supplied by
Envigo (Udine, Italy) from a UK-based breeding stock (40 animals: 20 males, 20 females)
and 18 animals (8 males, 10 females) were supplied by Janvier Laboratories (Le Genest-
Saint-Isle, France) of strain RjHan: AURA. Both outbred lines originate from Zentralinstitut
fur Versuchstiere, Hannover, Germany. The animals were 7–8 weeks old at purchase
and housed in same-sex pairs in conventional polypropylene cages with filter covers
(Techniplast Eurostandard type III). Between week 8 and 10, all females and some males
started to fight despite increased enrichment. Between the 10th and 12th week, we separated
all animals to prevent fighting and they remained in single housing until the end of
the vaccination project. A total of 40 were used for vaccine testing: 32 with the first
vaccine candidate and 8 animals with another vaccine candidate. The animals were kept
in dedicated rodent rooms at the Faculty of Veterinary Medicine, University of Ljubljana,
which provided a controlled environment with a relative humidity of 45–60%, a temperature
between 21 and 23 ◦C, and a 12:12 light—dark cycle. Feed and water were given ad libitum;
pelleted irradiated feed contained 21% crude protein (Sniff diets S8189-S098). Irradiated
wood fibre bedding was used (Lignocel, Rosenberg, Germany); for enrichment, sterilized
paper strip nesting material (Sizzelenest, Datesand, Manchester, UK), sterilized aspen wood
gnawing blocks (Datesand, Manschester, UK), and cardboard or polypropylene tubes for
hiding were offered.

For viral challenge tests, a pilot trial was planned and performed on 18 animals in
3 separate trials in a high-containment laboratory (Biosafety level 3) using an animal bio-
containment system (Techniplast IsoRat900 N with Teklad Isoplast bedding)—designated
A-BSL3 (animal biosafety level 3). For the second and third trials, animals were 8 weeks
old and kept in pairs or threes as no territorial aggression occurred yet. In total, 58 animals
were used for the project.

All animal procedures were performed in accordance with the EU Directive (2010/63/EU),
approved by the Administration of the Republic of Slovenia for Food Safety, Veterinary and
Plant Protection (Ministry of Agriculture, Forestry and Foods) and its Ethical Committee
(Decisions U34401-18/2020/8 and U34401-11/2021/9) and reports were prepared according
to PREPARE and ARRIVE guidelines.

2.2. Vaccination

Two different routes of administration and two concentrations of the best vaccine
candidate identified from previous in vitro and mouse immune response tests [13] were
selected, namely, the plasmid DNA RBD-bann. A total of 32 animals of both sexes, 4 months
old, were immunized and divided into 4 groups (4 males and 4 females each), which
were administered either 20 or 50 μg of the vaccine plasmid DNA intranasally (i.n.) or
intramuscularly (i.m.). For intramuscular administration, 50 μL was injected into the
lateral thigh (biceps muscle); for intranasal administration, 50 μL was slowly pipetted
into both nostrils (2–3 drops per nostril of plasmid DNA in 0.9% saline). All vaccinations
were repeated after 2 weeks and specific antibody titres in serum were determined by
ELISA and neutralisation properties by VNT assay. Twelve animals with the highest titres
received a second booster dose of the same product i.m. after 4 weeks. The other 20 animals
that were vaccinated with a lower dose and/or the i.n. route had lower antibody titres
and were vaccinated 4 weeks after the second dose with two additional booster doses
3 weeks apart: 10 animals with an increased dose of naked plasmid DNA (40 μg per
animal i.m.) and 10 animals with the second-best candidate from previous research: RBD-
bann recombinant protein (100 μg/animal in 50 μL i.m.) coupled with squalene adjuvant
(2:1 ratio) AddaVaxTM (Invivogen; vac-adx-10, San Diego, CA, USA) in order to boost the
antibody production.

For the final vaccination protocol, 8 naive animals (7 months old) were used and
vaccinated with recombinant RBD protein and Complete Freund’s adjuvant (Calbiochem,
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Merck) in a 1:1 ratio, 50 μL subcutaneously (s.c.) in two skin folds—just caudal to the elbow
joint (retroaxillary) and cranial to the stifle (regio plicae lateralis).

Blood samples were collected from the animals immediately before each vaccination
and 2 and 4 weeks after the last booster vaccination, always under general anaesthesia
(procedure described in Refinements down the page). Blood was transferred to a mini-tube
containing a gel clot activator (Microvette® 500 Serum Gel, Sarstedt, Germany), allowed to
coagulate for 8 h or overnight in the refrigerator, and centrifuged at 9000× g for 10 min.
The separated serum was frozen at −22 ◦C until analysis.

2.3. Refinements in Animal Work

After transport, the animals were allowed to acclimate to the new environment for
at least 1 week. If they were transferred to a BSL3 facility, they remained undisturbed
for another 3–4 days. Hamsters were provided with environmental enrichments and
handled by hand cupping or tunnels (especially when changing cages). Half of the food
pellets were always offered on the floor of the cage to allow for hamster-specific storage
behaviour. Blood samples were collected under general anaesthesia at the junction of
the cranial vena cava, external jugular vein, and subclavian vein. Isoflurane was used as
4.5% in the induction chamber, maintained by 2.5–3.5% via the face mask: the animal was
placed in dorsal recumbency, the puncture site was located on the left or right craniolateral
to the manubrium sterni, and the needle was inserted in a caudal direction toward the
contralateral hip joint [14]. The puncture site was disinfected and moistened with Spitaderm
(Ecolab, Monheim am Rhein, Germany). An amount of 200–400 μL of blood per animal
was collected, gentle pressure with a cotton swab for 30 s was applied on the puncture site,
the gas supply was switched to an oxygen mixture, and respiration and cardiac activity
were observed for a few minutes. After recovery from anaesthesia, animals were examined
periodically (30 min, 2 h, 6 h, and daily thereafter) for obvious hematoma, discomfort, or
pain. Initial administrations of the vaccine (intranasal—i.n. and intramuscular—i.m.) were
performed under the same anaesthesia: for intramuscular administration, in the lateral
position and with a face mask; for intranasal administration, the mask was removed, the
hamster was grasped around the chest with the head tilted upwards, and 3–5 small drops
were pipetted onto the nose, which were then inhaled. If the animal began to awaken, it
was placed back under the mask (isoflurane 3%) and the remaining amount of vaccine
was pipetted after the animal had lost reflexes. For booster s.c. application, only manual
restraint was used, as no intermediate blood sampling was performed, thus no anaesthesia
was needed and no local reaction was seen after the first dose. For both i.m. injections
and blood sampling, 0.5 mL insulin syringes with fixed 30 G needles were used (BD Micro
Fine Plus). For subcutaneous injection of protein suspensions and Freund adjuvant, a 1 mL
insulin syringe with a 27 G needle was used (BD Microlance 3).

Randomization was performed during acclimation of the animals—one animal care-
taker randomly assigned animals to cages in pairs; when pairs were separated, cages and
animals were renumbered by the second caretaker. Ear notches for individual ID were
made under general anaesthesia at the first blood draw. The allocation of the first vaccina-
tion protocol was conducted by the researcher, who did not know the allocation of each
animal ID, except for the sex of the animals. The remaining vaccinations were allocated
based on preliminary results. The researchers who performed titration, ELISA, PCR, VNT
tests, or histology were blinded during the analysis.

2.4. ELISA Test

ELISA was performed to determine endpoint titres for designated specific antibodies
as described before [13]. Sera from hamsters after the first and second vaccinations were
compared, and sera from the same hamsters before vaccination were used as negative
control. Details are given in the supplementary materials.
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2.5. Pseudovirus Neutralisation System

To test the general neutralisation properties of the antibodies detected in hamster sera,
a pseudovirus (PV) neutralisation assay was carried out as described before [13]. Details
are given in the supplementary materials under Figure S2.

2.6. Detection of Neutralising Properties of SARS-CoV-2 Antibodies

Serum samples were tested for the presence of neutralising SARS-CoV-2 antibodies
using a virus neutralisation test (VNT). The SARS-CoV-2 strain Slovenia/SI-4265/20 was
provided by the European Virus Archive and the Vero E6 cell line (African green monkey
kidney cells) was provided by ATCC: VERO C1008; CRL-1586 [15]. The positive reference
serum (EURM-018 human serum, JRC, EC) was used as a positive control. More details are
given in Supplementary Figure S3.

2.7. Pilot Trial for Viral Challenge Test

In the first pilot trial, 6 naïve hamsters (2 males, 4 females) were intranasally inoc-
ulated with 25 μL of the SARS-CoV-2 virus strain Slovenia/SI-4265/20 (European Virus
Archive) with a titre of 5 × 104 TCID 50/mL diluted in Eagle’s Minimum Essential Medium
(EMEM), observed daily for clinical signs, and killed with CO2 and exsanguination on
days 2 (2 female), 4 (1 male, 1 female), and 7 (1 male, 1 female) after inoculation to deter-
mine the best time point and tissue samples. Nasal conchae, trachea, lung tissue, duodenum,
and whole brain were collected. FLOQSwabs (Copan, Italia) from the caudal nasal cavity,
trachea, lung’s cutting surface, and duodenum were also taken for RT-qPCR. Based on
the initial results, a second trial with a group of 6 animals (3 males and 3 females) was
conducted. The animals were inoculated intranasally (i.n.) with 50 μL (25 μL per nostril) of
the virus with a titre of 5 × 104 TCID50/mL, monitored daily for clinical signs, and killed
with exsanguination (cardiocentesis) under inhalation anaesthesia on the fourth day after
inoculation. Because clinical and pathologic signs were low, we increased the viral load
and tested on an additional 6 animals (3 female, 3 male)—inoculated i.n. with 50 μL (25 μL
per nostril) of the virus with a titre of 1 × 106 TCID50/mL—designated as the third pilot
trial. Animals were monitored and weighed every 24 h and killed by exsanguination under
inhalation anaesthesia on day 4. Blood and lung tissue samples were collected—the entire
left lung lobe was placed in 4% buffered paraformaldehyde for histological processing,
and the entire right lung was weighed and homogenized in sterile Eagle’s Minimum Es-
sential Medium (EMEM). The clinical score sheet was used for signs of lethargy, ruffled
coat, hunched posture, laboured breathing, nasal discharge, cyanosis, and facial grimace:
1 for mild and 2 for severe manifestation (daily score above 6 was considered as humane
endpoint; none of the animals reached this). The same trained person observed the animals
and filled in the evaluation forms. She was not blind to the study, but she was blind to
animal ID each time to start with as the cage position might have changed at the first
morning inspection by the animal caretaker. Animals in A-BSL3 were identified by cage
cards and abdominal marking (blue pen) to separate between 2 or 3 animals in the cage
only upon close inspection.

2.8. Determination of Virus Titres

Virus titres were determined by titration of sample homogenate suspensions on Vero
E6 cells and measured as the 50% infectious tissue culture dose (TCID50/mL) [16–18]. Some
details are available in the supplementary materials.

2.9. RNA Extractions and Quantitative RT-PCR

The swabs of organs were individually vortexed in 2 mL phosphate-buffered saline
for 2 min prior to genomic nucleic acid extraction. Total RNA and DNA were extracted
from 140 μL of sample supernatant by the QIAamp Viral RNA Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. Viral RNA was detected with the
real-time assay RT-qPCR targeting the E gene of SARS-CoV-2 using the primers and probe
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described by Corman et al. [19]. RT-qPCR was performed by QuantStudio 5 (Thermo Fisher
Scientific, Waltham, MA, USA) using 2 μL of the extracted total RNA.

2.10. Immunohistochemistry

The left lung was fixed in 4% buffered paraformaldehyde for 3–4 days, embedded in
paraffin, and cut into 5 μm horizontal sections and stained either with HE or the location of
the virus with SARS-CoV-1/2 Spike Protein (2B3E5) mouse mAb (#52342, Cell Signaling
Technology, Danvers, MA, USA) was labelled. More details on this procedure can be found
in the supplementary materials (Figure S5).

2.11. Reuse and Rehome

The prospect of reusing or rehoming the animals was not included in the project
proposal, as all animals were expected to enter the A-BSL3 facility for viral challenge and be
killed there. Based on the results during the vaccination process, it was decided to omit the
viral challenge procedure on vaccinated animals because antibodies produced did not have
(detectable) neutralising properties and infecting the animals would not bring any new data
needed for the purpose of the project. The facility animal welfare officer was consulted to
approve the reuse or rehoming of the 40 surplus animals—the animals that were vaccinated
but not exposed to the virus. The institutional designated veterinarian certified that most of
the animals were in good health and posed no threat to the environment or human health,
so they could be reused or rehomed, even though they were about halfway through their
life expectancy at that point: 16 months old and life expectancy is between 2 and 3 years.

A total of 16 animals in suboptimal condition were sacrificed for tissue samples
for basic research and controls. In the meantime, simple socialization measures were
implemented, primarily through giving fresh food treats, frequent handling, and alternative
environmental enrichment. Another 5 animals that did not adapt well to handling were
deemed unsuitable for rehoming as pets. Adopters were initially institutional and later
external. Prospective adopters contacted the person responsible for the hamsters, an
interview was conducted to confirm the adopter’s knowledge of hamster care, a simple
adoption contract was signed, and voluntary follow-up meetings were held over the
following months. In the adoption contract, there was also basic information on procedures
the animals were subjected to and approvals of the designated veterinarian and welfare
officer. DNA vaccines to date do not persist or even biodistribute throughout the body of the
vaccine recipient when delivered parenterally into muscle, subcutaneous tissue, or dermal
layers. The local response to plasmid DNA inoculation is that cells take up the plasmid
and then express the immunogen(s)-encoded mechanisms; the nucleic acid is degraded
by normal molecular mechanisms. As a consequence, the plasmid DNA clears from the
injection site over time [20]. A minimum of 2 months passed between the last vaccination
and adoption and adopters expressed no concerns on vaccination methods used.

Out of 40 animals, 19 animals were designated fit for rehoming and all found new
homes. Eighteen months after the last adoption, a simple anonymous online survey was
conducted via a local popular webpage, www.enka.si. The link to the questionnaire was
sent to 17 adopters, and 11 responded. The (translated) questionnaire is added in the
supplementary materials.

3. Results

Sixty hamsters were planned to test the plasmid DNA RBD-bann vaccine (in low and
high doses and in two modes of administration, i.m. and i.n.) as well as the protein-based
RBD-bann. The supplier was only able to supply forty hamsters, which we divided into
four groups for the plasmid DNA vaccine and one group for the protein-based vaccine,
with each group consisting of four male and four female hamsters. Prior to vaccination,
the hamsters tested negative for SARS-CoV-2 (oropharyngeal swab to rule out possible
exposure to the virus in the environment) and a blood sample was taken. This was used as
a control—all antibody titres were compared with a control serum from each individual.
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Protein RBD bann was tested on 8 naïve hamsters after the initial ELISA and VNT results
and also on 10 animals in the form of booster doses after two doses of the DNA vaccine.
The diagram in Figure 1 explains the workflow.

Figure 1. Diagram of workflow for vaccination, sampling, and pilot viral challenges. The blue
numbers indicate the number of animals used in each run, initial vaccinations were half i.m. (syringe
symbol) and half i.n. (pipette). ELISA testing of serum was crucial for further steps in the vaccination
protocols: 10 animals with highest IgG titres received a second booster of 50 μg plasmid DNA,
10 animals received 2 boosters (3 weeks apart) with a higher dose of plasmid DNA than that initially
(40 μg instead of 20 μg) and 10 animals received 2 boosters of protein RBD-bann 3 weeks apart, all i.m.
An extra 8 animals were vaccinated with protein RBD and complete Freund adjuvant (top line). The
virus neutralisation test (VNT) served as the eventual replacement method for viral challenge. There
were no neutralization properties, the CPE effect was seen in all dilutions, and the continuation of
procedures to viral challenge was stopped (red line). Health checks were performed on 40 surviving
hamsters and a decision was made as to whether they should be reused or rehomed. A total of
24 hamsters underwent a simple socialization process and 19 eventually found new homes. Viral
challenge (i.n. inoculation, red pipette) was tested in pilot trials on non-vaccinated animals. Diagram
drawn in BioRender.

With 18 animals from the new supplier, we conducted pilot tests with the virus in
an animal biosafety level 3 (A-BSL3) laboratory. None of the vaccinated animals entered
A-BSL3 and were not infected with the virus.
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3.1. Serum Antibodies

As expected, only the booster dose resulted in high levels of IgG titres in the hamster
serum presented in the graph in supplementary material Figure S1. At a lower dose of the
tested vaccine (20 μg per animal), some animals showed an insufficient immune response,
which was more evident with the plasmid DNA product.

3.2. Pseudovirus Neutralisation Test

Neutralisation of the pseudovirus showed little effect, and insignificant lower or higher
luciferase signal levels did not correspond to group assignment (Supplementary Figure S2).

3.3. Virus Neutralisation Test

No neutralising antibodies were detected by VNT in any of the hamster serum samples
tested; all dilutions resulted in cytopathogenic effect (CPE—Supplementary Figure S3). The
positive control serum VNT titre was 1:32.

3.4. Refinement of Viral Challenge Procedure—Pilot Control Groups

To determine the best time for euthanasia, tissue, and method of sampling, pilot
experiments were conducted with a minimal number of animals. Non-vaccinated animals
were infected with 25 μL 5 × 104 TCID50/mL SARS-CoV-2 strain Slovenia/SI-4265/20, day
4 after inoculation was selected as the best time for the clinical endpoint, and swabs from
the caudal nasal cavity were more representative than swabs from the oropharynx but were
time-consuming to obtain in an A-BSL3 facility. In the duodenum and trachea, viral RNA
was either not detected or was very low (Ct values above 33—see Supplementary Table S1).
In the second trial, we doubled the amount of viral particles by applying 50 μL (25 μL
per nostril) of 5 × 104 TCID50/mL to 6 unvaccinated hamsters and all were euthanized
on day 4. RT-qPCR of viral RNA and viral titres on Vero E6 cells roughly correlated,
but levels were low and clinical signs were minor; in addition, contrary to expectations,
females gained weight (Table 1). By increasing the viral load 100× (50 μL of undiluted
stock—5 × 106 TCID50/mL) in the third trial, we observed more obvious clinical signs:
lethargy and ruffled coat, and 50% of animals had a mild nasal discharge and showed
laboured breathing. The amount of virus in the lung tissue detected by viral titre from lung
homogenate increased, viral RNA RT-qPCR Ct values dropped, and the ΔCt between the
second and third trial were significantly different at p = 0.002 as presented in the supplemen-
tary materials (Figure S4). However, the increased viral load could not be confirmed with
higher immunohistochemistry scoreof spike protein antigen (Supplementary Figure S5 and
scoring in Table 1).

Table 1. Second and third trials for pilot viral challenge control group with intranasal inoculation of
50 μL of 5 × 104 or 5 × 106 TCID50/mL SARS-CoV-2 strain Slovenia/SI-4265/20 to achieve evident
clinical scoring and tissue viral load. Differences between male and female animals were noted
especially in body mass gain/loss.

Trial Sex
Lung Virus Titre

TCID50/mL Lung Histology * Body Mass Change Clinical Score **

Viral challenge 50 μL
5 × 104 TCID50/ml

females (n = 3) detected 1/3 (8.62 × 102) range
− to + average +4% 1

males (n = 3) detected 1/3 (1.86 × 104)
range

−/+ to + average −2% 1

Viral challenge 50 μL
5 × 106 TCID50/ml

females (n = 3) detected 3/3
(1.56 × 104–6.34 × 104)

range
− to ++ average +5% 2–3

males (n = 3) detected 3/3
(1.49 × 104–1.07 × 105) all + average −2.5% 1–3

* Semi-quantification of immunohistochemistry, colorimetric detection of spike protein in lung bronchi and
interstitial tissue on 5 semi-serial sections of 1 lung lobe. Maximum score is +++. ** Clinical scores 1 point for
mild and 2 for prominent: lethargy or slow arousal response, ruffled coat, abnormal posture, dyspnoea, ocular or
nasal discharge, diarrhoea. Score above 6/day was considered humane endpoint.
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The use of 6 extra animals (third trial) or pilot trials as a whole (18 animals) might
contradict the reduction principle of 3R but was considered as refinement as the virulence
of specific SARS-CoV-2 strains for golden hamsters was not known. None of the vaccinated
animals were subjected to the viral challenge procedure.

3.5. Rehoming

Of the 40 animals vaccinated, 1 developed otitis media, was treated at the Faculty’s
Clinic for birds, small mammals, and reptiles, and was eventually adopted by the attending
veterinarian with the approval of the institutional animal welfare officer. The designated
veterinarian performed the clinical examination of the remaining animals. Three were in
worse condition, likely due to their advanced age (over 1 year old), and were euthanized.
Another 12 animals were selected for reuse for scientific or educational purposes, humanely
killed, and tissue samples collected. Socialization measures were taken for the remaining
24 animals. Five of the animals did not respond well to frequent handling, usually hiding
in the tunnel when staff were present, so they were not candidates for rehoming as pets. A
total of 19 hamsters were eventually adopted; the first six adopters were internal, the next
seven semi-internal (veterinary students and trainees in the LAS course of October 2021),
and the rest external. The word was spread through friends and relatives. Internal adopters
provided frequent feedback, and a year and a half later, a general opinion was obtained
through an anonymous online survey (translation available in the supplementary materials).
Of 17 invitations sent (2 contacts were lost), 11 responded; the main results are shown in
Figure 2. All feedback received was positive and adopters would recommend continuing
the practice. A slight dissatisfaction of four respondents (they would not recommend the
next adoption and were not completely satisfied with the adoption procedure) was related
to the result that their four hamsters had a shorter life than they expected and had some
health problems, e.g., the appearance of tumours in one. For confidentiality reasons, no
further analysis was carried out. The translation of the questionary with consent request
can be found in Supplementary Material.

 

Figure 2. Cont.
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Figure 2. The main findings from the survey among adopters 1.5 years after the rehoming procedure.
None of the responders choose the option of “completely disagree” in the first panel. No. of
responses = 11 (65% success rate).

4. Discussion

Effective vaccines are needed to combat the emerging viral epidemics. In this study,
we evaluated different deliveries of promising vaccine candidates against SARS-CoV-2 in
the Syrian hamster model. Unfortunately, the goal of our application-oriented research
project was not achieved—the vaccine candidates elicited an immunological response, but
we could not confirm the neutralising properties of the antibodies produced in the golden
hamster. In 2021, almost every country was trying to develop a vaccine for SARS-CoV-2,
the vast majority focusing on spike protein as the most immunogenic structural protein
of the virus. The success of a vaccine to fight a pandemic is dependent on durability and
stability of neutralization antibody titres [21]. Mutations in antibody epitopes on the spike
protein can result in increased viral resistance to neutralizing antibodies and have been
associated with reduced vaccine effectiveness with recent variants like omicron. Although
variant-specific vaccines and novel monoclonal antibodies are being developed for optimal
activity, booster immunizations with the old products are also investigated as they can
significantly increase serum neutralizing activity [22]. Humoral immune response—the
antibodies—is the best-defined correlate of protection against the SARS-CoV-2 infection;
however, nowadays with emerging variants, more focus is put also on cellular components:
specific B cells are important for long-term protection from the disease and T cells specific
for SARS-CoV-2 can protect from severe disease [23]. At the end of 2020, however, the most
important goal was to slow down the spread of the disease, and only efficient neutralisation
of the virus was the aim of the project funded by the Slovenian Research and Innovation
Agency and the Ministry of Defence. We have no explanation for our unexpected result—no
neutralising properties of the antibodies—and no further studies on the causes and other
types of immune response were conducted with additional animals, as this would create an
unauthorised deviation from the official decision of the Slovenian Ministry of Agriculture,
Forestry and Food and its Ethics Committee. However, we did emphasize the importance of
the 3R principle in practice. The alternative procedure reduced the total number of animals
in the study: the sero-neutralisation test or VNT turned out as a complete replacement for
the efficacy test with viral challenge of the animals as no new data would be obtained for
the scope of the project. Because VNT continued to show a negative result despite booster
vaccinations and changes in the vaccination protocol, and was backed up with a negative
PV test, we decided to discontinue the trials. None of the vaccinated animals underwent
viral challenge (moderate procedure according to classification of the severity of procedures
on animals—Directive 2010/63/EU) and they were not killed for this purpose, meaning
the reduction in severity was achieved. Also, the total expected number of hamsters in the
project (120) was reduced because none of the vaccination protocols were repeated (i.e.,
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larger groups for better statistical evaluation and control group with placebo injections),
no alternative modes of administration were tried (oral patches and enhanced intranasal
application), and no product safety testing was required.

In the meantime, while the vaccination protocol was ongoing, we subjected a small
group of animals to a pilot viral challenge test in order to establish an appropriate protocol
for the planned tests of vaccine efficacy. Pilot studies are recommended to design a study
with a needed sample size estimation when the general results of infection procedures are
unknown [24] and when the laboratory/institution is confronted with new methods, equip-
ment, animal species, etc. [25]. In our study, a pilot trial was planned to test the workflow
in a newly equipped A-BSL3 facility and to determine endpoint measurements; 12 animals
in two consecutive trials were initially used for this purpose. We followed the protocol
descriptions from the publications on the use of Syrian hamsters at that time and infected
the animals with similar viral loads between 1 × 104 and 1 × 105 TCID50/mL [26,27]. Be-
cause the observed clinical signs and virus isolates from lung tissue were very low, we
tested a higher dose in six additional animals with better results (higher clinical score and
lung viral load). This dose would be used in further procedures to achieve robust infection
in control animals, because we want to avoid difficulties in distinguishing between mild
infection and possibly only mild improvement. Pilot trials seem to contradict the reduction
principle if all goes well. But if animals with a promising vaccination response (and control
groups) are infected with suboptimal viral load, the efficiency parameters will likely be
insignificant, requiring the whole protocol to be repeated, thus using even more animals.
Higher doses have been used by some other investigators [28], and even the oropharyngeal
route could more effective [29]. Alternatively, a more infectious viral strain or a completely
different model animal could be considered. The results of our pilot tests confirmed the
need to consider this as a refinement method when planning research projects including
animal procedures.

The mild clinical signs observed, including very little decrease in body mass (or even
increase in females), must not only be due to the (initially) low inoculum dose [30] but are
also likely strain-dependent. Increase in body weight has been noticed when animals were
infected with a lower dose, but the lung pathology was comparable to higher doses, where
animals lost weight [31]. The local specific strain Slovenia/SI-4265/20 has not been tested
elsewhere and we have not used any other strain for infecting the animals for comparison.
Although this is one of the early isolates in 2020, its virulence for golden hamsters could be
low, as has been shown for some later variants [32,33]. Body mass is a robust measurable
parameter; on the other hand, observation of respiratory patterns and general well-being is
highly subjective, and standardized clinical scoring for golden hamsters or similar models is
difficult to develop [30]. For the best refinement solution, automated home cage monitoring
systems would be a perfect addition, especially because hamsters are nocturnal and the
prominent changes in their behaviour can easily go unnoticed.

The immunohistochemistry score in our pilot control group was weak and only slightly
improved after increasing the inoculation dose. Most of the positive signals were located in
the bronchi and only sparse interstitial locations in two individual animals. It should be
noted that pathologic changes are not evenly distributed and, therefore, a wide transverse
section of the entire lung lobe, ideally the left non-lobulated one, is needed [34]. At least
five semi-serial sections are required for reliable quantification with immunohistochem-
istry, which is slightly more time-consuming than histopathology scoring, where a grid
scoring was proposed on one slide [31]. For optimal pathologic evaluation, euthanasia
and sampling should be rather conducted on day 5 or 6 post-inoculation, as the virus
enters/replicates interstitially after day 4 [35] and exact pathological scoring was not used
at this stage in our experiment. For appropriate refinement, decision making for the clini-
cal endpoint should be discussed—for optimal histopathology and clinical score results,
hamsters should be left in (moderate) distress for longer (4–7 days). For therapies and vac-
cines targeting viral replication, sample analysis (virology) at the peak of viral replication
between 2 and 3 dpi may be more useful.

377



Animals 2023, 13, 2616

Researchers always strive to minimize the number of animals used as long as a
relevant statistical analysis can be performed. When working with dangerous infectious
agents, downsizing animal numbers may even be enforced due to the limited capacity of
A-BSL3 facilities. The risk of over-reduction exists and thus challenges the reliability and
reproducibility of the studies—the factors that are often referred to “Rs beyond the 3R”. For
our study, we managed to organise a capacity to house up to 60 hamsters simultaneously
in a renovated A-BSL3 but were unexpectedly faced with limited availability of the species.
Instead of the planned 60 hamsters for different vaccination protocols and three control
groups with placebo injections, we could initially acquire only 40 animals. A decision
was made to optimise the experiment design: test all the planned protocols, but for the
controls/blanks, use the sera of the same hamsters before the vaccination. Such a reduction
principle—comparing responses at later time points to a baseline level—is commonly used
in toxicology [36]. We did plan to retest only one most promising protocol, including more
animals depending on variability and adjusting the dose or adjuvant if needed as well
simultaneously using the placebo group, e.g., DNA vector without the insert. As none of
the vaccination regimens even came close to the wanted result, the repeats and further
steps (i.e., safety) were not conducted, and this ultimately reduced the number of animals.

Regarding the reliability of the studies, we need to highlight the sex differences, as we
have observed more pronounced clinical symptoms in males and this has subsequently been
well documented [37,38]. Studies examining only one sex (either males only or females only
with no clear explanation of selection) may therefore overestimate or underestimate vaccine
efficacy, dangers of new variants, or transmission through domestic animals [27,29,39].
Studying both sexes has been a guiding principle in biomedical research for so long that the
decision to use only one sex can hardly be justified [40,41], even if it seems to contradict the
reduction principle. Furthermore, for real vaccine or drug efficacy, the number of animals
used should likely increase by including different ages of animals, as disease progression is
different in aged animals [42]. We started with vaccinations when animals were 4 months
old, and eight in the last protocol tried were 7 months old. Most publications have used
very young hamsters, probably to speed up research when faced with pandemics. We can
argue this is a drawback; using prepubescent animals for this kind of translational study
is not exactly beneficial and rather animals in their prime adult age should be considered.
Therefore, also the wanted (starting) age requires more careful planning in the inclusion of
model animals in the future.

We found no reports of negative results that would explain the lack of neutralising
properties of hamster antibodies, and overall, not that many papers describing vaccine
testing in golden hamsters were found. It is likely that most laboratories started using
genetically modified mice (hACE2 mice and further variants) when they became more
readily available, because after the initial boom, the number of studies using hamsters
declined slightly [2]. However, we can surmise that more researchers encountered obstacles
in using this animal model but did not report it. The VNT test should not yield false-
negative results because it has not been shown to be species-dependent [43]. Withholding
negative results from publication—known as publication bias—can seriously distort the
literature and consume scarce resources through lengthy and perhaps even futile research.
The research community is ethically obligated to make the best use of the results of animal
studies, which is not the case when negative results are not published [44]. To overcome
this publication bias, initiatives to pre-register animal studies have been proposed [45]. To
date, there are only two reliable animal registries: Preclinicaltrials.eu and the Animal Study
Registry (animalstudyregistry.org). Unfortunately, neither of them show any results with
the keyword “hamster” (last accessed 15 June 2023). Also, while vaccine efficacy in the first
weeks after vaccination can be readily studied in animal models, monitoring the duration
of vaccine-induced immunity remains a challenge due to differences in metabolism and
life expectancy between rodents and humans [35], and the more data published, the better.

Refinements such as environmental enrichments, friendly handling, and general
anaesthesia for all inoculations and blood sampling have been introduced for the general
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welfare of the animals, even though minimal pain procedures were unlikely to affect the
final immunological outcome. We hypothesize that minimizing the pain and other negative
associations with humans contributed to rapid and smooth socialization in most animals, as
confirmed by adopter feedback. It is important to note that this species exhibits burrowing
behaviour [46], and they all used the “Sizzlenest” paper strips to build nests but left cotton
fibre “Nestlet” mostly intact. Also, most hamsters used the bent (at right angle) plastic
tunnels to seek refuge when startled but rarely slept in them. Some hamsters preferred
to nibble on aspen blocks and others the cardboard tunnels; therefore, the choice should
be given. An important aspect of hamster welfare is to check that they can reach food
through the grates as their snouts are shorter and wider than those of rats or mice. It is
best to offer them the food inside the cage [47]. If the food is scattered in the bedding, this
encourages the hamsters’ natural behaviour of gathering and storing their food in a specific
location. They regularly urinate in one corner of the cage only, so the food is not spoiled
by urine, and this also enables partial cage cleaning. In the wild, the golden hamster is
a solitary animal, but juveniles are supplied by breeders conditioned to group housing,
and housing with littermates may actually be recommended, at least for males [48]. In
our experience, it was possible to keep hamsters in same-sex pairs or groups of three for
short-term experiments, such as virus challenge trials in A-BSL3, where acclimatization
lasted a week, the experiment lasted a maximum of another week, and the cage floor surface
exceed 1800 cm2. With vaccination protocols, animals were kept longer in the conventional
facility, and soon after reaching sexual maturity, all females began to fight, inflicting bite
wounds. To create comparable conditions, we separated both sexes and switched to single
housing in these procedures.

The final refinement represented the decision to rehome some of the animals. The
rehoming process was initially met with some scepticism by the research team but was
then supported by the animal welfare officer, approved by the designated veterinarian,
and accepted with great satisfaction in the end. Most adopters were overjoyed to give the
animal a second chance in life and would gladly adopt a similar animal next time. We
do not know the opinion of the adopters who did not respond to the survey (35%)—their
experience may be different but would not be the deciding factor in this case. To date,
there are no specific institutional (or national) guidelines or protocols regarding rehoming
animals used or bred for research purposes. In Slovenia up until now, only farm and
wild animals that have undergone non-invasive or minimal harm procedures have been
considered suitable for “return to herd” or “set free” in the case of wildlife. Once the ice
was broken, future project proposals may consider rehoming laboratory animals at this
and other institutions as public interest—including for rodents—appears to be greater than
scientists would generally hope for. Success stories, including rehoming rodents, come
from other European countries. Some have chosen to work with animal welfare NGOs
(animal protection and animal rights organizations) [9]. This is probably the best solution
as long as the NGO staff can establish a good relationship of trust and communication and
work hand in hand with the scientists and regulators to ensure that they are sending an
appropriate message to the public.

As laboratory animal science faces significant challenges, openness and transparency
with the public is now encouraged. Citing MacArthur Clark [49], “A balance is demanded
between the needs of the science and the needs of the animals since this balance supports
and sustains the public’s confidence in ethical review processes and the regulatory oversight
of the use of animals in science. Tinkering with this balance, either excessively in favour of
science or excessively in favour of animal welfare, will lead to loss of public confidence and
erosion of the conditional permission society grants to enable animal research to continue.”
We believe that a process of rehoming surplus or retired laboratory animals with success
stories published in the dedicated media can be a step forward in confirming this balance.
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5. Conclusions

Refinement is a ubiquitous tool in almost every step of research projects involving
procedures on animals. Pilot trials are highly recommended when new techniques, equip-
ment, infectious agents, etc., are used because it confirms the observation of the reduction
principle. In our pilot viral challenge test, we found that we needed to use a higher viral
load of a particular virus strain to elicit a sufficient clinical response as originally planned—
and this would prevent the need to repeat the entire experiment with vaccinated animals.
The virus neutralisation test is an example of an in vitro prerequisite that may reduce the
severity or even total number of animals in the project. Because it could not demonstrate
the neutralising properties of the hamster antibodies on vaccine candidates tested in our
project, it served as a replacement for the in vivo viral challenge. The surviving golden
hamsters were successfully rehomed in our study. Positive attitudes among both scientists
and adopters of retired or surplus laboratory animals can improve public attitudes toward
the use of animals for scientific purposes and help restore general confidence in science.
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