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Abstract: Autism spectrum disorder (ASD), a neurodevelopmental condition affecting approximately
1 in 44 children in North America, is thought to be a connectivity disorder. Valproic acid (VPA) is
a multi-target drug widely used to treat epilepsy. It is also a toxic teratogen as well as a histone
deacetylase inhibitor, and fetal exposure to VPA increases the risk of ASD. While the VPA model has
been well-characterized for behavioral and neuronal deficits including hyperconnectivity, microglia,
the principal immune cells of CNS that regulate dendrite and synapse formation during early brain
development, have not been well-characterized and may provide potential hints regarding the
etiology of this disorder. Therefore, in this study, we determined the effect of prenatal exposure
to VPA on microglial numbers during early postnatal brain development. We found that prenatal
exposure to VPA causes a significant reduction in the number of microglia in the primary motor
cortex (PMC) during early postnatal brain development, particularly at postnatal day 6 (P6) and
postnatal day 10 (P10) in male mice. The early microglial reduction in the VPA model coincides with
active cortical synaptogenesis and is significant because it may potentially play a role in mediating
impaired connectivity in ASD.

Keywords: microglia; valproic acid; primary motor cortex

1. Introduction

Microglia are the principal resident immune cells of the CNS that colonize the brain
during early prenatal development and comprise 5–15% of brain cells [1]. Recent ad-
vances in microglial and neuronal development have revealed they are implicated in all
processes of neurogenesis and synaptogenesis including neuronal proliferation, migra-
tion, differentiation, as well as the formation and maturation of synaptic networks [2].
In early development, neurons make far more synaptic connections than are maintained
in the adult brain. The large number of synapses that form in early development are
eliminated by synaptic pruning, a developmental program that eliminates a large excess
of synapses while also maintaining and strengthening a subset of them [3]. The precise
colonization of microglia around areas undergoing active synaptogenesis during postnatal
development strongly suggests that microglia and neuronal synapse formation may be
influenced by each other. Indeed, several studies have shown that microglia interact with
synapses, and this interaction is critical for synaptic maturation and synaptic connectivity.
Microglia–synapse interaction occurs through several different pathways depending on
the brain region. For example, the fractalkine receptor (CX3CR1) exclusively expressed
by microglia is one mechanism involved in synaptic pruning. Genetically knocking out
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CX3CR1 in mouse hippocampus during postnatal development led to delayed synaptic
pruning demonstrated by transient excess of dendritic spines that was also associated with
decreased microglial numbers [4]. Another mechanism of microglia-mediated synaptic
pruning in an activity and complement-dependent mechanism (CR3/CD11b-CD18/Mac-1)
is found in the retinogeniculate system. Genetic (CR3 and C3 KO) and pharmacological
perturbations specific to microglia resulted in sustained deficits in synaptic wiring in the
postnatal dorso lateral geniculate nucleus (dLGN) of the thalamus [5]. These and other
observations underscore the indispensable contribution and function of microglia in synap-
tic pruning and connectivity. Consequently, then, any chemicals, drugs or environmental
agents that may potentially be toxic to microglia during the prenatal or postnatal period
can adversely affect brain development, resulting in impaired synaptic connectivity and
neurodevelopmental disorders such as autism.

Autism spectrum disorder (ASD), a neurodevelopmental disorder affecting nearly 1
in 54 children, is thought to result from aberrant brain connectivity [6] https://paperpile.
com/c/hbo56Y/v8bG (accessed on 15 March 2022). Multiple studies suggest that brain
connectivity in adults with ASD differs from young autistic children. In general, adults
exhibit underconnectivity between brain areas engaged in cognitive tasks, while children
exhibit functional hyperconnectivity at the whole brain and subsystems level, including
sensory and association cortices [6,7]. Hyperconnectivity is also observed in animal models
of autism including the valproic acid (VPA) model of autism. A model for idiopathic
autism, the VPA model, has been well-characterized for behavioral deficits and neural
deficits including neural hyperconnectivity in different brain regions [8–10]. The cause
of this hyperconnectivity is largely unknown and may be due to the direct effect of VPA
on neurons or as a consequence of the toxic effect of VPA on microglia or a combination
of the two. The impact of prenatal VPA exposure on microglia in regions undergoing
synaptogenesis in early postnatal development is also unknown and may provide some
clues to the etiology of neural hyperconnectivity. Therefore, the current study seeks to
first investigate the putative toxic effects of VPA on microglial changes in early postnatal
brain development in a mouse model of autism. We hypothesize that prenatal exposure
to VPA induces changes in the microglial population in this model. We demonstrate that
prenatal exposure to VPA significantly reduces the microglial number in the primary motor
cortex (PMC) at postnatal day 6 (P6) and P10 in male mice, a critical period coinciding
with active synaptogenesis when microglia are essential for synaptic pruning. Together,
these data suggest that environmental agents such as VPA induce changes in microglia,
the crucial cellular machinery needed for all aspects of normal brain development. Such
disruptions may profoundly affect synaptogenesis, synaptic pruning, synaptic maturation,
and synaptic connectivity resulting in neurodevelopmental disorders, including autism.

2. Materials and Methods

2.1. Animals

Adult male and female BALB/c mice were paired for breeding. Female breeders were
visually examined daily before 8:00 a.m. for the presence of a vaginal plug, which was
recorded as day 0 of embryonic development (E0). Pregnant females were treated with
either sterile saline or VPA (sodium valproate: Sigma, St. Louis, MO, USA) 600 mg/kg
dissolved in sterile saline (filtered using a sterile Millex syringe filter Millipore Corporation,
Bedford, MA, USA), injected subcutaneously (s.c) on E13 and administered at a volume
of 10 mL/kg [11]. Day of birth was recorded as day 0 (P0). All animals were housed in
the Northeast Ohio Medical University vivarium in temperature and humidity-controlled
rooms under a 12 h/12 h light/dark cycle. Water and laboratory chow were available
ad libitum. All NIH guidelines were strictly adhered to, and treatment of the mice was
approved by the institutional animal care and use committee at Northeast Ohio Medical
University. All efforts were made to minimize animal suffering, reduce the number of
animals used, and to utilize alternatives to in vivo techniques, if available.
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2.2. Tissue Collection

Male brains were collected at P6 and P10, (n = 6 brains/group; number of sec-
tions/brains used = 5). At the time of tissue collection, the mice were anesthetized (ketamine
100 mg/kg and xylazine 7.5 mg/kg) and perfused transcardially with cold 0.9% saline
followed by 4% paraformaldehyde. The animals were decapitated, and the brains were re-
moved and placed in cold 4% paraformaldehyde for 4 h, after which they were transferred
into 20% sucrose for 24 h.

2.3. Immuno-Histochemical Detection of Iba1 Protein

Brains were sectioned (20 µm) coronally on a Leica cryostat at −20 ◦C, mounted
directly onto Super frost ++ Micro slides (VWR), and allowed to dry before being stored at
4 ◦C. The ionized calcium-binding adaptor (Iba)-1 protein was used because its expression
is constitutive in both activated (amoeboid) and quiescent microglia (ramified). The staining
of all sections from all the groups was carried out under identical conditions. For staining,
slides were removed from the freezer and allowed to thaw at RT for 10 min. The slides
were washed with PBS and incubated for 1 h in PBS with 5% normal donkey serum (NDS)
and 0.1% Triton X-100 to block and permeabilize the tissue. Following blocking, slides
were incubated with primary antibody (rabbit anti-Iba1 at 1:500 dilution Wako Chemicals
Richmond, VA, USA in 3% NDS and 0.1% Triton X-100) overnight at 4 ◦C. On day 2, the
slides were washed and incubated with fluorescently labeled secondary antibody (Alexa
Fluor 488 Donkey anti rabbit IgG H+L, at 1:500 dilution, Molecular Probes, USA in 1% NDS
and 0.1% Triton X-100) for 2 h at RT in the dark. The slides were washed with PBS and
incubated with the nuclear stain Red Dot 2 (far red nuclear dye: Biotium, CA, USA) for
20 min. The slides were washed and cover slipped with Fluoromount G (Southern Biotech,
Birmingham, AL, USA) and dried overnight at RT.

2.4. Cell Counting

Iba1-labeled microglia were examined under a confocal microscope (Olympus IX 70)
at 200× and at 600× magnification. The multi-laser feature on the confocal microscope and
Flouview V 5.0 software were used to simultaneously acquire images of both microglia
stained with Iba1 and the nuclei stained with Red Dot 2. This feature covers a wide
spectrum of wavelengths ranging from 405 nm to 644 nm. An excitation wavelength of
488 nm with emission at 519 nm was used to acquire images of microglia fluorescently
labeled with Alexa Fluor 488 nm. Red Dot 2 was excited at 634 nm with an emission at
695 nm. A systematic sampling of PMC area in each section was carried out. After the
acquisition of images, the cells were counted using the cell counter feature of Image J
(rsbweb.nih.gov/ij/ accessed on 24 April 2022) throughout each 20 µm section. Counting
areas were set at of 800 × 600 µm, with a final magnification of 200×. To avoid counting
cell fragments, cells were only counted as positive if the cell body was visible as yellow
(merger of green and red) and the stain appeared uniform throughout the cell. For each
animal, sections taken every 300 µm throughout the PMC region were analyzed. The
number of representative sections analyzed for the PMC for the different groups was
5 sections/animal. The total number of Iba1-positive cells was obtained by an experimenter
blind to experimental conditions, across all representative sections for the PMC visualized.
The Atlas of the Developing Mouse Brain at E17.5, P0 and P10 (George Paxinos, Glenda
Halliday, Charles Watson, Yuri Koutcherov, Hong Qin Wang) served as a reference guide to
delineate the PMC of the sections used.

2.5. Statistical Analysis

The data obtained for the number of Iba1-positive microglia were averaged from
5 consecutive sections for each animal, and there were 6 animals (or 6 independent experi-
ments from 6 different mothers) in each group, providing a sample size of 6. We tested for
treatment effects using pooled variance t-test. Day 10 data required log transformation to
meet linear model assumptions. Treatment effects were highly significant on both day 6

3



Toxics 2022, 10, 379

(p = 3.7 × 10−5) and particularly day 10 (p = 2.3 × 10−9). GraphPad Prism version 7.0 was
used to draw the data figures and calculate statistical significance. The microglial number
on the Y axis of the graphs was obtained by analyzing the number of microglia/area/µm3

(area = length × width × height) and converting the value obtained to mm3, which ren-
dered the number of microglia/mm3.

3. Results

3.1. VPA Treatment Reduces Microglial Number in the PMC of Male Mice at P6

The photomicrographs of Iba1-positive microglia (green) in the PMC (right side of
the brain) from saline-treated and VPA-treated male mice at P6 are represented in Figure 1.
Two times points were chosen for this study, namely P10 and P6. The P10 time point was
selected based on the fact that in mice, P8–P16 constitutes the critical period of neuronal
remodeling in the cerebral cortex [12]. We also wanted to determine the effect of VPA on
microglia just before neuronal remodeling, and therefore, P6 was chosen. Because ASD
disproportionately affects males compared to females with a 3:1 ratio, we focused our
microglial studies on male animals. The primary motor cortex (PMC) was selected based
on current literature that demonstrates complex arborizations of dendrites in PMC in the
VPA rat model of autism [13]. In addition, children with autism also suffer from motor
abnormalities as comorbid symptoms [14]. A summary of the data analyses of the number
of microglia in the PMC is presented in the bar graphs shown in Figure 1e.

The number of microglia at P6 in VPA-treated mice (Mean ± SEM: 124 ± 25) was
significantly lower than those found in saline-treated mice (Mean ± SEM: 372 ± 24). The
microglia in the saline-treated mice appear to be healthy with a distinct cell body and
nuclear staining (Figure 1a). At higher magnification (600×), the microglia appear to
have characteristics of either amoeboid or intermediate morphology with short processes
(Figure 1c). However, the majority of microglia in the VPA-treated mice upon close exami-
nation at higher magnification (600×) appear to be fragmented with no distinct cell body
(Figure 1b,d).

3.2. VPA Treatment Depletes Microglia in PMC of Male Mice at P10

The photomicrographs of Iba1 positive microglia (green) in the PMC from saline-
treated and VPA-treated male mice at P10 are represented in Figure 2. A summary of the
data analyses of the number of microglia in the PMC is presented in the bar graphs of
Figure 2e.

The number of microglia at P10 in VPA-treated mice (Mean ± SEM: 26 ± 3) was
significantly lower than saline-treated mice (Mean ± SD: 824 ± 54). The microglia in the
saline-treated mice appear to be healthy with a distinct cell body and nuclear staining
(Figure 2a). At higher magnification (600×), the microglia appear to have characteristics of
either an intermediate morphology with short processes or ramified morphology with thin
processes and a distinct cell body (Figure 2c). In contrast, the microglia in the VPA-treated
mice appear to have been completely depleted by the treatment (Figure 2b). Even upon
close examination at higher magnification (600×), very few fragments are observed with
no distinct cell body (Figure 2d).

4



Toxics 2022, 10, 379

Figure 1. VPA-treated male mice show decreases in microglial number and fragmented morphology
in primary motor cortex at P6. Confocal images showing labeled microglia in the PMC of saline
control and age-matched brains of VPA mouse model of autism. (a,b) Microglia labeled with Iba1
(green) in control and VPA-treated mice at low magnification (200×). (c,d) Microglia labeled with
Iba1 (green) at high magnification (600×). White square region (insert) in a and b is magnified in
c and d. White arrows and arrowheads indicate differences in morphology of microglia in control
and VPA model. Scale bar (a,b) 200 µm and in (c,d) 50 µm. (e) Analysis of number of microglia
as summarized within the bar graphs (Mean ± SEM) reveals a statistically significant decrease in
microglial number in VPA-treated mice (* p = 3.7 × 10−5).
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Figure 2. VPA-treated male mice show significant decrease in microglial number and fragmented
morphology in primary motor cortex at P10. Confocal images showing labeled microglia in cortex
of saline control and age matched brains in VPA mouse model of autism. (a,b) Microglia labeled
with Iba1 (green) in control mice and VPA-treated mice at low magnification (200×). (c,d) Microglia
labeled with Iba1 (green) at high magnification (600×). White square region (insert) in a and b is
magnified in c and d. White arrows and arrowheads indicate differences in morphology of microglia
in control and VPA model. Scale bar (a,b) 200 µm and in (c,d) 50 µm. (e) Analysis of number of
microglia as summarized within the bar graphs (Mean ± SEM) reveals a statistically significant
decrease in microglial number in VPA-treated mice (* p = 2.3 × 10−9).

4. Discussion

To our knowledge, this study marks the first attempt to investigate the effect of
embryonic exposure to VPA on microglial number particularly during early postnatal
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development in a male VPA mouse model of autism. We demonstrate that embryonic
exposure to VPA has distinct effects on the microglial number during early postnatal
period of brain development. Specifically, we demonstrate reduced microglial number
and fragmented morphology at P6 and significantly lower microglial numbers at P10,
particularly in male offspring.

The current study analyzed the early postnatal period of brain development to more
closely match the period of early symptoms seen in humans with ASD. Clinically, autism
is associated with impairments in social behavior, verbal and nonverbal communication
and stereotypical repetitive behaviors and narrowed interest [15,16]. One of the hallmarks
of autism is hyperconnectivity, found to be higher in children than in adults, inferring
neurodevelopmental origin, the cause of which is elusive, but it is hypothesized that a lack
of pruning of synapses may be responsible for impairments in connectivity [6,7]. Microglia
are key players in pruning extranumerary synapses in development [3]. VPA-exposed
animals exhibit impaired communication, reduced exploratory behavior, and anxiety-like
and repetitive behaviors, a phenotype that models behavioral impairments in children
with autism [17]. Multiple reports in the literature have demonstrated either an increase,
decrease or no change in microglial density in different neuroanatomical regions, at later
time points in postnatal development in both male and female offspring exposed to VPA
prenatally. Of particular interest is the observation that no changes in microglial density
were observed in the Dentate Gyrus (DG) (molecular layer, granular cell layer, Hilus), CA1
region of the hippocampus (stratum oriens, pyramidal cell layer, stratum radiatum) and
cerebellum (molecular layer, granular cell layer) at P7 in a female VPA model of autism [18].
This is in contrast to our data that show fragmented microglia at P6 and near complete
depletion of microglia during peak period of synaptogenesis and synaptic maturation at
P10 in the PMC in a male VPA model, highlighting age-specific differences, region-specific
differences and sexual differences to drug response. It is also important to note that the
mouse strains used in these studies are different from what we used. It is possible that
microglia in BALBc mice may be particularly susceptible to the deleterious effect of VPA.

The reduction in microglia number close to the time of insult we observe in our
experiments is also in contrast to other studies in young adult animals at a time point
after remodeling occurs in the brain. For example, increased microglial density has been
reported in the molecular layer of the dentate gyrus in female BALBc mice at 5 months [19].
This is in contrast to studies by Kazlauskas et al., who showed no change in microglial
density in the same molecular layer of the dentate gyrus; however, this was carried out in
early neonatal (PD-7) development and in a different strain Cr1Fcen:CF1 lineage showing
age-specific and strain specific effects of the drug [18].

In yet another interesting report, Gassowska-Dobrowolska et al. studied changes
induced by VPA on protein expression of IBA-1 a microglial marker and mRNA levels
of pro and anti-inflammatory markers in the cerebral cortex and hippocampus at PD58
in rats. Prenatal exposure to VPA leads to a significant increase in protein levels of IBA1
in the cerebral cortex, which may reflect a higher microglial number. Additionally, the
mRNA levels of proinflammatory cytokines (IL-1β, IL-6. TNF-α), and anti-inflammatory
neuroprotective phenotypes (Arg1, Chi3L1, Mrc1, CD86, Fcgr1a, TGFβ1, and Sphk1) were
increased. On the other hand, the same VPA treatment resulted in no change in the above
parameters, except for the anti-inflammatory and neuroprotective phenotype that showed
an increase in the hippocampus, indicating ongoing immune system impairments, which
may be more robust in the cortex compared to the hippocampus [17]. An anti-inflammatory
phenotype in the hippocampus may reflect the possible resolution of immune activation
that may have started earlier than in the cerebral cortex. These observations also correlate
well with observations seen in the clinical symptoms of autism. For example, in high-
functioning males with ASD, there is an elevated plasma level of several cytokines IL-1β,
IL-1RA, IL-5, IL-8, IL-12, (p70), IL-13, and IL-17 [20]. In addition to increases in the
proinflammatory cytokine Il-1β, another proinflammatory cytokine TNF-α is also found
to be elevated in the cerebrospinal fluid of ASD [21]. There are frequent reports of an
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increase in IL-6 both centrally and peripherally in ASD patients [22–25]. Interestingly,
researchers have noticed an association between peripheral cytokine levels and the severity
of behavioral impairments. For example, elevated IL-1β and IL-6 are associated with
increased stereotypical behavior [25], and the dysregulation of IL-1β is associated with
impairments in memory and learning [26]. Reduced levels of the regulatory cytokine TGFβ
are associated with reduced adaptive behavior and worsening behavioral symptoms [27].
Elevated levels of IL-8 and IL-12p40 are also associated with greater impairment of aberrant
behavior including lethargy and stereotypy. Now, as the expression of IL-8 decreases,
cognitive and adaptive ability improves [25]. All these studies indicate that ASD patients
are in a state of continuous immune dysregulation, which impacts behavior, although many
of these studies are carried out in either adult animals or humans. The immune response
of microglia in different brain regions to VPA in early development in both inbred and
outbred strains of mice remains to be fully elucidated and may be useful in determining
the pathology of ASD.

It is unclear how prenatal exposure to VPA reduces microglia during early postnatal
development, which remains to be fully elucidated. One possibility is that VPA induces
microglial apoptosis, and it is likely the fragments at P6 are apoptotic bodies. Interestingly,
at P10, we observe a near complete absence of microglia including fragments. There is
some evidence from cell culture studies where VPA selectively killed cultured murine
BV-2 microglia by a caspase 3-mediated mechanism, sparing the neurons and astrocytes,
suggesting that this might be one possible mechanism [28]. A second possibility is that VPA
induces microglial necrosis. Alternatively, a third possibility is that VPA reduces microglial
cell proliferation. Regardless of the mechanism, VPA’s deleterious and toxic impact on
microglial number particularly during the critical window of synaptogenesis raises the
possibility that this might potentially have an impact on neuronal synaptogenesis, so the
further exploration of cause and effect would be of interest. Contrary to adulthood where
either an increase, decrease or no changes in microglial density are observed, our results
demonstrate microglial reduction may be an early effect of VPA. It is noteworthy that
impaired microglial function in mice has been shown to induce behavioral deficits related
to clinical symptoms of ASD, obsessive compulsive disorder and schizophrenia [29].

ASD is thought to result from aberrant hyperconnectivity. There is also evidence for
general hyperconnectivity in the somatosensory cortex, medial prefrontal cortex (mPFC),
amygdala and auditory cortex in the rodent VPA model of ASD [8–10]. Although strains
used in these studies are different, a clear picture of hyperconnectivity is emerging, the
underlying cause of which is not clear, but dysfunctional/depleted microglia may be a key
player in hyperconnectivity in ASD. Future experiments should aim to test the hypothesis
that microglial dysfunction alters synaptic connectivity in the VPA model of autism. One
limitation of our study is that we performed these experiments in male mice only. In the
future, it is equally important to study the effect of VPA on female mice as well.

In summary, the present experiments are the first to show that, in mammals, VPA
reduces the microglial number particularly during critical periods of synaptogenesis in
PMC. The data reported in this study are important and relevant to pathological states
associated with autism. Clearly, this is an interesting area that merits further investigation.
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Abstract: Per- and polyfluoroalkyl substances (PFASs) are ubiquitous in the environment and are
tied to myriad health effects. Despite the phasing out of the manufacturing of two types of PFASs
(perfluorosulfonic acid (PFOS) and perfluorooctanoic acid (PFOA)), chemical composition renders
them effectively indestructible by ambient environmental processes, where they thus remain in water.
Exposure via water can affect both human and aquatic wildlife. PFASs easily cross the placenta,
exposing the fetus at critical windows of development. Little is known about the effects of low-level
exposure during this period; even less is known about the potential for multi- and transgenerational
effects. We examined the effects of ultra-low, very low, and low-level PFAS exposure (7, 70, and
700 ng/L PFOA; 24, 240, 2400 ng/L PFOS; and stepwise mixtures) from 0–5 days post-fertilization
(dpf) on larval zebrafish (Danio rerio) mortality, morphology, behavior and gene expression and
fecundity in adult F0 and F1 fish. As expected, environmentally relevant PFAS levels did not affect
survival. Morphological abnormalities were not observed until the F1 and F2 generations. Behavior
was affected differentially by each chemical and generation. Gene expression was increasingly
perturbed in each generation but consistently showed lipid pathway disruption across all generations.
Dysregulation of behavior and gene expression is heritable, even in larvae with no direct or indirect
exposure. This is the first report of the transgenerational effects of PFOA, PFOS, and their mixture in
terms of zebrafish behavior and untargeted gene expression.

Keywords: PFAS; PFAS mixtures; epigenetics; zebrafish; transgenerational

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are a class of chemicals constituted by
a polar head group attached to a chain of C-F bonds. The unique chemistry of these
compounds renders them effectively indestructible and, thus, a prime candidate for high-
heat industrial processes and long-lasting consumer goods such as non-stick cookware
and waterproofed outerwear. The utility of PFASs is offset by their bioaccumulation and
toxic health effects. PFAS are detected virtually everywhere—in diverse wildlife, multiple
environmental matrices, and in >99% of the general public [1–3]. Drinking water is a
significant source of exposure in humans [4], and drinking water treatment plants are
not designed to remove these contaminants from source water. Likewise, wastewater
treatment plants do not intentionally filter out PFASs. PFASs are commonly found to be in
the parts per trillion (ppt; ng/L) range in both untreated and treated drinking water [5]
and wastewater [6]. The widespread low-level exposure warrants investigation into the
health effects on wildlife and humans.
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PFASs readily cross the placental barrier, potentially exposing a fetus during sensi-
tive time periods during development [7]. Chemical assault during critical windows in
development can have effects later in life; this thinking stems from the developmental
origins of health and disease (DOHaD) hypothesis [8]. DOHaD posits that the timing of
the exposure is crucial in determining the result. Placental transfer of PFASs necessitates
the study of early-life exposure and the heritable effects of exposure. As most people have
small amounts of many types of PFASs in their bodies, it is of great general interest to study
the effects of low-level exposure, including to mixtures, on developing organisms.

The two most common PFASs carried by the general population are perfluorooctanoic
acid (PFOA) and perfluorooctane sulfonic acid (PFOS), and they are usually detected at
higher levels than other types of PFASs. PFOS is present at approximately three times the
levels of PFOA in humans [9]. Choosing a relevant exposure concentration is of importance
when planning translational experiments to realistically inform public health. The general
population carries serum PFAS levels in the µg/L range (>999 ng/L), with an average of
1.42 µg/L PFOA and 4.25 µg/L PFOS [9]. The Environmental Protection Agency (EPA)
health advisory limit for drinking water of PFOA, PFOS, or their combined concentration
in mixture is 70 ppt, or 70 ng/L. Much early work characterizing PFAS toxicity used,
understandably, high dose experiments to define outcomes, such as the concentration
at which 50% of exposed organisms die (LC50). We now know that PFAS levels, while
ubiquitous in all environmental compartments, are typically at ng/L or µg/L levels in
water. A study of treated water from 25 drinking water treatment plants across the United
States found a median concentration of 19.5 ng/L for 17 PFASs combined, with a maximum
sum of 1.1 µg/L (1100 ng/L) [5]. Our group has previously shown that mean concentrations
of PFOA and PFOS in a waterway that provides drinking water in a major metropolitan
area in Michigan were 2.2 ng/L and 2.9 ng/L, respectively [10]. In order to advance
public health knowledge of exposures at both environmentally relevant levels and levels
encompassing the EPA health advisory, we chose exposure concentrations for PFOA of 7,
70, and 700 ng/L and for PFOS at approximately 3× higher concentrations of 24, 240, and
2.4 µg/L (2400 ng/L), a ratio similar to reported human levels. The mixture concentrations
contain half of each exposure level per chemical (e.g., the ultra-low mixture concentration
contains 3.5 ng/L PFOA and 12 ng/L PFOS). Throughout this report, we will refer to these
nominal concentrations of 7 ng/L PFOA exposure and 24 ng/L PFOS exposure as the
“ultra-low” exposure level, the 70 ng/L PFOA and 240 ng/LPFOS exposure as “very low”,
and the 700 ng/L PFOA and 2.4 µg/L PFOS exposure as “low”. Exposures in other studies
within the ng/L range are referred to as “low”, µg/L range as “moderate”, mg/L range as
“high”, and g/L range as “very high”.

As individual PFASs are seldom discovered in the environment or treated drinking
water alone, it is critical to study mixtures at environmental levels. PFAS mixtures are
increasingly studied, but their effects are still unclear and often unpredictable, especially
at different concentrations. Ding et al. [11] characterized the 1:1 mixture of PFOA and
PFOS at high concentrations to be synergistic towards early-life lethality in zebrafish, while
increasing the PFOA:PFOS ratio resulted in antagonism, then additivity. In another study,
individual PFASs alone significantly changed swim behavior in exposed fish at moderate
levels, but a mixture of nine PFAS had no effect at environmental levels [12]. We sought
to address this gap by characterizing a low-level mixture of the two most commonly
detected PFAS.

There is emerging evidence that PFAS exposure confers heritable effects on later
generations via epigenetic mechanisms [13] rather than direct genotoxicity. Epigenetic
modifications to DNA or chromatin serve as a “biological memory” of environmental
history that modulate gene regulatory networks in current and future generations [14].
Toxicoepigenetic initialization in the directly exposed organism can be perpetuated across
multiple generations. When an individual is directly exposed, the exposure indirectly
affects germ cells residing in the individual. “Multigenerational” (F1) effects are seen in
the generation following the directly exposed (F0) generation. Even if the exposure ceases,
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indirect germ cell exposure has occurred and can present phenotypically in this next gener-
ation’s life. Effects are considered “transgenerational” when observed in the subsequent
(F2) generation, which has never been directly or indirectly exposed. Zebrafish exposures
with explicit epigenetic outcomes through multiple generations have not been conducted
for PFAS. However, in the F0 generation, Bouwmeester et al. [15] found that moderate-
range PFOA exposure increased methylation associated with vtg1, a gene involved in
fertility. Limited epigenetic studies have been done in rodents. Tian et al. (2019) found
that non-specific methylation therapy administered with PFOS to F0 females resulted in
better birth outcomes in F1 pups than F0 PFOS exposure without methylation therapy [16].
The potential heritability of PFAS exposure effects is pertinent, as measures taken now to
prevent or reduce exposure could magnify public health benefits to the next generation(s)
at scale. The results of the current study suggest that epigenetic mechanisms mediate each
generation’s response to exposure in terms of behavior and gene expression.

The zebrafish is an ideal model system for conducting early-life research on water-
borne contaminants over multiple lifetimes. Zebrafish have been a useful, popular model
in developmental toxicology due to their easy visibility, high n-values, quick generation
time, and high homology with the human genome [17]. Additionally, the EPA plans to
eliminate funding for mammalian vertebrate research completely by 2035 [18], positioning
the zebrafish as a pertinent alternative model organism. From the outset, zebrafish eggs
have a transparent chorion through which development can be observed from the single-cell
stage to free-swimming larvae at five days post-fertilization (5 dpf). Zebrafish are prolific
breeders, producing > 300 eggs per week, and are sexually mature in ~3 months [19],
meaning transgenerational effects can be observed in about one year. They have been
utilized as an ideal transgenerational model due to all of the above-mentioned benefits and
the external fertilization of eggs, which reduces the number of generations compared to
mammalian models [20].

This study aims to advance understanding of the short- and long-term health effects
of developmental exposure to environmentally relevant levels of PFASs using the zebrafish
model organism. After exposing embryonic zebrafish to environmental levels of two preva-
lent PFASs, PFOS and PFOA, and a mixture of the two chemicals (referred to throughout
simply as “mixture”) for the first 5 days of life, we found that swimming behavior and
gene expression at 5 days post-fertilization (dpf) was affected by at least one concentration
of all chemicals in all three generations (F0–F2). Pathway analysis of gene expression
revealed upregulated pathways of immunotoxicity, movement disorders, and endocrine
disruption. Adult fecundity (eggs produced per female) was statistically increased in the
PFOA-exposed F0 generation and decreased in the F1 generation. Morphological abnor-
malities at 5 dpf were not observed until the F1 and F2 generations. As expected at these
low doses, survival was uniformly unaffected by exposure.

It is the authors’ aim that these results inform decision-making regarding safe con-
taminant limits in drinking water and in aquatic habitats. The federal health advisory
limit set by the EPA for PFOS, PFOA, and their mixture is currently 70 ng/L [21], while
some states legislate much lower levels. This study provides the first report of multigener-
ational effects of PFOA exposure on behavior and of mixture exposure on behavior and
gene expression, supporting findings in other PFOS studies showing these endpoints are
affected multigenerationally. Further, we show novel transgenerational effects on behavior
and gene expression following low-level exposure to any PFAS during early life. Future
efforts should include complex mixtures, and PFAS replacements, including “short-chain”
alternatives, will be critical to study as well.

2. Materials and Methods

2.1. Animal Husbandry of Adult Fish

Adult AB strain zebrafish were maintained on a 14:10 h light:dark cycle, as previously
described [22], on a recirculating system of RO water buffered to a neutral pH with Instant
Ocean© salts (Spectrum Brands, Blacksburg, VA, USA) at 27–30 ◦C. Ammonia and nitrite
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levels remained at 0 ppm. Fish were fed twice daily (Aquatox Fish Diet, Zeigler Bros
Inc., Gardners, PA, USA) and supplemented with brine shrimp (Artemia International,
Fairview, TX, USA). All zebrafish use protocols were approved by the Institutional Animal
Care and Use Committee at Wayne State University, according to the National Institutes
Health Guide to the Care and Use of Laboratory Animals (Protocol 16-03-054; approved
4 August 2016).

2.2. PFAS Exposures

2.2.1. Spawning Procedure

To obtain F0 embryos, adult stock zebrafish were spawned in a 2:1 female:male ratio
(at least 4 trios per concentration) (Figure S1) in the environmental conditions described
above. Sexes were separated overnight by a plastic divider in a spawning tank and were
allowed to spawn at 08:00 the next morning. Spawning tanks contained a slotted insert
through which eggs fell to the bottom, away from the adults. Embryos were harvested after
2 h of spawning activity.

2.2.2. Egg Cleaning

Eggs were incubated at 27 ◦C in 58 ppm bleach for 10 min, rinsed with RO water, and
then placed back in their normal environment of a weak salt solution (600 mg/L salt in RO
water) containing Instant Ocean© salts (Spectrum Brands, Blacksburg, VA, USA).

2.2.3. Exposure Protocol

Perfluorooctanoic acid (PFOA) (CAS# 335-67-1, Sigma, St. Louis, MO, USA, 95%
purity) and perfluorooctane sulfonic acid (PFOS) (CAS# 1763-23-1, Sigma, 99.4% purity)
were used for stock solutions. From these stock solutions, serial dilutions in RO water
buffered with Instant Ocean© salts were carried out each day of the exposure to reach
the nominal concentrations of 7, 70, and 700 ng/L for PFOA; 24, 240, and 2400 ng/L
PFOS; and a mixture with half of the individual concentrations and 1:1 volume ratios
(e.g., the ultra-low mixture concentration would contain 3.5 ng/L PFOA and 12 ng/L
PFOS). The control was exposed to RO water buffered with Instant Ocean salts; 30 embryos
(≤4 hpf) were placed into a well of a 6-well Falcon plate with 8.5 mL of their respective
chemical concentration or buffered water (controls). Solutions were replenished daily with
approximately 90% fresh solution. Larvae were maintained in an incubator at 27 ◦C. On
day 5, all larvae were rinsed three times in buffered water solution to end the exposure
before proceeding with further assays.

2.3. Survival and Abnormality Screening

Survival was recorded on day 5 post-fertilization. Embryos or larvae were considered
dead if the heart was stopped. On day 5, all hatched survivors were screened via light
microscope for cardiac edema, yolk sac edema, presence of swim bladder, and bent spine.
Student’s t-test was used to determine the statistical significance of each concentration
compared to control in terms of the percent total abnormalities. Assays were repeated a
minimum of 5 times, with at least 150 larvae per concentration (Table S1). Each repetition
was performed on a different day with different larvae.

2.4. Behavioral Analysis

The behavioral assay measuring swim distance in light and dark cycles was performed
and analyzed as previously reported [20]. Briefly, healthy (no morphological abnormalities)
5 dpf larvae from control and exposed groups were acclimated to a well plate for ≥1 h,
then loaded into a DanioVision Chamber (Noldus Information Technology, Wageningen,
The Netherlands), which alternated four light and dark cycles for three min each following
a chamber acclimation period. Raw data were exported to Noldus EthoVisionXT14, and
average distance moved (cm) was analyzed using ANOVA and Tukey’s HSD tests in
custom R scripts (File S1). The assay was replicated at least three times for each chemical or
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mixture, with at least 68 fish per concentration in each replicate (Table S1). Each repetition
was performed on a different day with different larvae. Larvae were euthanized after the
behavioral assay and not used for any further endpoints.

2.5. RNA-Seq and Pathway Analysis

At 5 dpf, five larvae were euthanized and pooled to create one sample, and at least
3 samples per concentration were analyzed for gene expression (Table S1). Each repetition
was performed on a different day with a different cohort of larvae. Larvae were pooled to
represent the ratio of healthy:abnormal larvae observed during the morphological abnor-
mality assay. For example, if 20% of all low-level PFOA larvae presented abnormalities, 1 of
each 5 pooled larvae would present an abnormality, while the other 4 were healthy. Larvae,
once euthanized in 16.7 mg/mL tricaine methanesulfonate, were placed in RNALater. This
was drained according to the manufacturer’s instructions (i.e., between 1–7 days later)
and then stored at −80 ◦C. Storage of larvae, RNA isolation, cDNA library preparation,
sequencing, differential expression analysis, and pathway analysis were performed as pre-
viously reported [22]. Briefly, RNA isolation was performed with the Qiagen RNeasy Lipid
Mini Kit (Qiagen, Hilden, Germany). cDNA libraries were prepared using the Quantseq™
3′ mRNA-seq kit (Lexogen, Vienna, Austria). RNA and cDNA concentrations were mea-
sured with a Qubit™ 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA), and cDNA quality
was also assessed with an Agilent TapeStation 2200 (Agilent Technologies, Santa Clara,
CA, USA). F0 samples were sequenced on Illumina® MiSeq™ (Illumina, CA, USA) and
F1–F2 were sequenced on Illumina® HiSeq 2500™ (Illumina, CA, USA) using the Lexogen
Bluebee® Genomics Platform (Bluebee, Rijswijk, The Netherlands). F0 reads were aligned
to Danio rerio genome Build GRCz10, and F1–F2 reads were aligned to Danio rerio genome
Build GRCz11; differential expression analysis was determined via DESeq2. Differentially
expressed genes (DEGs) with log2 fold changes ≥0.75 or ≤−0.75, p-values <0.01, and ≥50
analysis-ready molecules were analyzed with Ingenuity Pathway Analysis (IPA®) software
(Qiagen Bioinformatics, Redwood City, CA, USA).

2.6. Fecundity Assay

At sexual maturity and dimorphism (4–6 weeks), fish were spawned in a 1:1 male:female
ratio in order to attribute the number of eggs produced to each individual female (Figure S1).
Fish were not spawned more than once per week. Four randomly-chosen pairs per con-
centration and control were used per experiment (16 total spawning tanks) (Figure S1,
Table S1). After two acclimation sessions of spawning, experiments were replicated a
minimum of three times, and a minimum of 6 clutches per concentration were analyzed.
Males and females were separated overnight by a plastic divider. At 08:00, dividers were
removed and spawning allowed for 2 h. Then, each clutch was cleaned (as described in
Section 2.2.2), and eggs were imaged for later quantification. Student’s two-tailed t-test
was used to determine the average number of eggs per female for each concentration and
chemical.

2.7. Sex Ratio

At maturity, fish were visually assessed for female or male secondary sex characteris-
tics. Chi-squared tests were used to determine the statistical significance of any concentra-
tion compared to control (Table S1). In F0 fish, dissection was performed for validation.
Fish were euthanized in 1.67 mg/mL tricaine methanesulfonate (Syndel, Ferndale, WA,
USA) for 10 min.

3. Results

3.1. F0 Generation

Table 1 shows significant endpoints in all chemicals and concentrations.
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Table 1. Endpoints of PFAS exposure in zebrafish (Danio rerio) across all chemicals, concentrations,
and generations. Survival, morphological abnormalities, swim distance, fecundity, sex ratio: percent
change. DEGs: number. Blue: decreased endpoint. Orange: increased endpoint. Grey: both increased
and decreased endpoints.

F0 Generation Endpoint Concentration PFOA PFOS Mixture

Survival
Ultra-low
Very low

Low

Morphological abnormalities
Ultra-low
Very low

Low

Swim distance (dark)
Ultra-low −10.5% +3.7%
Very low −10.2% +3.6%

Low −4.2% +12.1%

Swim distance (light)
Ultra-low −11.6% +9%
Very low −18.8% −8.16% +9.7%

Low −5.4% +16%

Differentially-expressed genes
Ultra-low 1 6
Very low 1 54

Low 14 2

Fecundity
Ultra-low +85%
Very low +42.7%

Low

Sex ratio (% males)
Ultra-low
Very low

Low

F1 Generation Endpoint Concentration PFOA PFOS Mixture

Survival
Ultra-low
Very low

Low +26.7

Morphological abnormalities
Ultra-low
Very low

Low −7.4%

Swim distance (dark)
Ultra-low +15.4% −12.2%
Very low +4.6% +10.2% −9.9%

Low +9% −12%

Swim distance (light)
Ultra-low −15.5%
Very low +9.6%

Low +10.6% −10.6%

Differentially-expressed genes
Ultra-low 17 5 35
Very low 106 2 12

Low 49 149 7

Fecundity
Ultra-low
Very low

Low −28.2%

Sex ratio (% males)
Ultra-low +30.2%
Very low +55.4% +28.9%

Low +57.1%

F2 Generation Endpoint Concentration PFOA PFOS Mixture

Survival
Ultra-low
Very low

Low

Morphological abnormalities
Ultra-low
Very low

Low
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Table 1. Cont.

F0 Generation Endpoint Concentration PFOA PFOS Mixture

Swim distance (dark)
Ultra-low −8.8% −3.8%
Very low +9.4% +11.2%

Low −7.3%

Swim distance (light)
Ultra-low −14.5%
Very low −4.7% +8.8%

Low −14.8%

Differentially-expressed genes
Ultra-low 112 484 69
Very low 106 23 1

Low 302 7 9

3.1.1. F0 Survival and Abnormalities

No statistically significant larval abnormalities or mortality were observed in any con-
centration of any chemical or mixture. Ultra-low PFOS exposure approached significance
with a slightly higher rate of abnormalities (p = 6.3 × 10−2) (Table S1).

3.1.2. F0 Behavior
PFOA

Direct PFOA exposure significantly decreased larval swimming distance in both dark
and light cycles at every concentration, with the exception of the low concentration in the
light (Figures 1 and 2) (p < 1 × 10−8; p <1 × 10−8; p = 2.1 × 10−2; ultra-low, very low, low
exposure in the dark, respectively) (p = 3.4 × 10−4; p < 1 × 10−8; ultra-low and very low
exposure in the light, respectively).

PFOS

Direct PFOS exposure had no effect on larvae from any concentration in the dark. In
the light, very low and low exposure groups were significantly hypoactive (Figures 1 and 2)
(p = 4 × 10−7, 1.2 × 10−3, respectively).

Mixture

Direct exposure to the mixture of PFOA and PFOS resulted in increased swimming
distance in larval zebrafish (Danio rerio), regardless of light/dark setting (Figures 1 and 2)
(dark: p = 1.6 × 10−3; p = 8.1 × 10−4; p < 1 × 10−8; ultra-low, very low, low exposure,
respectively) (light: p = 6.7 × 10−4; p = 6.4 × 10−5; p < 1 × 10−8; ultra-low, very low, low
exposure, respectively).

3.1.3. F0 Transcriptomics

The full lists of DEGs for all chemicals and concentrations in the F0 generation can be
found in Table S3; the top five up- and downregulated DEGs are shown in Table 2. Venn
diagrams illustrating the overlap of generation-specific DEGs (all concentrations combined)
are in Figure 2. Venn diagrams illustrating the overlap of F0 DEGs for each chemical (all
concentrations combined) are in Figure 3. DEGs are considered significant at p < 0.01 and
log2FC of ≥0.75 or ≤−0.75. Pathway analysis could not be performed due to an insufficient
number of DEGs.
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Figure 1. Locomotion following PFAS exposure in dark and light. Yellow: PFOA. Blue: PFOS. Green:
mixture. (a) Top panel: F0 generation. Middle panel: F1 generation. Lower panel: F2 generation.
* p < 0.05, ** p < 0.01, *** p < 0.001; ANOVA with Tukey pairwise test. 0: no exposure. UL: ultra-low
exposure. VL: very low exposure. L: low exposure. (b) Simplified representation of significant
behavioral direction. Upwards arrow: hyperactivity. Downwards arrow: hypoactivity. Two arrows:
discordance between one or more concentrations on hyper- vs. hypoactivity. n.s.: not significant.

18



Toxics 2022, 10, 334

≥ ≤−

, , , , , ,

Figure 2. Number of DEGs in each generation for each chemical.

Table 2. Top 5 up- and downregulated DEGs in each chemical, concentration, and generation of
zebrafish (Danio rerio) and the pathways affected.

Gen. Chemical Conc. Upregulated Downregulated Pathways

F0

PFOA

Ultra-low NA NA

Very low NA rpe65a

Low ENSDARG00000075180,
gabarapl2, capzb, npc2.1, dusp1

atp6v0e1, trim36, phtf2,

PFOS

Ultra-low irs2a NA

Very low
irg1l, si:ch211-153b23.4, psma5,
si:dkeyp-1h4.8,
si:ch211-153b23.5

kif3c,
ENSDARG00000087345,
map4k3b, prodha, ca4a

Low NA NA NA

Mixture

Ultra-low NA

fkbp9, si:ch211-251f6.6,
hbbe1.3,
ENSDARG00000092364,
ENSDARG00000088687

Very low NA NA

Low slc6a19a.1, entpd8 NA

F1

PFOA

Ultra-low dusp16, pycr1b, tmigd1, wbp2nl,
serpina7

zgc:136410, lgals1l1,
pkhd1l1.2, pcnx3,
si:ch211-125e6.5

NA

Very low dusp27, gadd45ba, lims2, asb2b,
cuzd1.2

c3a.2, c4b, mthfd1l, lgals1l1,
si:ch211-125e6.5,

Xenobiotic metabolism,
estrogen receptor
signaling

Low tmigd1, npas4a, dusp16,
gadd45ba, dusp27

trmt1, pitrm1, ercc6l, ifi44d,
cdk16

NA

PFOS

Ultra-low satb1a, si:ch211-103n10.5,
zgc:172051, spint1b, akap17a

NA NA

Very low npas4a slc43a2a NA

Low zmat5, ENSDARG00000082716,
slc9a2, dusp19b, gadd45bb

mfsd14ba, ggt5b, ppp6r2b,
dennd5a, nkx3.3

Lipid metabolism, cell
death
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Table 2. Cont.

Gen. Chemical Conc. Upregulated Downregulated Pathways

Mixture

Ultra-low zgc:92590, smyhc2, amy2a,
calcoco1b, si:dkey-14d8.7

smtnl, fh, panx1a, trak2,
g6pc1a.1

NA

Very low cela1.3, si:dkey-14d8.7, amy2a,
si:ch211-240l19.8, pla2g1b

panx1a NA

Low cpa4, zgc:92590, hsd11b2,
pla2g1b, si:dkey-14d8.7

ms4a17a.8, rlbp1b NA

F2

PFOA

Ultra-low amy2al2, glg1a, slc17a6a, actl6a,
ENSDARG00000096135

ms4a17a.8, tfdp2, prss59.2,
srsf5b, LOC100538179

Mitochondrial membrane
potential, organismal
injury

Very low amy2al2, crp2, LOC103910030,
eef2k, pcnp

scn2b, cela1.3, cela1.5,
tmem97, LOC101882496

Cholesterol and other
sterol synthesis

Low amy2al2, LOC103910030, irg1l,
eef2k, si:ch211-260e23.9

lhx2b, smc1a,
LOC110439320, rlbp1b,
ms4a17a.8

Immune cell function and
trafficking, cell death,
glucose homeostasis

PFOS

Ultra-low
cela1.5, haao,
ENSDARG00000115830, atp9b,
ENSDARG00000097916

pgk1, si:ch211-260e23.9,
crtac1a, cyp8b1, rrm2

Steroid synthesis, bone
mineral density,
connective tissue

Very low cela1.5, lhx2b, cela1.3, mafb,
zmp:0000001048

b3gntl1, si:ch211-196h16.5,
arpc5a, rbm4.1, bnip4

NA

Low ENSDARG00000115830,
LOC100536187, pcdh1b, smdt1a

cfp, ddx47, LOC108179091 NA

Mixture

Ultra-low fzd6, gatm, bub3, fgfbp2b, il20ra
tcap, mmp9, bnip4, pfkfb3,
si:dkey-85k7.7

NA

Very low purab hbae5, c4b, hbae1.3, cebpa NA

Low fgfbp2b, si:dkey-102c8.3
si:ch211-281l24.3, anxa1c,
si:ch211-240l19.8, calcoco1b,
c4b

NA

− −

Figure 3. Number of DEGs from each chemical in every generation. Size of the circle indicates the
proportion of genes expressed; color of the circle indicates the chemical.

PFOA

Exposure to the ultra-low level of PFOA had no effect on differential gene expression.
At very low exposure, only rpe65a was significantly changed (LFC −0.89, p = 9.7 × 10−10).
Basic cellular functions were impacted by low exposure. Of the 14 genes that were differen-
tially expressed (DEGs) (11 up, 3 down), tmem14c was the most upregulated (LFC 0.96) and
atp6v0e1 the most downregulated (LFC −0.85).
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PFOS

Exposure to the ultra-low level of PFOS significantly increased the expression of
the insulin receptor substrate irs2a (LFC 0.77). Of 54 DEGs, the inflammatory response
gene irg1l was the most upregulated following very low exposure (LFC 1.72); the most
downregulated was the kinesin kif3c (LFC −1.24). Low exposure to PFOS did not elicit
gene expression changes.

Mixture

Exposure to ultra-low levels of PFAS mixture significantly downregulated six genes.
The most downregulated was the isomerase fkbp9 (LFC −0.92). Very low exposure had
no effect on gene expression. Low exposure induced the upregulation of two genes, the
amino acid transporter slc6a19a.1 (LFC 0.82) and the nucleoside biosynthesis gene entpd8
(LFC 0.78).

3.1.4. F0 Fecundity
PFOA

Early-life PFOA exposure did not significantly affect adult female egg production at
any concentration (Figure S2). Full fecundity data are shown in Table S2.

PFOS

Fecundity trended downwards with increasing concentrations of PFOS but did not
reach statistical significance (low exposure: p = 7 × 10−2) (Figure S2). Full fecundity data
are shown in Table S2.

Mixture

Early-life mixture exposure did not significantly affect fecundity at any concentration
(Figure S2). Full fecundity data are shown in Table S2.

3.1.5. F0 Adult Body Weight/Length

Adult body weight or length was unaffected by any concentration of any chemical
significantly. Females exposed to PFOA at very low and low levels trended towards being
significantly heavier (p = 5.1 × 10−2, 6.5 × 10−2, respectively); 15–17 fish were evaluated
per concentration, with one replicate per exposure group.

3.1.6. F0 Sex Ratio

No chemical or concentration affected the sex ratio in the F0. Low mixture exposure
approached a significant decrease in the male:female ratio (0.73, p = 5.3 × 10−2, n = 22–23).
The control male:female ratio for PFOA was 1.11 (n = 19–25), for PFOS was 2.09 (n = 29–34),
and for the mixture was 2.67; 19–34 fish were evaluated per concentration, with one replicate
per exposure group.

3.2. F1 Generation

Table 1 shows significant endpoints for all chemicals and concentrations.

3.2.1. F1 Abnormalities and Survival

No statistically significant abnormalities or mortality were observed in any concentra-
tion of PFOS or the mixture. At low PFOA exposure, a significant decrease was observed in
abnormalities (p = 2.9 × 10−2) (Table S1), and at ultra-low exposure, a significant increase
was observed for survival (p = 3.6 × 10−4).
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3.2.2. F1 Behavior
PFOA

Parental PFOA exposure was associated with increased swimming activity in both light
and dark at the very low and low concentrations (Figures 1 and 2) (dark: p = 1.3 × 10−2;
p < 1 × 10−8; 70 and 700 ng/L, respectively) (light: p = 4 × 10−2, 1.3 × 10−2, respectively).

PFOS

Parental PFOS exposure was associated with increased larval activity in the dark at
the very low and ultra-low concentrations (p < 1 × 10−8 for both), yet activity decreased in
the light at the low concentration (p = 5.9 × 10−3) (Figures 1 and 2).

Mixture

Parental exposure to the PFAS mixture strongly decreased swimming behavior in the
dark at all concentrations (p < 1 × 10−8 for all) and in the light as well only at the ultra-low
level (p = 3.4 × 10−6); n = 72 per concentration (Figures 1 and 2).

3.2.3. F1 Transcriptomics and Pathway Analysis

The full lists of DEGs for all chemicals and concentrations in the F1 generation can
be found in Table S4; the top five up- and downregulated DEGs and affected pathways
are shown in Table 2. The full lists of pathways (where applicable) for all chemicals,
concentrations, and generations can be found in Table S5. Venn diagrams illustrating
the overlap of generation-specific DEGs (all concentrations combined) are in Figure 2.
Venn diagrams illustrating the overlap of F1 DEGs for each chemical (all concentrations
combined) are in Figure 3. DEGs are considered significant at p < 0.01 and log2FC of ≥0.75
or ≤−0.75.

PFOA

Parental PFOA exposure at the ultra-low level caused the significant upregulation of
12 genes and the downregulation of 5 genes (log2FC < −0.75). The most upregulated gene
(log2FC = 1.03) was dusp16 and the most downregulated si:ch211-125e6.5 (log2FC: −0.84).
At very low exposure, 106 genes were significantly differentially expressed (64 upregulated,
42 downregulated). The most upregulated gene was dusp27 (log2FC: 1.24), and the most
downregulated was the innate immunity-related c3a.2 (log2FC: −1.44). The genes were
involved in pathways of xenobiotic metabolism via the CAR pathway and estrogen receptor
signaling. Other xenobiotic pathways involved were LXR, RXR, AhR, and FXR. The kinase
dusp27 was the most upregulated molecule. With low parental exposure, there were
49 DEGs, with the most highly upregulated gene of 37 genes being tmigd1 (log2FC: 1.26)
and the most downregulated trmt1 (log2FC: −0.87), out of 12.

PFOS

Parental PFOS exposure at the ultra-low level caused the significant upregulation of five
genes. The most upregulated gene (log2FC = 0.96) was satb1a. Very low parental exposure
resulted in only two significant DEGs: npas4a (log2FC: 0.75) and slc43a2a (log2FC: −0.94).
Low parental exposure resulted in 149 significant DEGs. The most highly upregulated of
118 genes was zmat5 (log2FC: 1.29); the most downregulated gene of 80 genes was mfsd14ba
(log2FC: −1.14). Pathway analysis indicated increased lipid metabolism and decreased cell
death pathways.

Mixture

Parental exposure to the ultra-low level of PFAS mixture induced 35 significant DEGs.
Of the 21 upregulated genes, zgc:92590 was the highest (log2FC: 1.35). Of the 13 down-
regulated genes, smtnl was the most downregulated (log2FC: −1.17). Very low parental
exposure was associated with the upregulation of 11 genes, with cela1.3 being the most
upregulated (log2FC: 1.19), and only 1 downregulated gene (panx1a, log2FC: −0.85). At
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low parental exposure, five genes were upregulated, with cpa4 the most upregulated
(log2FC: 0.88), and two genes were downregulated: rlbp1b and ms4a17a.8 (log2FC: −0.79,
−0.89, respectively).

3.2.4. F1 Fecundity
PFOA

The F1 generation of very low-level PFOA exposure lineage produced significantly
fewer eggs than controls (−28.2%, p < 0.01). Ultra-low and low concentrations were not
affected (Figure S2). Full fecundity data are shown in Table S2.

PFOS

Parental PFOS exposure had no effect on F1 fecundity (Figure S2). Full fecundity data
are shown in Table S2.

Mixture

Parental mixture exposure had no effect on F1 fecundity (Figure S2). Full fecundity
data are shown in Table S2.

3.2.5. F1 Sex Ratio
PFOA

At every concentration (ultra-low, very low, low), there was a significant increase in
the male:female ratio of adult fish (p = 7.4 × 10−4, 2.6 × 10−9, 3.2 × 10−9, respectively).
The authors note the abnormal lack of males in the control group, which may have led
to a false-positive result (PFOA control male ratio: 0.17, PFOS control male ratio: 1.53,
mixture control male ratio: 1.12). PFOA F1 contained significantly fewer males than PFOS
and mixture F1 (p = 4.1 × 10−4, 4.24 × 10−5, respectively (chi-square test)). There was no
difference in control PFOS and mixture male ratio (p = 0.59). Additionally, due to a lack
of access to research animals during the SARS-CoV-2-related institutional shutdown, only
one cohort of fish (n = 56–66) could be observed.

PFOS

No sex ratio shift was observed (n = 36–86).

Mixture

At the very low exposure level, there was a significant increase in the male:female
ratio (4.45 compared to 1.12 in controls, p = 1.8 × 10−3, n = 55–63). The authors note that
due to a lack of access to research animals during the SARS-CoV-2-related institutional
shutdown, only two cohorts of fish could be observed.

3.3. F2 Generation

Table 1 shows significant endpoints for all chemicals and concentrations.

3.3.1. F2 Abnormalities and Survival

No statistically significant abnormalities or mortality were observed in any concentra-
tion of any chemical or mixture.

3.3.2. F2 Behavior
PFOA

Transgenerational behavioral effects of legacy PFOA exposure manifested as hypoac-
tivity at each concentration (Figures 1 and 2) (ultra-low: p < 1 × 10−8 (dark); very low:
p < 1 × 10−8 (light); low: p = 1 × 10−2 (dark); p < 1 × 10−8 (light)).
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PFOS

Transgenerational behavioral effects of legacy PFOS exposure manifested at only the
very low exposure concentration, where hyperactivity was observed (Figures 1 and 2) (dark:
p = 7.6 × 10−3; light: p < 1 × 10−8).

Mixture

Transgenerational behavioral effects of legacy exposure to the PFAS mixture presented
as hypoactivity following ultra-low exposure (Figures 1 and 2) (dark: p = 4.2 × 10−2; light
p = 3.2 × 10−4) and hyperactivity only at the very low concentration and only in the dark
(p < 1 × 10−8).

3.3.3. F2 Transcriptomics and Pathway Analysis

The full lists of DEGs for all chemicals and concentrations in the F2 generation can
be found in Table S5; the top five up- and downregulated DEGs and affected pathways
are shown in Table 2. The full lists of pathways (where applicable) for all chemicals,
concentrations, and generations can be found in Table S6. Venn diagrams illustrating
the overlap of generation-specific DEGs (all concentrations combined) are in Figure 2.
Venn diagrams illustrating the overlap of F2 DEGs for each chemical (all concentrations
combined) are in Figure 3. DEGs are considered significant at p < 0.01 and log2FC of ≥0.75
or ≤−0.75.

PFOA

Ultra-low-level ancestral exposure to PFOA resulted in 112 significant DEGs in the F2
generation (30 upregulated, 82 downregulated). The most upregulated gene was amy2al2
(log2FC: 4.41) and the most downregulated was ms4a17a.8 (log2FC: −2.21). Pathway analy-
sis revealed dysregulation of mitochondrial membrane potential and increased organismal
injury, including cancer. In total, 106 DEGs resulted from ancestral PFOA exposure at
the very low level (38 upregulated, 68 downregulated). As with the ultra-low concentra-
tion, the most upregulated gene here was the carbohydrate-metabolism-related amy2al2
(log2FC: 3.58); the most downregulated was the sodium channel gene scn2b (log2FC: −2.62).
Pathway analysis implicated cholesterol synthesis via CYP51A1 and other canonical path-
ways of sterol synthesis. Ancestral low PFOA exposure resulted in 302 significant DEGs
in the F2 generation (124 upregulated, 178 downregulated). The most upregulated gene
was again amy2al2 (log2FC: 4.22), and the most downregulated was lhx2b (log2FC: −2.10).
Pathways of immune function were upregulated; the top five most upregulated pathways
all regard the trafficking of various immune cell types; 9 of the top 20 most upregulated
pathways also feature cellular movement, 7 of these in immune cells specifically. The
20 most downregulated pathways feature 9 cell-death-related functions and 5 involved in
the dysregulation of glucose homeostasis. Comparisons with GSEA datasets concerning
epigenetic and/or chromatin regulation returned multiple DEGs (Table 3).

PFOS

Ultra-low-level ancestral exposure to PFOS resulted in 484 significant DEGs in the F2
generation (209 upregulated, 275 downregulated). The most upregulated gene was cela1.5
(log2FC: 2.07), and the most downregulated was pgk1 (log2FC: −2.34). Pathway analysis
shows increased lipid metabolism, with 8 of the top 20 most upregulated pathways having
to do with the synthesis or metabolism of steroids and terpenoids. The most downregulated
pathway was bone mineral density (bias-corrected z-score: −2.75); other connective tissue
pathways were overrepresented in the 20 most downregulated pathways. In total, 23 DEGs
resulted from ancestral PFOS exposure at the very low level (16 upregulated, 7 downregu-
lated). As with the ultra-low concentration, the most upregulated gene here was cela1.5
(log2FC: 1.52); however, the most downregulated was b3gntl1 (log2FC: −0.87). Ancestral
low PFOS exposure resulted in seven significant DEGs in the F2 generation (four upregu-
lated, three downregulated). The most upregulated gene was an unnamed/unannotated
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gene on chromosome 3 (ENSDARG00000115830) (log2FC: 1.38), and the most downreg-
ulated was cfp (log2FC: −1.00). Comparisons with GSEA datasets concerning epigenetic
and/or chromatin regulation returned multiple DEGs (Table 3).

Table 3. Significant DEGs involved in epigenetic processes in the F2 generation of zebrafish
(Danio rerio).

Chemical Gene Symbol log2FC p-Value Function

PFOA

actl6a 1.7 0.0018 Chromatin modifying
foxa3 1.15 0.0067 HAT recruitment
glyr1 0.94 0.0085 Nucleosome activity

kdm3b 0.99 0.0080 Histone lysine demethylase
mat1a −1.6356 0.0035 Methionine adenosyltransferase
max −1.24 0.0043 HMT interaction

sap30l −1.18 0.0001 HDAC subunit
smc1a −1.93 0.0000 Chromatid tethering

ybx1
−1.33 (ultra-low); 1.06

(low) <0.004 DNA binding

PFOS

chmp2a −0.91 0.0079 Chromatin modifying
h1-0 0.91 0.0028 H1.0 linker histone
hbp1 0.97 0.0017 DNMT1 repressor

hmg20a 0.89 0.0085 HMT recruitment
hmgn2 −1.06 0.0046 Chromatin modifying
hnrnpk −1.19 0.0019 ssDNA binding
kdm1a −0.87 0.0071 Lysine demethylase 1A
meaf6 −1.4 0.0013 HAT interactor
prdm9 −1.41 0.0053 HMT recrutiment
riox2 1.48 0.0004 HDMT
setd5 0.96 0.0020 KMT2E paralog
tox2 1.26 0.0001 Chromatin modifying
usf1 −1.01 0.0071 Chromatin modifying

Mixture h2bc1 −0.95 0.0006 H2B clustered histone 1

Mixture

Ultra-low-level ancestral mixture exposure was associated with 69 significant DEGs in
the F2 generation. Of the 27 upregulated genes, fzd6 had the highest log2FC (1.31). Of the
42 downregulated genes, tcap had the lowest log2FC (−1.19).

At the very low concentration, F2 larvae exhibited only one significantly upregulated
DEG (purab, log2FC: 0.76) and four downregulated. The most downregulated gene was
hbae5 (log2FC: −1.36).

Similarly, the low level exposure had few DEGs. Two were upregulated (fgfbp2b and
si:dkey-102c8.3, log2FC: 0.77, 0.76, respectively), and seven were downregulated (most
downregulated: si:ch211-281l24.3, log2FC: −0.93). Comparisons with GSEA datasets con-
cerning epigenetic and/or chromatin regulation returned one DEG, h2bc1 (Table 3). No
generation alone produced a sufficient number DEGs for pathway analysis; however, when
all generations and concentrations were collated, pathways of cell death and immune
dysfunction emerged (Table 4).
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Table 4. Pathway analysis (IPA) of all DEGs from each concentration and generation of mixture-
exposed zebrafish (Danio rerio) larvae combined.

Rank Diseases or Functions Annotation p-Value Bias-Corrected z-Score # Molecules

1 Organismal death 3.59 × 10−3 1.714 22
3 Morbidity or mortality 1.81 × 10−3 1.429 23

10 Quantity of cytokine 3.53 × 10−3 0.834 5
11 Infiltration by neutrophils 1.30 × 10−3 0.793 5
12 Cell movement of neutrophils 3.56 × 10−3 0.751 6
18 Necrosis 6.16 × 10−3 0.603 23
24 Chemotaxis of leukocytes 9.40 × 10−4 0.307 7
27 Quantity of myeloid cells 1.41 × 10−3 0.301 9
41 Cellular infiltration by phagocytes 2.65 × 10−3 −0.026 6
42 Cellular infiltration by myeloid cells 4.04 × 10−3 −0.028 6
46 Cellular infiltration by leukocytes 1.09 × 10−3 −0.144 8
57 Accumulation of leukocytes 5.69 × 10−3 −0.402 5
87 Inflammatory response 5.20 × 10−3 −1.872 10

4. Discussion

In this study, numerous endpoints were examined across three generations of zebrafish
exposed to environmentally relevant PFAS concentrations. Locomotion, gene expression,
and fecundity were significantly altered across all generations by at least one concentration
of PFOA, PFOS, and/or their mixture.

Environmental levels of PFAS exposure, as expected, did not cause significant mortal-
ity in any generation. Mortality with PFAS exposure is typically not observed in zebrafish
under 10 mg/L (107 ng/L) [23,24]. Jantzen et al. [25] also found no significant death or
abnormalities using similar exposure methods to PFOS and PFOA. Gross morphological
abnormalities were not increased by exposure, agreeing with literature noting abnormal-
ities following ≥1 mg/L (106 ng/L) PFAS exposure [26]. In the F1 generation of PFOA
larvae, decreased abnormalities and increased survival were observed in the low and
ultra-low groups, respectively. It is possible these unexpected outcomes may be due to
exposure solutions, which were carefully derived from commercially available certified
stock solutions but were not analytically verified, which may lead to variability in dos-
ing; additionally, neither stock solution was available at 100% purity, ranging from 95%
(PFOA) to 99.4% (PFOS) purity. Impurities of unknown origin, constituting up to 5% of
PFOA exposure (0.35, 3.5, and 35 ng/L of the ultra-low, very low, and low concentrations,
respectively) and 0.6% of PFOS exposure (0.14, 1.4, and 14 ng/L), could potentially have
influenced the results. Overall, these results do not point to a severe risk of bodily harm
from environmental-level exposure, though analytical verification of our exposure doses
would support a higher-confidence assessment.

A persistent endpoint across all chemicals and generations was alterations in the
behavioral response to light and dark stimuli. Larval swimming behavior is used as an
indicator of neurotoxicity [27]. By 5 dpf, all major organ systems, including the brain, are
functional [27]. Larvae are naturally more inclined to reserve swim bouts for dark periods,
where they are less susceptible to predators than in the light [28]. Exposure-induced ex-
citability or lethargy may be modulated by CNS function, which could translate to negative
health implications in humans, and erratic behavior could have ecological consequences in
aquatic wildlife consistently exposed to PFASs. We report multigenerational behavioral
effects in the F1 generation and report for the first time transgenerational PFAS-associated
behavioral changes in the completely unexposed F2 generation. The presence of a behav-
ioral phenotype in the F2 generation suggests epigenetic changes induced by F0 exposure.
More research is needed to plot the mechanism of this phenotypic inheritance, as well as
how animal and human health and ecology are affected by continued PFAS exposure over
multiple generations.
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PFOA-exposed F0 larvae were hypoactive in both light and dark; this pattern was
reversed in the indirectly exposed F1 generation, then returned to the F0 pattern in the
unexposed F2 generation. Hyperactivity is typically seen in moderately to highly exposed
F0 larvae [12,29,30]; however, exposure sometimes has no behavioral effect [31,32]. It is
possible that PFOA exerts a non-monotonic response, wherein ng/L concentrations produce
the observed hypoactivity, while higher doses produce hyperactivity. More research at low
doses in the F0 generation will be required to draw conclusions. To our knowledge, this is
the first study to examine behavior in the F1 and F2 generations of PFOA-exposed F0. The
reversal in each generation of the direction of behavior (hypoactivity in F0; hyperactivity in
F1; hypoactivity in F2) also suggests the possibility of a neuromodulatory compensation
mechanism overcorrecting for the previous generation’s propensity for erratic behavior.

PFOS-exposed F0 larvae were hypoactive in the light only; this persisted in the F1
generation. Additionally, F1 larvae were hyperactive in the dark, and F2 larvae were hyper-
active under both conditions. In F0 larvae, hyperactivity is generally observed at moderate
to high doses [25,29,31–35]. One study at 2 mg/L (206 ng/L) found hypoactivity [12], but
to our knowledge, this is the first study within a ng/L range, which may account for the
diverging effect. Few studies have examined F1, and none at low doses. At moderate
doses, Chen et al. observed the exact pattern that we observed of hyperactivity in the dark
and hypoactivity in the light [33]; hyperactivity was also observed in other studies [36].
In contrast to PFOA-lineage F2, transgenerational PFOS effects present as totally different
from the F0 pattern. The differences in the structure of sulfonic and carboxylic acids are
known to exert different effects [31]; this phenomenon appears to continue into the F2
generation.

Mixture-exposed F0 larvae were hyperactive, F1 were hypoactive, and F2 possessed
a variable response to dark and light stimuli. Though PFOS was present in a higher
concentration than PFOA, PFOS did not appear to overpower PFOA’s presence or drive
the mixture results as the mixture endpoints were quite different from the PFOS endpoints.
Mixtures are generally understudied. Despite PFOS and PFOA being two of the most
thoroughly investigated individual PFAS chemicals, their mixture at human levels has not
been well-studied for locomotor behavior. However, a complex mixture including both
chemicals induced hyperactivity at putative human serum levels [32], though the presence
of other chemicals likely influenced the outcome. Very high exposure to a >1 g/L (109 ng/L)
mixture of nine PFASs in equal amounts was associated with hypoactivity [12]. However,
this concentration may have caused lethargy-inducing toxicity as the LC50 of a 1:1 ratio of
PFOA:PFOS has been demonstrated at ~37 mg/L (376 ng/L) in zebrafish [11]. Given that
we are never exposed to a single PFAS alone, and PFAS mixtures have been measured in
amniotic fluid [37,38], the lack of knowledge on mixtures across generations necessitates
more research, especially at environmentally relevant levels.

Gene expression dysregulation was the most sensitive and persistent endpoint ob-
served across all chemicals and generations. While PFASs are not directly genotoxic, they
are known to cause transcriptomic changes [25,29,39]. As exposure to low concentrations
of PFASs is understudied, we chose to explore the full transcriptome using RNA-seq rather
than targeted expression analysis. This study may provide genes of interest for future
biomarkers of effect and for targeted analysis in low-exposure schemes. We report multi-
and transgenerational effects in gene expression. In fact, for every chemical, more genes
were differentially expressed as the generations progressed. The F1 generation showed
2–4× more DEGs than F0. The F2 generation showed 2–3× more DEGs than F1 (and 8–9×
more than F0) even in the absence of exposure in the F1 and F2 generations, suggesting
epigenetic regulation of the transcriptome. The affected pathways ranged from the immune
system, xenobiotic metabolism, and steroid metabolism and synthesis (PFOA) to movement
disorders and bone mineral density (PFOS). Surprisingly, the mixture caused relatively few
DEGs compared to the single chemicals alone. In general, each chemical was associated
with a unique set of DEGs in each generation. However, common to all chemicals in the F1
generation was the dysregulation of si:dkey-14d8, and to the F2 generation, wbp2nl. Little
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is known about the Danio rerio gene si:dkey-14d8; it is predicted to be involved in collagen
fibril organization [40]. The F2 gene wbp2nl encodes a sperm protein that promotes oocyte
fertilization [41]. This gene was upregulated by PFOS and mixture exposure (log2 fold
change 1.20, 0.85, respectively) but downregulated by PFOA exposure (log2 fold change
−1.23). In line with our null findings of changes in fecundity, WBP2NL expression was not
associated with reproductive outcomes in a human study seeking prognostic fertilization
factors [42]. Wbp2nl is silenced during early development [43]; thus, its activation in the F2
larvae by PFOS and the mixture may indicate aberrant epigenetic programming. While
wbp2nl is mainly expressed by sperm, it is also found in the breast and kidney [44]—areas
known to be PFAS targets [45,46]. It will be interesting for future studies to further phe-
notypically anchor the diverse transcriptomic pathways of each chemical and the mixture
and establish biomarkers of effect for PFAS exposure.

In PFOA-exposed F0 larvae, rpe65a and atp6v0e1 were downregulated. Downregula-
tion of rpe65a is associated with retinal degeneration in zebrafish [47], and loss of RPE65
function leads to blindness in humans [48]. Atp6v0e1 is involved in visual–motor behav-
ior [49]. The downregulation of optical-related rpe65a and atp6v0e1 may have contributed to
the hypoactivity we observed in PFOA-exposed F0 larvae. In the F1 generation, xenobiotic
pathways predominated, driven by the upregulation of cyp3a7. PFASs are known xenobiotic
inducers of PXR and CAR pathways in humans and rodents; in zebrafish, these receptors
have been shown to be unresponsive to PFOA [50]. However, as these data seek to inform
human health, the change in cyp3a7 expression implicating PXR and CAR activation is still
meaningful. Additionally, CYP3A7 in humans is enriched in fetal liver [51], underscoring
the relevance of the embryonic zebrafish exposure model to human developmental health.
Another upregulated molecule in xenobiotic pathways was dusp16, which has a role in
immune function [52]. Though immune dysregulation does not feature prominently in the
PFOA F1 pathway profile, PFASs are a demonstrated immunotoxicant [53], and the dusp
genes appeared in DEGs of the F0 generation and additionally in the pathway analysis of
the F2 generation. In addition to immune system pathway disruption in the F2 generation,
steroid synthesis was affected, and the glucose-homeostasis-related pancreatic gene amy2al2
was the most upregulated DEG at every concentration. PFOA has been shown to increase
steroid hormone levels in zebrafish larvae [54], and links between PFOA serum levels and
diabetes risk have been established in humans [55–57]. Immune dysfunction appears to be
a significant outcome of low-level PFOA exposure, though effects may not be seen until
later generations.

In PFOS-exposed F0 larvae, irs2a and inflammatory response gene irg1l were upregu-
lated, and the kinesin gene kif3c was downregulated. Besides its known glucose metabolism
function [56–58], irs2a has an emerging function in hypoxia protection [59,60]. Hypoxia
and inflammation, in combination with decreased expression of the photoreceptor kif3c
gene [61], may have contributed to the hypoactivity we observed in PFOS-exposed larvae.
Others have found downregulation of the histamine H1 receptor [32] and steroidogenic
enzymes [29,62] at moderate to high exposure. Relatively few genes were differentially
expressed in the F0 generation as compared to the F1 and F2 generations. In the F1 gen-
eration, DNA-binding genes satb1a and npas4a were two of the most upregulated genes.
Satb1a and npsa4a expression is localized to the CNS in larvae [63,64]. In line with the
present behavioral results of hyperactivity from very low exposure, npas4 expression is
increased in response to neuronal activity [64]. Less is known about satb1a in zebrafish.
In humans, SATB1 remodels chromatin in thymocyte differentiation into T-cells [65,66].
Pathway analysis results included lowered chemotaxis of immune cells, increased steroid
synthesis, survival of neuronal cell types, and movement disorders. F1 larvae were the
only group across all chemicals and generations where the direction of behavior (hyper- or
hypoactivity) had no agreement between light and dark conditions. The upregulation of
neuronal activity gene npas4 may have contributed to hyperactivity in the dark; the move-
ment disorder pathway is one molecular indication of the contrasting responses to light and
dark. Other studies in zebrafish have not examined and compared for gene expression with
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F1-lineage behavior. As in F1, F2 larvae showed increased pathways involving steroids and,
additionally, other lipids. The pancreatic gene cela1.5 was the most upregulated DEG at
ultra-low and very low exposures and was moderately upregulated at low exposure. Lipid
metabolism disruption has been previously linked to PFOS exposure at moderate levels
in F0 fish [67], but we did not observe this effect until the F2 generation. Bone mineral
density and other connective tissue pathway disruptions were also a PFOS F2-specific
occurrence. Increased lipid pathways and decreased connective tissue pathways do not
seem to explain the observed hyperactivity in the F2 generation; however, a non-specific
movement disorder pathway was also increased. More research is required in F2 larvae
to fully understand the scope of the ancestral effects of PFOS exposure. In most genera-
tions, PFOS exposure was associated with pathways of increased lipid synthesis, which
complements the thoroughly-studied PFOS-associated high cholesterol in humans [68–70].

Mixtures are a rapidly expanding field of research, and low levels are highly relevant
to human health. In mixture-exposed larvae, few DEGs were expressed in all generations
compared to individual PFASs (Figure 2). The F0 generation exhibited dysregulation of
genes involved in basic cellular processes, with no obvious influence on the observed
hyperactivity. Similarly, in their assessment of behavior and gene expression in a complex
mixture including PFOS and PFOA, Khezri et al. [30] could not rationalize a clear link
between exposure-associated hyperactivity and DEGs. More research is certainly needed
to elucidate the complex transcriptomic dynamics underpinning behavioral outcomes in
mixtures. The F1 generation showed dysfunction in pancreatic genes zgc:92590, cela1.5,
and cpa4. F1 downregulation in optic-related gene rlbp1b [71] could have contributed
to the observed hypoactivity of larvae in light and dark. F2 larvae downregulated the
muscular gene tcap, yet upregulated growth genes fzd6 and fgfbp2. When significant DEGs
from all generations were collated, pathway analysis revealed immune dysfunction and
developmental deficits predicting organismal and cell death; however, mortality was
unaffected in any generation. The present results suggest mixture exposure does not cause
overt harm in any generation; however, the transcriptome of developmentally exposed fish
may be an early indicator of latent embodied effects. Perhaps a longer experiment with
aged fish would reveal mixture-associated latent mortality.

Egg production in females was measured to estimate fecundity in the F0 and F1
generations. Changes in fecundity may have implications for reproductive health, the
offspring, as well as the ecosystem. In humans, there is no consensus on fecundity and PFAS
exposure, possibly owing to the multiple ways of defining fecundity in humans. Multiple
epidemiological studies have found a decrease in fecundity with PFOA or PFOS [72–75],
while some have found no effect in either [76,77]. There was no effect on the fecundity of
F0 exposure to PFAS. Of note, controls in the PFOA F0 group produced significantly fewer
eggs than controls in the PFOS (p = 4 × 10−3) but not mixture (p = 0.15) groups (one-tailed
t-test) (PFOS and mixture controls were not significantly different (p = 0.22, two-tailed
t-test)). When egg production in PFOA-exposed larvae was compared to control data from
the PFOS and mixture larvae, there was actually a significant decrease in egg production at
low exposure (p = 2.1 × 10−2) (data not shown). Decreased zebrafish egg production was
observed in another study on low-level exposure to PFOA [37] and at moderate exposure
in the crustacean Daphnia magna [78]; however, in wild-caught fish, hepatic levels of PFOA
had no association with fecundity [79]. In the F1 generation, very low exposure lineage fish
produced significantly fewer eggs. In the only other transgenerational study of fecundity,
Marziali et al. [80] found no effect in F0–F2 in harlequin flies. In PFOS studies, fecundity is
found to be either decreased at moderate doses [78,81] or to have no effect [34,77], including
no effect in F1 and/or F2 [34,78]. In an F0–F2 study of a moderate dose PFAS mixture
containing low doses of PFOA and PFOS on Japanese medaka, Lee et al. [82] reported no
significant effect. Overall, the present results suggest little to no effect on fecundity in F0–F1
zebrafish exposed to low levels of PFAS.

Sex determination in laboratory zebrafish is polygenic and is thought to be influenced
by their environment, which can include exposure to contaminants [83]. Alterations in
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the male:female ratio are thus a common endpoint in endocrine disruption studies, with a
shift in either direction indicating disruption. In the F0 generation, there was no significant
change in sex ratio following exposure. In the F1 generation, the very low level of the
mixture and every concentration of PFOA caused an increase in the ratio (significantly more
males). The authors note the abnormal lack of males in the PFOA control group, which
may have led to a false-positive result. Additionally, due to a lack of access to research
animals during the SARS-CoV-2-related institutional shutdown, only one cohort of PFOA
F1 and two cohorts of mixture F1 fish could be observed. No changes were observed in the
PFOS-exposed sex ratio in either generation. Other studies have observed a decreased ratio
following F0 PFOS exposure [34]. Exposing the F0 and F1 generations to a mixture of four
PFAS, including PFOA and PFOS, did not result in any shift [82]. The scarcity of replicates
for all groups and abnormal PFOA control fish do not allow meaningful conclusions to be
drawn from this endpoint in the present study.

As each generation was differentially affected by each chemical, it is pertinent to
summarize the similarities and differences of each chemical’s discussed effects in the F0, F1,
and F2 generations separately. Additionally, human health research and policies are mainly
concerned with the directly exposed subject. In the F0 generation, PFOA exposure was
associated with hypoactivity, with a potential visual–motor impact occurring via the down-
regulation of vision-related genes rpe65a and atp6v0e1 [47,49]. Similarly, PFOS-exposed
larvae were also hypoactive in the light and had a downregulated photoreceptor gene
(kif3c) [61]. Ophthalmic health should be observed more closely in future studies examin-
ing behavior response to visual cues, especially as zebrafish eyes are in constant contact
with the exposure solution. The mixture-exposed larvae were, in contrast, hyperactive
and showed no clear disruption of a particular pathway, dysregulating instead the genes
involved in basic cellular processes. No chemical was associated with a significant change
in adult fecundity, body weight, length, or sex ratio. In the F1 generation, PFOA exposure
was associated with hyperactivity and xenobiotic response. PFOS-related behavior varied
by light or dark status in the only locomotor disagreement in the study; upregulated CNS-
related genes could account for the hyperactivity in the dark. The mixture larvae displayed
hypoactivity and dysfunctional pancreatic genes. Additionally, the downregulation of
optic-related gene rlbp1b [71] in the mixture larvae could complicate behavior results, as in
the F0 generation. Overall, each chemical was associated with disparate pathways in the F1
generation, in line with different behavioral patterns across the chemicals. No chemical
was associated with a reliable change in adult fecundity or sex ratio. In the F2 generation
of PFOA- and PFOS-exposed larvae, pancreatic genes were most affected, likely leading to
the observed alterations in hormone-related pathways. Additionally, immune pathways
were affected in the PFOA and mixture groups. Each chemical in the F2 generation was
associated with a different behavioral pattern (PFOA: hypoactivity; PFOS: hyperactivity),
with the mixture showing both hyper- and hypoactivity. In sum, the evidence points to
varying effects of PFASs depending on both the specific chemical and degree of exposure.

This study provides the first report on the multigenerational effects of environmental-
level PFOA exposure on zebrafish behavior and of a mixture of the two chemicals on
behavior and gene expression. Further, it is the first report of the transgenerational effects
of PFOA, PFOS, and a 1:1 mixture in terms of behavior and transcriptomics. The next
steps in this line of research will be to examine the epigenetic influences set in motion by
these PFASs. Effects onto the F2 generation have been reported in PFBS [84] and PFOS-
alternative F-53B exposure [85] at moderate levels. Intriguingly, low-level PFAS exposure
in the present study continued to exert effects generations after exposure cessation. Gene
expression dysregulation increased as the generations progressed, with F2 exhibiting far
more DEGs than F0, suggesting epigenetic regulation of expression in the absence of a
chemical stressor. In general, the DEGs in each generation and in each chemical had little
overlap. Interestingly, the mixture had a relatively small influence on the number of DEGs
compared to the individual PFASs. The unique suites of DEGs underscore the differential
effects of different functional groups of PFASs and individual PFASs versus a mixture and
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suggest different mechanisms of action in the production of the observed transcriptomic
signatures and behavioral phenotypes.

It is the authors’ aim that these results inform decision-making regarding safe contam-
inant limits in drinking water, food sources, and aquatic habitats. Future studies into the
mechanisms of epigenetic dysregulation under exposure will be of great interest. PFAS
replacements, including “short-chain” alternatives to PFOA and PFOS, will be critical to
study as well, both individually and in environmentally relevant mixtures.
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Abstract: With the abundance of chemicals in the environment that could potentially cause neurode-
velopmental deficits, there is a need for rapid testing and chemical screening assays. This study
evaluated the developmental toxicity and behavioral effects of 61 chemicals in zebrafish (Danio rerio)
larvae using a behavioral Light/Dark assay. Larvae (n = 16–24 per concentration) were exposed to
each chemical (0.0001–120 µM) during development and locomotor activity was assessed. Approxi-
mately half of the chemicals (n = 30) did not show any gross developmental toxicity (i.e., mortality,
dysmorphology or non-hatching) at the highest concentration tested. Twelve of the 31 chemicals that
did elicit developmental toxicity were toxic at the highest concentration only, and thirteen chemicals
were developmentally toxic at concentrations of 10 µM or lower. Eleven chemicals caused behavioral
effects; four chemicals (6-aminonicotinamide, cyclophosphamide, paraquat, phenobarbital) altered
behavior in the absence of developmental toxicity. In addition to screening a library of chemicals for
developmental neurotoxicity, we also compared our findings with previously published results for
those chemicals. Our comparison revealed a general lack of standardized reporting of experimental
details, and it also helped identify some chemicals that appear to be consistent positives and negatives
across multiple laboratories.

Keywords: behavior; chemical screening; literature comparison; developmental toxicity; developmental
neurotoxicity; negative control; positive control; rapid testing; zebrafish

1. Introduction

The incidence of neurodevelopmental deficits in children is steadily increasing (re-
viewed in [1,2]), accompanied by warnings from many scientific fronts regarding the
possible adverse effects of environmental chemicals on nervous system development [3–5].
The evidence that chemicals may alter the trajectory of brain development has led to height-
ened awareness of the need for rapid testing of environmental chemicals for developmental
neurotoxicity potential. An experimental model that appears to hold promise is a small,
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hardy, aquarium fish: zebrafish (Danio rerio). Elegant work in zebrafish has been published
on the development of the nervous system, neuronal pathfinding, myelination, and the
genetic or structural basis of nervous system function (e.g., [6,7]). Because of the concor-
dance between zebrafish and human developmental and neurodevelopmental pathways,
zebrafish are now used to discover mechanisms, and possibly treatments, of neurological
diseases [8–11]. Many in vitro tests have been developed to assess specific aspects of brain
development, but because brain development is complicated, with pre-described windows
of migration and connectivity orchestrated by endocrine crosstalk and feedback, a whole
animal model is often part of many developmental neurotoxicity screening batteries.

Behavioral assessment, regarded as a functional endpoint, is an integrative signal
representing nervous system status or fitness [12–14]. Not only are larval zebrafish able
to exhibit many different behaviors [15,16] but, analogous to mammalian neurodevelop-
ment, the development of the zebrafish nervous system is guided and influenced by the
interplay among brain development and endocrine systems such as the hypothalamus-
pituitary-thyroid (HPT) axis [17–19] and the hypothalamo-pituitary-adrenal (inter-renal in
zebrafish) (HPA/HPI) axis (reviewed in [20]). Moreover, zebrafish at all developmental
stages metabolize toxic chemicals using pathways similar to mammals [21,22]. Because of
these attributes, zebrafish are often proffered as a model for developmental neurotoxicity
screening (reviewed in [23–25]).

Using the zebrafish model, we had two main goals for this study: to screen a library
of chemicals for developmental neurotoxicity, and to compare our findings with previ-
ously published results for those chemicals. The specific chemical library was chosen
because (1) some of the chemicals have been associated with developmental neurotoxicity
in mammals [26]; (2) many of the chemicals were tested by other investigators within
the U.S. Environmental Protection Agency (EPA) using in vitro assays for developmental
neurotoxicity potential [27–29]; and/or (3) some of the chemicals have been tested by
investigators external to EPA using zebrafish assays [30–63]. The first aspect of this study
was to screen the library of 61 chemicals in zebrafish embryos/larvae to determine if the
chemical (maximum nominal concentration = 120 µM) produced developmental toxicity
(lethality, non-hatching or malformations) and/or neurotoxicity (changes in larval locomo-
tor activity). The second aspect of this study was to compare our results with the results
from other laboratories performing similar behavioral assays with larval zebrafish treated
with the same chemicals during development.

2. Materials and Methods

2.1. Chemicals

Table 1 lists information about the chemicals used in this study. The chemical name,
CAS number, DTXSID, molecular weight, and solvent (vehicles) are included. Also included
are the predicted median and range of water solubility, as well as the predicted median and
range of the octanol/water partition coefficient, all of which were obtained from the EPA’s
Chemicals Dashboard (https://comptox.epa.gov/dashboard/; last accessed on 31 January
2022). For the creation of stock plates, stock solutions of each chemical were prepared in
their respective vehicles, either dimethyl sulfoxide (DMSO; Anhydrous (>99.9% pure) from
Sigma-Aldrich] or deionized water, which were then used for subsequent serial dilutions
for dosing of the experimental plates. Chlorpyrifos [ethyl; CAS# 39475-55-3) served as the
positive control for behavioral alterations [64]. The highest nominal concentration tested of
any chemical was 120 µM because human plasma rarely exceeds micromolar levels of most
environmental chemicals.

38



To
xi

cs
2

0
2

2
,1

0,
25

6

T
a

b
le

1
.

L
is

t
o

f
C

h
e

m
ic

a
ls

T
e

st
e

d
.E

ac
h

ch
em

ic
al

is
lis

te
d

by
ro

w
.T

he
co

lu
m

ns
(f

ro
m

le
ft

to
ri

gh
t)

co
nt

ai
n

th
e

fo
llo

w
in

g
in

fo
rm

at
io

n
on

a
gi

ve
n

ch
em

ic
al

:n
am

e;
C

A
S

nu
m

be
r;

D
TX

SI
D

,m
ol

ec
ul

ar
w

ei
gh

t;
so

lv
en

ti
n

w
hi

ch
th

e
ch

em
ic

al
w

as
di

ss
ol

ve
d;

pr
ed

ic
te

d
m

ed
ia

n
an

d
ra

ng
e

of
w

at
er

so
lu

bi
lit

y;
an

d
pr

ed
ic

te
d

m
ed

ia
n

an
d

ra
ng

e
of

th
e

oc
ta

no
l/

w
at

er
pa

rt
it

io
n

co
ef

fic
ie

nt
.V

al
ue

s
ob

ta
in

ed
fr

om
ht

tp
s:

//
co

m
pt

ox
.e

pa
.g

ov
/d

as
hb

oa
rd

/
La

st
A

cc
es

se
d:

25
Ja

nu
ar

y
20

22
.

C
h

e
m

ic
a

l
C

a
s

#
D

T
X

S
ID

M
o

le
cu

la
r

W
e

ig
h

t
S

o
lv

e
n

t
W

a
te

r
S

o
lu

b
il

it
y

(µ
m

o
l/

L
)

P
re

d
ic

te
d

M
e

d
ia

n
W

a
te

r
S

o
lu

b
il

it
y

(µ
m

o
l/

L
)

P
re

d
ic

te
d

R
a

n
g

e
O

ct
a

n
o

l
W

a
te

r
C

o
e

ff
(L

o
g

K
o

w
)

P
re

d
ic

te
d

M
e

d
ia

n
O

ct
a

n
o

l
W

a
te

r
C

o
e

ff
(L

o
g

K
o

w
)

P
re

d
ic

te
d

R
a

n
g

e

5,
5-

D
ip

he
ny

lh
yd

an
to

in
57

-4
1-

0
D

TX
SI

D
80

20
54

1
25

2.
3

D
M

SO
5.

67
×

10
4

1.
07

×
10

2
to

6.
00

×
10

6
2.

39
2.

16
to

2.
52

5-
Fl

uo
ro

ur
ac

il
51

-2
1-

8
D

TX
SI

D
20

20
63

4
13

0.
1

D
M

SO
1.

44
×

10
5

3.
07

×
10

4
to

3.
69

×
10

6
−

0.
90

6
−

1.
37

to
−

0.
81

0
6-

A
m

in
on

ic
ot

in
am

id
e

32
9-

89
-5

D
TX

SI
D

50
51

44
6

13
7.

1
D

M
SO

6.
68
×

10
4

6.
41

×
10

4
to

1.
28

×
10

5
0.

02
7

−
0.

73
0

to
0.

69
8

6-
Pr

op
yl

-2
-

th
io

ur
ac

il
51

-5
2-

5
D

TX
SI

D
50

21
20

9
17

0.
2

D
M

SO
3.

00
×

10
4

6.
93

×
10

3
to

4.
98

×
10

6
0.

52
3

−
0.

38
6

to
1.

37

A
ce

ta
m

in
op

he
n

10
3-

90
-2

D
TX

SI
D

20
20

00
6

15
1.

1
D

M
SO

1.
47

×
10

5
3.

95
×

10
4

to
5.

70
×

10
6

0.
37

2
0.

27
0

to
0.

46
2

A
cr

yl
am

id
e

79
-0

6-
1

D
TX

SI
D

50
20

02
7

71
.1

D
M

SO
7.

05
×

10
6

2.
66

×
10

6
to

8.
99

×
10

6
−

0.
72

6
−

0.
81

0
to

−
0.

67
0

A
ld

ic
ar

b
11

6-
06

-3
D

TX
SI

D
00

39
22

3
19

0.
3

D
M

SO
2.

79
×

10
4

2.
55

×
10

4
to

3.
03

×
10

4
1.

13
1.

13
to

1.
36

A
m

ox
ic

ill
in

26
78

7-
78

-0
D

TX
SI

D
30

37
04

4
36

5.
4

D
M

SO
9.

36
×

10
3

5.
58

×
10

3
to

4.
93

×
10

6
0.

74
2

0.
48

to
0.

97
A

m
ph

et
am

in
e

51
-6

3-
8

D
TX

SI
D

20
57

86
5

18
4.

3
H

2O
5.

70
×

10
6

1.
33

×
10

5
to

1.
13

×
10

7
1.

81
0.

60
2

to
1.

82
A

rs
en

ic
77

84
-4

6-
5

D
TX

SI
D

50
20

10
4

12
9.

9
H

2O
-

-
−

3.
28

−
3.

28
Bi

sp
he

no
lA

(B
PA

)
80

-0
5-

7
D

TX
SI

D
70

20
18

2
22

8.
3

D
M

SO
1.

00
×

10
3

7.
45

×
10

2
to

6.
76

×
10

6
3.

53
3.

32
to

3.
64

Bi
s(

tr
ib

ut
yl

ti
n)

O
xi

de
56

-3
5-

9
D

TX
SI

D
90

20
16

6
59

6.
1

D
M

SO
1.

5
×

10
−

1
1.

5
×

10
−

1
4.

05
4.

05

C
ad

m
iu

m
ch

lo
ri

de
65

40
54

-6
6-

7
-

18
3.

3
D

M
SO

-
-

-
-

C
af

fe
in

e
58

-0
8-

2
D

TX
SI

D
00

20
23

2
19

4.
2

D
M

SO
8.

30
×

10
4

1.
36
×

10
4

to
7.

14
×

10
6

0.
04

5
−

0.
13

1
to

0.
28

3
C

ap
to

pr
il

62
57

1-
86

-2
D

TX
SI

D
10

37
19

7
21

7.
2

D
M

SO
9.

47
×

10
4

3.
98

×
10

4
to

2.
46

×
10

6
0.

48
1

0.
27

2
to

0.
84

0
C

ar
ba

m
az

ep
in

e
29

8-
46

-4
D

TX
SI

D
40

22
73

1
23

6.
3

D
M

SO
2.

83
×

10
2

2.
55

×
10

1
to

7.
00

×
10

6
2.

37
2.

25
to

2.
67

C
hl

or
am

be
n

13
3-

90
-4

D
TX

SI
D

20
20

26
2

20
6.

0
D

M
SO

3.
40

×
10

3
2.

92
×

10
3

to
4.

68
×

10
3

2.
15

0.
91

2
to

2.
52

C
hl

or
py

ri
fo

s
(e

th
yl

)
29

21
-8

8-
2

D
TX

SI
D

40
20

45
8

35
0.

6
D

M
SO

2.
83

1.
02

to
7.

00
×

10
6

4.
78

4.
66

to
4.

96
C

hl
or

py
ri

fo
s

(e
th

yl
)

ox
on

55
98

-1
5-

2
D

TX
SI

D
10

38
66

6
33

4.
5

D
M

SO
2.

10
×

10
2

7.
76

×
10

1
to

2.
26

×
10

2
3.

32
2.

89
to

3.
73

C
oc

ai
ne

ba
se

50
-3

6-
2

D
TX

SI
D

20
38

44
3

18
4.

3
H

2O
4.

93
×

10
6

5.
73

×
10

3
to

9.
85

×
10

6
2.

79
2.

3
to

3.
08

C
ol

ch
ic

in
e

64
-8

6-
8

D
TX

SI
D

50
24

84
5

39
9.

4
D

M
SO

5.
65

×
10

4
5.

25
×

10
2

to
7.

00
×

10
6

1.
2

0.
92

0
to

1.
86

C
ot

in
in

e
48

6-
56

-6
D

TX
SI

D
10

47
57

6
17

6.
2

D
M

SO
2.

99
×

10
6

3.
70

×
10

4
to

9.
02

×
10

6
0.

11
9

−
0.

22
8

to
0.

34
0

C
yc

lo
ph

os
ph

am
id

e
60

55
-1

9-
2

D
TX

SI
D

60
24

88
8

27
9.

1
H

2O
1.

52
×

10
5

5.
58

×
10

4
to

8.
02

×
10

6
0.

52
6

0.
23

0
to

1.
30

C
yt

os
in

e
ar

ab
in

os
id

e
14

7-
94

-4
D

TX
SI

D
30

22
87

7
24

3.
2

D
M

SO
4.

54
×

10
5

4.
39

×
10

4
to

8.
32

×
10

6
−

2.
32

−
2.

51
to

−
1.

94
D

el
ta

m
et

hr
in

52
91

8-
63

-5
D

TX
SI

D
80

20
38

1
50

5.
2

D
M

SO
1.

96
×

10
−

2
1.

86
×

10
−

3
to

7.
00

10
6

6.
19

6.
12

to
6.

20
D

ex
am

et
ha

so
ne

50
-0

2-
2

D
TX

SI
D

30
20

38
4

39
2.

4
D

M
SO

1.
95

×
10

2
1.

05
×

10
2

to
7.

00
×

10
6

1.
89

1.
72

to
1.

92
D

i(
2-

et
hy

lh
ex

yl
)p

ht
ha

la
te

(D
EH

P)
11

7-
81

-7
D

TX
SI

D
50

20
60

7
39

0.
6

D
M

SO
4.

23
×

10
−

1
2.

90
×

10
−

3
to

7.
00

×
10

6
8.

15
7.

52
to

8.
71

D
ia

ze
pa

m
43

9-
14

-5
D

TX
SI

D
40

20
40

6
28

4.
7

D
M

SO
1.

91
×

10
2

1.
07

×
10

2
to

7.
07

×
10

6
2.

91
2.

70
to

2.
92

D
ie

ld
ri

n
60

-5
7-

1
D

TX
SI

D
90

20
45

3
38

0.
9

D
M

SO
1.

57
5.

42
×

10
−

1
to

2.
60

4.
94

4.
88

to
5.

12
D

ie
th

yl
en

e
G

ly
co

l
11

1-
46

-6
D

TX
SI

D
80

20
46

2
10

6.
1

D
M

SO
6.

51
×

10
6

5.
40

×
10

6
to

9.
42

×
10

6
−

1.
28

−
1.

51
to

−
1.

09

39



To
xi

cs
2

0
2

2
,1

0,
25

6

T
a

b
le

1
.

C
on

t.

C
h

e
m

ic
a

l
C

a
s

#
D

T
X

S
ID

M
o

le
cu

la
r

W
e

ig
h

t
S

o
lv

e
n

t
W

a
te

r
S

o
lu

b
il

it
y

(µ
m

o
l/

L
)

P
re

d
ic

te
d

M
e

d
ia

n
W

a
te

r
S

o
lu

b
il

it
y

(µ
m

o
l/

L
)

P
re

d
ic

te
d

R
a

n
g

e
O

ct
a

n
o

l
W

a
te

r
C

o
e

ff
(L

o
g

K
o

w
)

P
re

d
ic

te
d

M
e

d
ia

n
O

ct
a

n
o

l
W

a
te

r
C

o
e

ff
(L

o
g

K
o

w
)

P
re

d
ic

te
d

R
a

n
g

e

D
ie

th
yl

-s
ti

lb
es

te
ro

l
56

-5
3-

1
D

TX
SI

D
30

20
46

5
26

8.
4

D
M

SO
4.

37
×

10
1

1.
24

×
10

1
to

6.
88

×
10

6
5.

35
4.

80
to

5.
93

D
-s

or
bi

to
l

50
-7

0-
4

D
TX

SI
D

50
23

58
8

18
2.

2
D

M
SO

3.
31

×
10

6
1.

72
×

10
6

to
6.

07
×

10
6

−
3.

15
−

4.
67

to
−

2.
38

Fl
uc

on
az

ol
e

86
38

6-
73

-4
D

TX
SI

D
30

20
62

7
30

6.
2

D
M

SO
9.

68
×

10
3

1.
35

×
10

3
to

7.
15

×
10

6
0.

50
1

0.
25

0
to

0.
69

8
Fl

uo
xe

ti
ne

56
29

6-
78

-7
D

TX
SI

D
70

20
63

5
34

5.
8

D
M

SO
1.

94
×

10
2

2.
37

×
10

1
to

1.
02

×
10

7
4.

09
0.

76
8

to
4.

23
G

ly
ph

os
at

e
10

71
-8

3-
6

D
TX

SI
D

10
24

12
2

16
9.

1
H

2O
1.

99
×

10
6

6.
56

×
10

4
to

8.
41

×
10

6
−

2.
88

−
4.

47
to

−
2.

26
H

al
op

er
id

ol
52

-8
6-

8
D

TX
SI

D
40

34
15

0
37

5.
9

D
M

SO
3.

10
×

10
1

2.
34

×
10

1
to

9.
11

×
10

6
3.

84
3.

01
to

4.
29

H
ep

ta
ch

lo
r

76
-4

4-
8

D
TX

SI
D

30
20

67
9

37
3.

3
D

M
SO

9.
25

×
10

−
2

7.
39

×
10

−
2

to
3.

82
×

10
−

1
5.

7
5.

46
to

6.
10

H
ep

ta
ch

lo
r

ep
ox

id
e

10
24

-5
7-

3
D

TX
SI

D
10

24
12

6
38

9.
3

D
M

SO
5.

68
×

10
−

1
5.

68
×

10
−

1
5.

29
4.

98
to

5.
47

H
ex

ac
hl

or
op

he
ne

70
-3

0-
4

D
TX

SI
D

60
20

69
0

40
6.

9
D

M
SO

1.
73

×
10

2
9.

43
×

10
−

3
to

6.
66

×
10

6
7.

23
6.

92
to

7.
54

H
yd

ox
y-

ur
ea

12
7-

07
-1

D
TX

SI
D

60
25

43
8

76
.1

D
M

SO
5.

42
×

10
6

2.
95

×
10

6
to

1.
32

×
10

7
−

1.
74

−
1.

80
to

−
1.

54
Is

on
ia

zi
d

54
-8

5-
3

D
TX

SI
D

80
20

75
5

13
7.

1
D

M
SO

7.
66

×
10

5
1.

22
×

10
5

to
7.

32
×

10
6

0.
75

4
−

0.
88

7
to

−
0.

63
5

Le
ad

ac
et

at
e

60
80

-5
6-

4
D

TX
SI

D
30

31
52

1
37

9.
3

H
2O

7.
77

×
10

6
2.

14
×

10
6

to
1.

34
×

10
7

−
0.

28
5

−
2.

21
to

−
7.

10
x

10
−

2

Lo
pe

ra
m

id
e

34
55

2-
83

-5
D

TX
SI

D
00

88
00

06
51

3.
5

D
M

SO
4.

46
×

10
6

2.
21

×
10

1
to

8.
91

×
10

6
4.

26
1.

32
to

4.
47

M
an

eb
12

42
7-

38
-2

D
TX

SI
D

90
20

79
4

26
5.

3
D

M
SO

1.
01

×
10

6
7.

72
×

10
5

to
1.

25
×

10
6

1.
4

−
2.

70
to

1.
66

M
an

ga
ne

se
77

73
-0

1-
5

D
TX

SI
D

90
40

68
1

12
6.

0
H

2O
-

-
-

-
M

et
ho

tr
ex

at
e

59
-0

5-
2

D
TX

SI
D

40
20

82
2

45
4.

4
D

M
SO

3.
2
×

10
3

1.
89

×
10

2
to

5.
37

×
10

6
−

0.
92

2
−

1.
85

to
−

0.
24

1
N

al
ox

on
51

48
1-

60
-8

D
TX

SI
D

90
19

94
52

39
9.

9
H

2O
4.

06
×

10
3

2.
74

×
10

3
to

7.
99

×
10

6
1.

45
0.

24
3

to
1.

53
N

ic
ot

in
e

54
-1

1-
5

D
TX

SI
D

10
20

93
0

16
2.

2
D

M
SO

6.
15

×
10

6
8.

00
×

10
4

to
1.

10
×

10
7

0.
91

0.
72

0
to

1.
17

Pa
ra

qu
at

19
10

-4
2-

5
D

TX
SI

D
70

24
24

3
25

7.
1

H
2O

4.
88

×
10

6
2.

76
×

10
6

to
7.

00
×

10
6

−
4.

58
−

5.
11

to
−

4.
50

Pe
rm

et
hr

in
52

64
5-

53
-1

D
TX

SI
D

80
22

29
2

39
1.

2
D

M
SO

1.
32

×
10

−
1

2.
49

×
10

−
2

to
7.

00
×

10
6

6.
82

6.
47

to
7.

43
Ph

en
ob

ar
bi

ta
l

57
-3

0-
7

D
TX

SI
D

00
21

12
3

25
4.

2
D

M
SO

1.
68

×
10

4
1.

02
×

10
4

to
3.

89
×

10
5

−
0.

28
5

−
2.

29
to

1.
13

Ph
en

ol
10

8-
95

-2
D

TX
SI

D
50

21
12

4
94

.1
D

M
SO

6.
04

×
10

5
2.

78
×

10
5

to
4.

91
×

10
6

1.
5

1.
46

to
1.

63
Po

ly
br

om
in

at
ed

di
ph

en
yl

et
he

r
(P

BD
E)

-4
7

54
36

-4
3-

1
D

TX
SI

D
30

30
05

6
48

5.
8

D
M

SO
5.

61
×

10
−

3
3.

01
×

10
−

3
to

1.
23

×
10

−
1

6.
79

6.
59

to
7.

39

Sa
cc

ha
ri

n
82

38
5-

42
-0

D
TX

SI
D

70
21

99
2

20
5.

1
D

M
SO

1.
91

×
10

4
9.

43
×

10
3

to
1.

85
×

10
6

0.
70

5
−

2.
01

to
0.

91
0

So
di

um
be

nz
oa

te
53

2-
32

-1
D

TX
SI

D
10

20
14

0
14

4.
1

H
2O

3.
32

×
10

5
6.

44
×

10
4

to
2.

84
×

10
6

0.
15

8
−

2.
27

to
1.

90
So

di
um

flu
or

id
e

76
81

-4
9-

4
D

TX
SI

D
20

20
63

0
42

.0
H

2O
1.

42
×

10
7

1.
42

×
10

7
−

0.
77

−
0.

77
Te

bu
co

na
zo

le
10

75
34

-9
6-

3
D

TX
SI

D
90

32
11

3
30

7.
8

D
M

SO
1.

03
×

10
2

8.
04

×
10

1
to

7.
09

×
10

6
3.

72
3.

58
to

3.
89

Te
rb

ut
al

in
e

23
03

1-
32

-5
D

TX
SI

D
30

45
43

7
27

4.
3

D
M

SO
4.

71
.×

10
6

4.
63

×
10

4
to

9.
37

×
10

6
0.

47
7

0.
43

9
to

0.
52

3
Th

al
id

om
id

e
50

-3
5-

1
D

TX
SI

D
90

22
52

4
25

8.
2

D
M

SO
1.

74
×

10
3

6.
49

×
10

2
to

6.
42

×
10

6
0.

40
5

−
0.

24
0

to
0.

54
1

Tr
ie

th
yl

ti
n

27
67

-5
4-

6
D

TX
SI

D
90

40
71

2
28

5.
8

D
M

SO
1.

38
×

10
3

1.
38

×
10

3
1.

84
1.

84
V

al
pr

oa
te

99
-6

6-
1

D
TX

SI
D

60
23

73
3

14
4.

2
D

M
SO

1.
99

×
10

4
6.

20
×

10
3

to
3.

33
×

10
6

2.
73

2.
65

to
2.

96

40



Toxics 2022, 10, 256

The primary medium for rearing the embryos was 10% Hanks’ Balanced Salt Solution
(13.7 mM NaCl, 0.54 mM KCl, 25 µM Na2HPO4, 44 µM KH2PO4, 130 µM CaCl2, 100 µM
MgSO4, and 420 µM NaHCO3; pH = 7.6 ± 0.2; all salts obtained from Sigma-Aldrich, St.
Louis, MO; hereafter referred to as 10% Hanks’). The lead (Pb) exposed larvae were not
exposed in 10% Hanks’ solution because of concerns about possible precipitation of the lead
in that solution. Rather, larvae exposed to lead were reared in 1X EPA Moderately Hard
Reconstituted Water (MHW: 54 µM KCl, 0.5 mM MgSO4·7H2O, 1.1 mM NaHCO3, 350 µM
CaSO4; hereafter referred to as MHW). We have previously shown that control animals
reared in either Hanks’ solution or MHW do not differ in their locomotor activity [65].

2.2. DMSO Evaluation

Some publications [66–68] have noted that exposure to DMSO at very low concen-
trations can affect larval zebrafish behavior. Therefore, we determined if the vehicle
concentration (0.4% DMSO) in our developmental exposure regimen caused any behavioral
changes in 6 days post fertilization (dpf) larvae tested using our behavioral protocol. The
experiment was conducted under the same experimental conditions described below with
both DMSO exposed and non-DMSO exposed animals on the same microtiter plate. For
non-DMSO exposed animals, water was added in place of the DMSO. The results presented
in Supplemental Figure S1 show no effect of DMSO exposure during development on the
behavior of the zebrafish larvae.

2.3. Experimental Animals

All studies were carried out in accordance with the guidelines of, and approved by,
the Office of Research and Development’s Institutional Animal Care and Use Committee
(IACUC) at the U.S. Environmental Protection Agency (EPA) in Research Triangle Park,
NC, USA.

In-house, wild type adult zebrafish (Danio rerio) descended from undefined, outbred
stock originally obtained from Aquatic Research Organisms (Hampton, NH, USA) and
EkkWill Waterlife Resources (Ruskin, FL, USA) were used. Each year, as replacement
breeders are reared, embryos of a new strain are mixed with the in-house strain to maintain
the outbred status of the colony. Animals were housed in an American Association for
Accreditation of Laboratory Animal Care (AAALAC) approved animal facility with a
14:10 h light/dark cycle (lights on at 0700 h). Adult fish were kept in flow-through colony
tanks (Tecniplast USA, West Chester, PA or Aquaneering Inc., San Diego, CA, USA) with a
water temperature of 28 ◦C. The system water is composed of Durham, NC city tap water
that is purified via reverse osmosis and buffered with sea salt (Instant Ocean, Spectrum
Brands, Blacksburg, VA, USA) and sodium bicarbonate (Church & Dwight Co., Ewing, NJ,
USA). This water is maintained at pH 7.4, conductivity of 1000 µS/cm, with negligible
ammonia and nitrate/nitrite present. For egg collection, adults from colony tanks were
placed in a 2-L (static) breeding tank (Aquatic Habitats, Apopka, FL, USA) the night prior
to embryo collection. At 0730 h the following morning, approximately 30 min after the
light illumination, eggs were collected.

2.4. Experimental Procedure

The Experimental Procedure is outlined in Figure 1 and explained in detail below. In
the conduct and analysis of our behavioral assay, it was important that developmental
neurotoxicity rather than the pharmacological effects of each chemical was assessed. To
accomplish this, our experimental procedure included removal of the chemical from the
dosing solution 24 h before testing and replacing the test chemical with a vehicle solution.
We have previously shown that this removal of the test chemical markedly alters the
behavioral profile, separating neuroactive from neurodevelopmental effects [64], although
it is possible that this depuration time interval may not be long enough for all chemicals.
We also wanted to limit the possibility that morphological changes alter the swimming
behavior of the larvae, as this would seriously confound the interpretation of behavioral
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changes. We are assuming that any changes in swimming activity during the behavioral
assessment is due to nervous system function and not changes in physical locomotor
ability precipitated by teratological changes. To accomplish this, each animal was carefully
assessed for any morphological changes, including swim bladder inflation as swim bladder
inflation status has been shown to affect behavioral endpoints [69,70].

 

Figure 1. Experimental Design. Detailed timeline of the experimental process from spawning to
analyses. The diagram is divided into sections for each critical time period, then further subdivided
for event.
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2.5. General Embryo Rearing

Newly collected embryos were washed with a dilute bleach solution shortly after
collection. This process consisted of submerging the embryos in 0.06% bleach (v/v) in 10%
Hanks’ two times, for five minutes each, and then briefly rinsing in 10% Hanks’ 3 times
after each bleach wash [71]. Healthy, normal appearing embryos were individually placed,
with their intact chorion (i.e., embryos were not dechorionated), into the upper mesh insert
of a 96-well microtiter plate (Multiscreen™, Millipore Sigma, Burlington, MA, USA), which
was submerged in a receiver plate containing 10% Hanks’ solution.

2.6. Chemical Exposure

After plating (6–8 h post fertilization (hpf)), embryos were immersed in the appropriate
chemical solution. To accomplish this, the upper mesh insert containing the embryos was
blotted on glass fiber filter paper (Whatman GF/B paper (fired) Brandel, Gaithersburg, MD)
and placed in the new 96-well receiving plate, which contained the appropriate chemical
concentration. To dilute the chemicals, 1 µL from the stock plate was added per well to
the receiving plate containing 150 µL of 10% Hanks’, followed by an additional 100 µL of
10% Hanks’ solution after the transfer of mesh insert. All concentrations of each chemical,
along with vehicle controls, were included on every plate. Each plate was sealed with a
non-adhesive material (Microseal® A, BioRad, Hercules, CA, USA), covered with a lid, and
wrapped in Parafilm™ to secure the lid to the plate. The treated embryo plates were placed
in a secondary container in the incubator (Lab-Line Imperial III, Barnstead International,
Dubuque, IA, USA) and reared for 6 days at 26 ◦C under a 14:10 light:dark cycle (lights
on at 0730 h). In addition to day 0, the 250 µL of 10% Hanks’ solution, along with the
appropriate chemical and concentration, in each well was completely renewed on 3 dpf (as
described above). On 5 dpf, larvae were transferred to 10% Hanks’ solution only (i.e., did
not contain experimental chemical). On the morning of 6 dpf, the larvae were transferred
again to 10% Hanks’ without chemical and placed in the pre-warmed behavioral testing
darkroom. Zebrafish larvae at 6 dpf, reared at 26 ◦C (5 dpf if reared at 28.5 ◦C), are at an
optimal age for behavioral testing since their locomotor activity and response to visual
stimuli are well developed in preparation for independent feeding behaviors that begin at
7 dpf.

The chlorpyrifos (0.3, 1.0 or 3 µM) positive control plates followed the same chemical
exposure procedure described above. These positive control plates were tested throughout
the study at intervals of about 60 days to ensure that the system was working properly.

2.7. Behavioral Testing Systems

These experiments utilized two larval zebrafish behavior systems for recording fish
locomotion: a Noldus Tower System and a Noldus DanioVision System (model DVOC-
0030), both manufactured by Noldus Information Technology, Leesburg, VA, USA. These
systems are hereafter referred to as “Tower” or “DanioVision”. Each system was equipped
with a light box that provided both infrared and visible light. The luminance of the Light
portion of the testing paradigm was 260 lux (DanioVision) or 18 lux (Tower), and that of
the Dark portion was 0.5 lux on both systems. Luminance measures were taken at the level
of the recording platform using a photometer (Sper Scientific, model # 840022, Scottsdale,
AZ, USA).

Due to unavoidable circumstances, it was necessary to switch recording systems while
the experiments were underway. Using two different systems for behavioral assessment
is not ideal; however, data from each system indicated they were comparable. For this
comparison, larval zebrafish (6 dpf) treated with the positive control, chlorpyrifos (0.3, 1.0
or 3 µM), following identical exposure configuration and behavior testing protocols, were
tested on each system. This comparison (Figure 2) shows that the animals tested on the
two systems exhibited different levels of baseline activity, but when animals exposed to
chlorpyrifos during development (our positive control) were tested on both systems, the
results did not differ. Panel A in Figure 2 shows the activity of the larvae in the Light or
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Dark period in either the DanioVision (left panel) system or the Tower (right panel) system.
Note that the animals appear to be more active in the DanioVision system (overall effect of
system: p < 0.0001): about 40% more activity in the Light and about twice as much activity
in the Dark period. There is also an overall effect of chlorpyrifos (p < 0.0001), but there is
no interaction of the chlorpyrifos effect with system used, meaning that the pattern of the
chlorpyrifos effect is not dependent on whether the DanioVision or Tower system was used.
Figure 2 (Panel B) shows the effect of chlorpyrifos when the data from both systems are
combined as percent of control to correct for the differences in baseline activity. In the Light
period chlorpyrifos exposure during development depressed locomotor activity at all three
concentrations, while in the Dark only the animals exposed to the highest concentration
(3 µM) of chlorpyrifos during development showed hypoactivity.

μ

Figure 2. Comparison of the Developmental Chlorpyrifos Effect When Tested on Either the Dan-

ioVision or Tower System. Upper (A) shows the results when larvae treated with chlorpyrifos
during development were tested on either the DanioVision system (left panel) or Tower system
(right panel). Using an ANOVA with chlorpyrifos treatment and the system tested as independent
variables, and locomotor activity as the dependent variable, it was found that there was an overall
effect of chlorpyrifos (p < 0.0001) and of the system used (p < 0.0001), but that there was no interaction
between those two variables (p = 0.22). Because the effect of the chlorpyrifos did not depend on
the system that was used for testing, the data from both systems were combined, expressed as a
percent of control and analyzed to delineate the effect of chlorpyrifos (B). In this case the data were
analyzed using an ANOVA (chlorpyrifos or Light/Dark period were independent variables and
locomotor activity was the dependent variable). This analysis showed that there was an overall
effect of chlorpyrifos (p < 0.0001), Light/Dark period (p < 0.0001), and that there was an interaction
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between the two (p = 0.0003), meaning that the effect of chlorpyrifos was different depending
on whether the animals were tested in the Light or Dark period. Using an ANOVA and testing
each period separately, it was first determined whether there was an overall effect of chlorpyrifos
concentration (p < 0.0001 in either the Light or Dark) and then a Fisher’s PLSD post hoc test was
conducted to determine which chlorpyrifos concentration was different from control in either the
Light or Dark period. Those concentrations that were different from control are indicated by an
asterisk. In the Light period the 0.3 µM (p = 0.03), 1.0 µM (p < 0.0001) and the 3.0 µM (p < 0.0001)
chlorpyrifos were all different from control, while in the Dark period, only the highest concentration
3.0 µM (p < 0.0001) was different from control. For the DanioVision system testing, the sample sizes
were 63 controls, 65 at 0.3 µM, 63 at 1.0 µM, and 61 at 3.0 µM, and for the Tower system, the sample
sizes were 69 controls, 62 at 0.3 µM, 69 at 1.0 µM and 54 at 3.0 µM. The sample sizes for (B) were a
combination of each of those sample sizes for each system at each concentration.

2.8. Behavioral Testing

All testing was performed on 6 dpf larvae in the same 96-well mesh plate in which
they had been exposed and reared. On the morning of testing (6 dpf) the rearing solution
was totally renewed, and the plates were moved to a light-tight drawer in the behavioral
testing darkroom where the ambient temperature was the same as the rearing incubator
(26 ◦C). For all experiments, testing occurred between 1200 and 1630 h. After acclimating in
the behavioral testing room for at least 2 h, the plates were transferred to either the Tower or
DanioVision recording platform light box to begin behavioral testing. The testing paradigm
consisted of a 20-min acclimation period in the dark (Basal period), followed by 40 min
of light (Light) followed by 40 min of dark (Dark). Prior research in this laboratory, and
several others [72–76], have demonstrated that zebrafish larvae exposed to light drastically
increase locomotor activity when transitioned to darkness. The Basal period serves to
minimize any behavioral disruption due to transfer of the plate and larvae to the recording
platform. Data were collected during this acclimation period but were not analyzed further
because of a lack of specification and stimulus control.

For both the Tower and DanioVision systems, fish movement (locomotion) was
recorded using Media Recorder software (Noldus Information Technology, Leesburg, VA,
USA) and saved as MPEG2 files, a process initially described by MacPhail [77].

2.9. Lethality and Malformation Assessment and Inclusion Criteria

Immediately following behavioral testing, larvae were assessed by observers (blinded
to treatment conditions) for death and malformations using an Olympus SZH10 stereo mi-
croscope. Morphological assessments focused on the following: craniofacial (abnormal eyes
or head), spinal (stunted, curved, or kinked tail), abdominal region (edema or emaciation),
thoracic region (distention or heart malformations), swim bladder inflation, and position
in the water column (floating or lying on side). All dead, unhatched, malformed larvae,
and those with uninflated swim bladders, were eliminated from any behavioral analysis;
malformed 6 dpf zebrafish larvae, as well as normal appearing larvae with uninflated
swim bladders, do not behave normally in our behavioral paradigm [65,69]. Following the
assessments, larvae were anaesthetized using cold shock and then euthanized with 20%
(v/v) bleach solution.

There were multiple levels of embryo quality acceptance for inclusion in the behavioral
data. First, at the plate level, if more than 15% of the control larvae were abnormal, then no data
from that plate were used; the plate was discarded and repeated. Next, at the concentration level,
if more than 25% of the larvae from any concentration group were abnormal, then that entire
concentration was removed from further behavior analyses, though the data were still used for
developmental toxicity evaluation. The 75% concentration group threshold was established
because it was thought that if any more than 25% of the animals were abnormal at a given
concentration, then the developmental toxicity of that chemical concentration outweighed the
neurodevelopmental toxicity. Lastly, each individual embryo included in the behavioral analyses
must have appeared normal (i.e., no obvious malformations).
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The statistical results and number of larvae in every concentration group are noted in
Figure 3, which also notes the concentration groups for each chemical that were excluded from
behavioral analyses.

 

Figure 3. Cont.
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Figure 3. Cont.
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Figure 3. Behavioral Nonparametric Statistics Results. Results of the Kruskal-Wallis Nonparametric
test for each chemical. A Bonferroni correction was applied to the overall effect to account for the Light
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and Dark periods, resulting in α = 0.025. The Wilcoxon-Mann-Whitney post-hoc test (α = 0.05)
compared each concentration to the control for that chemical. The circle with the slash symbol (

α α= 0.05)

ol ( )

α ≤

α ≤

)
indicates developmental toxicity: that concentration was not included in behavioral analyses due
to the number of dead, malformed and uninflated swim bladders exceeding 25%. Overall effect is
listed under the chemical name followed by the sample size and results for each concentration, with
the Dark period shaded gray. Statistically significant results are highlighted with the light-yellow
shading in the Light period and dark-yellow shading in the Dark period.

2.10. Analysis of Fish Movement

The videos recorded during the behavioral testing session were later analyzed using
Ethovision XT (Noldus Information Technology) software Version 13 to quantify the dis-
tance moved by each larva. Tracking rate was 5 samples/sec (i.e., an image was captured
every 200 ms). A dynamic subtraction method was used to detect objects that were darker
than the background, with a minimum object size of 10 pixels. Tracks were analyzed for
total distance moved (cm). An input filter of 0.135 cm (minimum distance moved) was
used to remove system noise. All locomotion data is expressed as distance moved per
segment of testing, from which total activity was calculated for each larva in both Light
and Dark periods.

2.11. Data Analysis and Statistics

Under control conditions, the distributions of locomotion data were not normally
distributed, but were markedly skewed (Figure 4). In the Light, there was a preponderance
of low values and increasingly fewer instances of higher distance-moved values. Positive
skew was also noted in the control values of distance moved during the Dark. Therefore,
no “outliers” were removed, and nonparametric statistical analyses were conducted on
concentration-response data (all data for each animal for the Light period or the Dark period
were summed) using SAS software (v.9.4). Data were first analyzed using the Kruskal-
Wallis Test assessing if there was an overall dose-response relationship between the activity
in the Light or the Dark and the concentration of the test chemical. If the results of this
test were significant (α ≤ 0.025 (Bonferroni corrected for the repeated measures aspect of
the Light and Dark periods)) it was followed by Wilcoxon-Mann-Whitney post-hoc tests
(α ≤ 0.05) that compared data for each concentration group to the vehicle-control group.

The Kruskal-Wallis nonparametric test was also used for total activity in the Light
or Dark periods to analyze the effect of developmental DMSO exposure on activity
(Supplemental Figure S1). A repeated measures ANOVA was used to compare the Tower
and DanioVision systems with activity as the dependent variable and system, chlorpyrifos
concentration and Light/Dark as independent variables. In addition to statistical analyses,
the percent change between each concentration and control was also calculated.

2.12. Comparison of Results with Previously Published Data

One of the goals of this study was to compare these present results to those reported in
the literature. A systematic literature review was conducted (latest publication date was 30
November 2020) by gathering abstracts using the Abstract Sifter [78], searching by chemical
name and/or CAS number in combination with “zebrafish” or “zebrafish and behavior” as
search terms. After publications were gathered, each was further screened for methodolog-
ical relevance by targeting publications that (1) specified a developmental window during
chemical exposure (0–3 dpf); (2) had at least 24 h of chemical exposure; (3) included an
acclimation period prior to behavioral testing; (4) conducted the behavioral test sometime
between 5–7 dpf; and (5) the behavioral paradigm had at least one transition from Light to
Dark. These methodological aspects were selected to focus on assays similar to our protocol.
This decision was made due to the proposed influence of methodological variables on
zebrafish behavior and toxicity outcome [79,80]. Information on how behavioral changes
were reported, concentrations included in the dose response, and concentrations that were
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noted to cause significant effects were conflated into a spreadsheet and visually compared
to our results.

Figure 4. Histograms of the Distribution of the Control Activity for the Light and Dark Periods

of Testing. The sum of the activity of the control animals (n = 1851) was plotted as a histogram to
visualize the non-normal distribution of the data. Note that the activity intervals are different for the
Light and Dark periods. Plots and data calculations were performed using SigmaPlot.

3. Results

Sixty-one chemicals were tested for both developmental toxicity and behavioral dis-
ruption. To determine whether developmental toxicity occurred, animals were assessed for
death, non-hatching, or morphological abnormalities, including uninflated swim bladders.
Normal looking embryos, such as the one depicted on Day 6 of our Experimental Design
(Figure 1), have no obvious malformations, are of normal size and have an inflated swim
bladder. Developmental toxicity data are shown in the inset graph on each box plot in
Figure 5, and also in the summary figure for each chemical (Supplemental Figure S2).
These data show the percent of normal larvae for each concentration tested. The red
dashed line marks the 75% behavioral data inclusion cutoff with values that fall below
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that line indicated by a red circle. The black triangle represents negative control data for
that chemical.

Figure 5. Cont.
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Figure 5. Behavioral Concentration Response for Each Chemical Presented in a Box Plot with

Developmental Toxicity as a Line Graph in the Inset. Box plots show locomotor activity for both the
Light and Dark (gray background) periods. The box represents the interquartile range (middle 50%),
the top of the box to the top error bar is the upper quartile (75th percentile) while the bottom of the box
to lower error bar is the lower quartile (25th percentile). The solid line in the middle of the box is the
median and the dotted line in the middle of the box is the mean. The top whisker/error bar indicates
the maximum and the bottom whisker/error bar indicates the minimum. The developmental toxicity
inset shows the percent of normal larvae for the control and for each concentration. The dotted red
line is the 75% line and concentration groups that fall below are considered developmentally toxic
and not included in behavioral analyses. The triangle represents control data, and the gray circles
indicate results at each concentration. All concentrations are in micromolar (µM).

The highest concentration tested was 120 µM; if there was considerable developmental
toxicity, the tested concentrations were decreased until at least four concentrations showed
no developmental toxicity (i.e., the number of dead, malformed and uninflated swim
bladders exceeded 25%). Of the 61 chemicals tested, approximately half (n = 30) did not
show any toxicity at the highest concentration tested (Figures 4 and 5). For the majority
of the chemicals that did not cause toxicity, the highest concentration administered was
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120 µM; however, for three chemicals (cotinine, isoniazid, maneb) the highest concentration
was lower and ranged from 30–40 µM, due to solubility issues. Thirty-one chemicals did
elicit developmental toxicity; twelve were toxic at the highest concentration only. For
four of those twelve (heptachlor epoxide, nicotine, permethrin, triethyltin), the highest
concentration tested was less than 120 µM, ranging from (0.4 to 30 µM).

Looking at the lower concentrations, a total of thirteen chemicals were developmen-
tally toxic at concentrations of 10 µM or lower. Seven chemicals (bis(tributyltin)oxide,
cadmium chloride, chlorpyrifos oxon, deltamethrin, dieldrin, heptachlor epoxide and tri-
ethyltin) showed toxicity at the lowest range (0.1 and 1 µM). Six other chemicals (aldicarb,
diethylstilbesterol, haloperidol, heptachlor, hexachlorophene, and lead acetate) were devel-
opmentally toxic in the 1 to 10 µM range.

The developmental toxicity data on 6 dpf was used to determine which larvae would
be included or removed from behavioral analyses. Concentrations with more than 25% dead
or malformed larvae, and normal appearing larvae with uninflated swim bladders, were
excluded from behavioral analyses. Furthermore, any individual larva that was not deemed
normal was also removed from behavioral analysis, regardless of the concentration group.

The behavior data are also presented in Figure 5 as well as the supplementary summary
figure (Supplementary Figure S2). Box plots showing the Light and Dark periods for
each concentration were chosen to present the behavior data because of the amount of
information they convey. Each box plot contains the minimum, maximum, median, and
mean values, the interquartile range, the upper (75th percentile) and lower (25th percentile)
quartiles, as well as outliers. Concentrations that were developmentally toxic (more than
25% of any concentration group was abnormal) appear on the inset graph, but not on
the behavioral data box plot in this figure because that concentration was removed from
behavior analysis.

The behavior data are also presented in Figure 5 as well as the supplementary summary
figure (Supplementary Figure S2). Box plots showing the Light and Dark periods for
each concentration were chosen to present the behavior data because of the amount of
information they convey. Each box plot contains the minimum, maximum, median, and
mean values, the interquartile range, the upper (75th percentile) and lower (25th percentile)
quartiles, as well as outliers. Concentrations that were developmentally toxic (more than
25% of the test group was abnormal) appear on the inset graph, but not on the behavioral
data box plot in this figure because that concentration was removed from behavior analysis.
In addition to the box plots, Supplementary Figure S2 also presents the behavior data as the
mean of each 2 min epoch ± SEM. For normal behaving embryos, the 2-min data behavior
pattern shows a gradual increase, then activity leveling off in the Light, followed by a
characteristic sharp increase in behavior when changing from Light to Dark, which is then
followed by a gradual decrease and leveling off.

Eleven chemicals showed behavioral effects at concentrations that did not produce any
developmental toxicity. For seven of them (amphetamine, diazepam, diethylstilbesterol,
fluoxetine, heptachlor, loperamide, polybrominated diphenyl ether (PBDE-47)), develop-
mental toxicity was observed at the highest concentration administered, so those concentra-
tions were removed from behavioral analyses, and behavioral disruption in the otherwise
normal looking embryos was observed at lower concentrations for those toxicants. In four
chemicals (6-aminonicotinamide, cyclophosphamide, paraquat, phenobarbital) where no
developmental toxicity (i.e., the number of dead, malformed and uninflated swim bladders
exceeded 25%) was found at the tested concentrations, behavioral disruption was revealed.

Behavioral results showed differences for five chemicals in both the Light and Dark
periods, while three (cyclophosphamide, diazepam, diethylstilbesterol) only produced
effects in the Light, and three others (heptachlor, paraquat, PBDE-47) only produced
behavioral effects in the Dark. Commonly, though not always, lower concentrations
resulted in an increase in locomotion (hyperactivity) while higher concentrations decreased
locomotion (hypoactivity). Four chemicals produced hyperactivity only, while six resulted
in hypoactivity. One chemical (amphetamine) resulted in hyperactivity during both the
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Dark and Light periods at lower concentrations, and hypoactivity during the Light period
at the highest concentration.

Results from the Kruskal-Wallis nonparametric test are listed in Figure 3. A comparison
summary of the nonparametric results and percent change values are presented in Figure 6.
In this Figure, the degree of change from control is identified in 50% increments, using
different colors. We introduced the percent change summary as another way of looking at
the data, and potentially identifying effects overlooked by traditional statistics. Overall,
comparing percent change calculations to nonparametric statistical results showed that the
two techniques were mostly in agreement.

 

Figure 6. Comparison of Nonparametric Statistical Results and Percent Change Calculations.

Comparison of the nonparametric statistical results (from Figure 3) and percent change calcula-
tions showing the degree of change in each concentration group compared to the controls. The
middle column lists the chemical name, the outside columns show the nonparametric results for the
Light and Dark periods, with the percent change columns next to them. Chemical concentrations are
listed at the top of each column. Colored shading represents the following: light gray = concentration
not tested; blue = decrease in activity; green = no effect; yellow = increase in activity; red = develop-
mental toxicity. The percent change value is indicated in each cell and the data are color coded by
50% increments.

The comparison of our results with the results from other laboratories performing
similar behavioral assays with larval zebrafish treated with the same chemicals during
development is summarized in Figure 7. For 24 out of the total 61 chemicals, we were
unable to find any published papers investigating the behavioral toxicity of those chemicals
in larval zebrafish. We were, however, able to report information for 37 of the chemicals,
and in many cases (29/37), found multiple papers that investigated the same chemical.
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Figure 7. Cont.
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Figure 7. Comparison of the Present Behavioral Results with Previous Studies from the Literature

that Included Similar Experimental Conditions Testing the Same Chemicals. To be included, all
studies met the following criteria: chemical exposure began during 0–3 dpf and lasted at least 24 h;
behavior was tested 5–7 dpf, included an acclimation period prior to testing and at least one transition
from Light to Dark during the testing protocol. This figure was populated based on information
reported by other researchers; the results were not interpreted or inferred. Some studies only reported
the lowest effect dose and did not report results for other concentrations that may also have had
an effect. Effects may have occurred in the acclimation, Light or Dark periods. Colored shading
represents the following: blue = decrease in activity; yellow = increase in activity; blue with yellow
center = both decrease and increase in activity; purple = direction of the effect could not be determined;
gray = chemical concentration was tested, but results were unclear and effect could not be determined;
red = developmental toxicity for the current study only. Superscript refers to publication number in
the reference section of this manuscript. The results for the current study are on the first line for each
chemical, with bold text. Chlorpyrifos was both a test chemical and a positive control in our study;
the results for the positive control are indicated by the (+) in this figure. All concentrations are in
micromolar (µM).

4. Discussion

The current research evaluated a relatively large chemical library for gross develop-
mental toxicity and behavioral effects (neurodevelopmental toxicity) following develop-
mental exposure in embryonic/larval zebrafish. Then a subsequent comparison of our
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results to similar studies from other laboratories testing the same chemicals was made, and
considerable variability among results was noted. We believe that part of this variability
could be due to a general lack of comprehensive reporting of the experimental design and
analyses. We have, therefore, endeavored to be detailed and measured in our experimental
design and reporting.

In the present experiments, we took a rigorous approach to the experimental design
and analysis of the data. Regarding the experimental design, we attempted to remove
any chemical from the solution the larva was reared in by replacing 100% of the solution
twice before behavioral testing. If the chemical is still present during behavioral testing,
it is difficult to determine whether the behavioral effects are due to the chemical’s action
on brain development or are due to neuropharmacological actions. We suspect that this
removal of the chemical before testing does separate developmental from pharmacological
effects because when studying flame retardant chemicals [64] we obtained very different
behavioral profiles depending on whether the chemicals were given acutely at the larval
stage versus given during development and washed out before testing. Our approach to
data analysis could also be regarded as conservative. If any concentration group presented
with more than 25% abnormal animals, that entire concentration group was not included in
the behavioral analysis; we believe those concentrations should be labeled as developmen-
tally toxic. Within the concentration groups where there were ≥75% normal larvae, only
larvae that presented as completely normal were included in any of the behavioral analyses.
Moreover, our definition of normal appears to be stricter than some other laboratories: not
only did the larva need to present without malformations, but the swim bladder had to
be inflated. If the animal appeared normal with an uninflated swim bladder, that animal
was not included in the behavioral analysis, as it is known that a zebrafish larva with
an uninflated swim bladder does not behave normally in some assays [69,70]. In fact, if
they do not inflate their swim bladder by 9 dpf, there is a high likelihood the larva will
die [81]. Our approach to data analysis could also be regarded as conservative: because the
data for the Light and Dark periods are not normally distributed (Figure 4), and because
the number of independent observations in the control group was often more than the
treated groups (Figure 3), nonparametric statistics were used. As the behavioral data in
the Light and Dark periods are generated from the same animal, they are not independent
observations and must be treated as repeated measures, so a Bonferroni correction was
applied such that the α for the overall dose-response relationship for the Light or Dark
was set to ≤0.025. Only if that overall dose response relationship was significant were
step-down analyses conducted to determine which concentration groups were different
from controls. In addition, because there have been admonishments in other publications to
move beyond p values [82,83], we have included a table which shows the degree of change
in each concentration group (Figure 6). This figure also includes a graphical representation
of the results from the statistical analyses for comparison. The % change section of Figure 6
is color coded by 50% increments so that readers can judge for themselves about their
degree of concern.

One other issue with zebrafish behavioral data analysis that has been discussed is
the issue of endpoints. In the present analyses, only two endpoints (total locomotor
activity in either the Light or Dark period) are used to assess the Light/Dark locomotor
response data. As the full 100 min, light/dark behavioral profiles are quite complex
(Supplementary Figure S2), there are many other behavioral endpoints to be captured and
analyzed (e.g., [84–86]). Perhaps the larval zebrafish behavioral assessment community
can capture those other behavioral characteristics in an organized and consistent manner
so that “behavioral barcodes” linked to modes of action can be developed, much like how
the acute effects of neuroactive chemicals have been indexed to unique behavioral patterns
(e.g., [87,88]). In addition to a deeper analysis of the Light/Dark locomotor assay in larval
zebrafish, perhaps we should augment the larval testing battery with other behavioral
assays delving into other sectors of nervous system function. Both anxiety and pre-pulse
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inhibition are two behavioral assessments that have been developed for larval zebrafish
and associated with neuropsychiatric disorders in humans (reviewed in: [89,90])

Comparing our results to those previously published (Figure 7), we are prompted to
ask some important questions:

(1) Are there chemicals among multiple publications that consistently cause or do not

cause behavioral effects? This would allow us to identify possible positive and

negative controls. There were five chemicals that appear to be candidates for positive
controls: diazepam, fluoxetine, paraquat, PBDE-47, and chlorpyrifos. One publica-
tion reported decreased activity for diazepam in a similar concentration range as
the present study, and the other paper reported behavioral changes, but whether it
was an increase or decrease in activity was unclear as only a lowest effective dose
was reported. As diazepam is known to be pharmacologically active at the gamma-
aminobutyric acid receptor (reviewed in [91]), perhaps diazepam could be regarded
as a positive control for GABAergic chemicals. For fluoxetine, one publication, as
well as our own, reported decreased activity in larvae treated with fluoxetine dur-
ing development, while another publication reported increased activity in animals
treated with fluoxetine transiently during an early developmental window. Some
of the effective concentration ranges aligned. As fluoxetine is a serotonin reuptake
inhibitor, this chemical may serve as a positive control for the serotonergic disrupt-
ing class of chemicals. Although only one other publication tested paraquat in a
developmental neurotoxicity test using zebrafish, the results were very similar to the
present study, with both reporting markedly increased activity in the same dosage
range. As paraquat has been reported to disrupt the development of the dopaminer-
gic nervous system (reviewed in [92]), this chemical may serve as a positive control
for the dopaminergic disrupting class of chemicals. The data for PBDE-47 as a pos-
sible positive control are a bit weaker mainly because only one other publication
investigated the behavioral effects of developmental exposure to PBDE-47, and the
effective concentration range did not overlap with our own data; however, both noted
decreased activity. The fifth chemical that might serve as a positive control among
testing publications is chlorpyrifos. There are multiple reports of developmental
chlorpyrifos exposure producing behavioral alterations in larval zebrafish assays, but
the range of effective concentrations spans four orders of magnitude. Because chlor-
pyrifos is an anticholinesterase, this chemical could serve as a positive control for the
disruption of the cholinergic nervous system during development. In contrast, there
are four chemicals that are candidates for negative controls, although the number
of observations is smaller: aldicarb, amoxicillin, hexachlorophene and hydroxyurea.
In all cases, there are two publications as well as the present study showing that
developmental exposure to these chemicals in approximately the same concentration
range did not produce behavioral alterations in the larval locomotor assay.

(2) Are there chemicals that other publications have shown to produce behavioral

changes after developmental exposure, but at concentrations that exceeded our

concentration range or at concentrations that we deemed developmentally toxic?

Eight chemicals (aldicarb, cadmium chloride, caffeine, carbamazepine, deltamethrin,
dieldrin, isoniazid, nicotine) would fall into that category. In fact, caffeine and isoni-
azid did not appear to produce behavioral effects unless tested in the millimolar range.

(3) Are there unique chemicals that only our laboratory has tested that produced changes

in larval locomotor activity after developmental exposure? There were four chemi-
cals that were tested in this publication that produced changes in locomotor activity
after developmental exposure that other publications appear not to have tested: devel-
opmental exposure to 6-aminonicotinamide or loperamide produced decreased activ-
ity in the larvae, and developmental exposure to amphetamine produced an inverted
“U” biphasic pattern of increased activity at lower concentrations and decreased activ-
ity at the higher concentrations. Cyclophosphamide also showed increased activity in
the middle concentrations. In our laboratory embryos treated with diethylstilbesterol
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during development showed increased activity at concentrations below those that
tested negative in other publications.

(4) Are there chemicals that have shown behavioral effects in other studies, but were not

positive in our study? There were three chemicals, valproate, chlorpyrifos, and lead (Pb)
that fall into this category. Positive results were expected for chlorpyrifos and valproate
because they have tested positive previous times in our laboratory [42,62–64]. Specif-
ically, we have published two papers showing developmental valproate exposure
elicits behavioral changes in larval zebrafish [62,63]. It appears that the developmental
toxicity profile in the present study is similar to the previously published papers: 120
µM concentration caused malformations and death in a large portion of the larvae, and
40 µM was on the cusp of developmental toxicity. The behavioral toxicity, however,
was not apparent in this present study as it had been in the previous studies. The other
two publications i.e., [62,63] tested about twice as many animals per concentration,
so perhaps this present result is an issue of statistical power. Statistical power may
have also played a role in the disparate results for chlorpyrifos in the present study. In
this study we tested chlorpyrifos in two different scenarios: one as a positive control
throughout the study and the other as one of the chemicals under investigation. The
results are summarized for both in Figure 7 with the positive control data listed as
“Chlorpyrifos+”, and the data for the test chemical listed as “Chlorpyrifos (ethyl).” As
our positive control with many more observations (n = 115–132 per concentration),
chlorpyrifos produced positive results in the same pattern that we often see: hypoac-
tivity in both the Light and Dark periods, with the Dark period activity being less
sensitive than the Light period activity (details in Figure 2). When testing chlorpyrifos
as one of our test chemicals, however, with fewer observations (n = 14–16 per con-
centration), we hypothesize that there was less statistical power to detect the change.
These negative results for chlorpyrifos or valproate indicate that we may need to
increase the number of observations at each concentration in future developmental
neurotoxicity screens. A power analysis was done when setting up our experimental
design, but because the behavioral data are skewed, and require nonparametric analy-
sis, it is difficult to perform an accurate power analysis for non-normally distributed
endpoints. Lead (Pb) was another chemical where we expected a positive result given
that four out of the five previous publications reported behavioral changes in larval
zebrafish (Figure 7). Our results showed developmental toxicity ≥ 1.2 µM. Many of
the larvae in the 1.2 and 4.0 µM concentrations showed a preponderance of uninflated
swim bladders in the absence of other malformations, and therefore were not included
in the behavioral assessment. If these animals had been tested in the behavioral pro-
tocol, there would have been markedly decreased activity in the Light period. One
possibility to consider would be that swim bladder inflation may be a neurotoxic
endpoint. Inflation of the swim bladder not only requires innervation [93,94], but it
also requires a behavioral repertoire where the larva seeks out the air/water interface
to take a gulp of air [95]. So perhaps swim bladder non-inflation belongs intercalated
between a morphological and behavioral endpoint, and if an animal presents with an
uninflated swim bladder, this could be logged as a potentially neurotoxic endpoint
without behavioral confirmation.

(5) Were there chemicals that showed considerable variation in the published results?

Four publications, including ours, tested 6-propyl-2-thiouracil with overlapping con-
centrations spanning about three orders of magnitude; only one publication out of
the four reported changes in behavior. Six publications including our own tested
acetaminophen, again with many testing in the same concentration ranges, and yet
only three of the publications reporting changes in behavior. There was some overlap
in the positive concentrations in two of the publications, but the third publication
only found behavioral changes at millimolar concentrations. Only one out of four
publications found that developmental carbamazepine produced behavioral alter-
ations in larval zebrafish tested in the Light/Dark transition assay. For deltamethrin,
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only one out of four publications found behavioral changes, whereas our laboratory
reported developmental toxicity in the concentration range where the behavioral
changes were reported. Three out of four publications did not find behavioral al-
terations after developmental saccharin exposure. Interestingly, saccharin is one of
the few chemicals in this testing library that was classified as a ”favorable” negative
control chemical for developmental neurotoxicity screens [96], meaning that an expert
panel’s assessment of the chemical showed very little to no evidence that the chemical
produces developmental neurotoxicity. Five publications studied the effects of tebu-
conazole on behavioral profiles in larval zebrafish with two publications reporting
a positive result, and the other three publications testing in that same concentration
range reported negative results. There were also contrasting results with thalidomide,
where one out of three publications reported behavioral changes, but the other two
publications reported a negative result in the same concentration range. These types
of discrepancies indicate that the zebrafish larval Light/Dark locomotor assay will
require more protocol and analysis standardization among laboratories.

Even though an effort was made to target similar assays for composing the summary
in Figure 7, differences among the assay procedures and analyses could lead to the differing
results. A lack of standardized reporting of specific experimental conditions created
challenges in cataloging the results. Surprisingly, many experimental factors such as age,
temperature, duration of chemical exposure, presence/absence of chemical during testing
or presence/absence of the chorion were not specified in many publications. Rarely were
the larval assessment criteria (i.e., morphological features that classified a larva as abnormal
or not) clearly specified. Lack of standardization in reporting also makes it difficult to
understand the specifics of the experimental design and subsequent analyses. Even with
these omissions and differences, some chemicals have been identified that appear to be
consistent positives or negatives across multiple laboratories.

In this publication we tested a relatively large group of chemicals for developmental
neurotoxicity potential using a zebrafish behavioral assay and compared our results to
publications using the same chemicals and employing a similar experimental design. There
appears to be considerable variability within the literature regarding larval zebrafish behav-
ioral alterations after developmental exposure to some of the chemicals. This comparison
also allowed identification of some chemicals that are consistent positives and negatives
across publications and prompts us to identify ways to improve the experimental design
and interpretation of the assay that we conduct in our own laboratory. As a step toward
data transparency and inter-laboratory collaboration, we have included all of our raw
behavioral data to allow exploration of the data by other investigators and to encourage
more zebrafish behavioral data sharing in the future.
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Abstract: An increasing burden of evidence is pointing toward pesticides as risk factors for chronic
disorders such as obesity and type 2 diabetes, leading to metabolic syndrome. Our objective was to
assess the impact of chlorpyrifos (CPF) on metabolic and bacteriologic markers. Female rats were
exposed before and during gestation and during lactation to CPF (1 mg/kg/day). Outcomes such
as weight, glucose and lipid profiles, as well as disturbances in selected gut bacterial levels, were
measured in both the dams (at the end of the lactation period) and in their female offspring at early
adulthood (60 days of age). The results show that the weight of CPF dams were lower compared to
the other groups, accompanied by an imbalance in blood glucose and lipid markers, and selected
gut bacteria. Intra-uterine growth retardation, as well as metabolic disturbances and perturbation
of selected gut bacteria, were also observed in their offspring, indicating both a direct effect on the
dams and an indirect effect of CPF on the female offspring. Co-treatment with inulin (a prebiotic)
prevented some of the outcomes of the pesticide. Further investigations could help better understand
if those perturbations mimic or potentiate nutritional risk factors for metabolic syndrome through
high fat diet.

Keywords: pesticides; prebiotic; intestinal dysbiosis; perigestational; dysmetabolism; risk factor

1. Introduction

Chemical pollution of the environment by insecticides has become a global phe-
nomenon [1]. They are defined as chemicals used to prevent and control pests, including
vectors of human or animal diseases. They are used to control unwanted plant or animal
species that interfere with agricultural products [2–4]. Pesticides can include herbicides,
insecticides, fungicides, disinfectants and rodenticides [3]. According to the most recent
statistics on agriculture, forestry and fisheries for the European Union, the total quantity
of pesticides sold in Europe amounted to almost 360,000 tons with a significant use of
fungicides and bactericides (44%), and herbicides (32%) [5].

The use of pesticides in both developing and developed countries has increased dra-
matically in recent times. They are widely used in agriculture to increase the yields, quality
and appearance of products and reduce the need for agricultural labor [6]. Thus, the
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potential contamination of the environment by pesticides raises concerns for the public
and regulators. In the process of reducing phytochemical products, France has imple-
mented National Health and Environment Plans (PNSE1: 2004–2008, PNSE2: 2009–2013,
PNSE3: 2015–2019, PNSE 4: 2020–2024), initiated by the law of 9 August 2004 relating to
public health policy. They aim to study the health consequences of exposure to various
environmental pollution and include, among other things, estimating the population’s
exposure to pesticides, improving knowledge of pesticide exposure and the monitoring
of occupational exposures. The Ecophyto plan was created in 2008 to reduce the use of
phytosanitary products in France whilst maintaining economically efficient agriculture.
Initially, the Ecophyto plan aimed to reduce the use of these substances by 50% by 2020.
The target has been extended to 2025 in the face of implementation difficulties [7,8].

Some pesticides are considered endocrine disruptors [9]; therefore, daily exposure is
likely to have serious and irreversible effects on the health of individuals [10]. Organophos-
phates (OP) represent the largest category used in the world and the most widespread
due to their bioaccumulation in the environment [11–14], although their use in France
is currently declining due to their consequences on animal and human health. Human
exposure to these pesticides is mainly oral, by ingestion of pesticide residues in fruits
and vegetables [15]. The extensive and indiscriminate use of OP pesticides in agriculture
has been of major concern due to its potentially known or suspected harmful effects on
humans. Among the most widely used OP is chlorpyrifos (CPF). Chlorpyrifos was first
synthesized by German researchers in 1930 and first introduced in the United States in 1965
as a household insecticide by The Dow Chemical Company (Midland, MI, USA) [16,17].
According to the classification of the World Health Organization (WHO), chlorpyrifos is a
class II pesticide of moderate toxicity [18]. CPF is a potent OP insecticide with low water
solubility (80.9 mg/L) and a high adsorption coefficient in soil, has a longer half-life in soil
(ranging from 65 to 360 days) [19], a wide spectrum of insecticidal action and relative safety
compared to other organophosphates, which has led to its intensive use in agriculture.
After the application of chlorpyrifos, less than 0.1% of the pesticides applied have a real
impact on the intended target. The rest of the residue remains in the environment [16].

CPF use has been closely monitored in recent years, and while it is officially still
authorized in 20 EU member states, renewal has been postponed pending further safety
reports. The UK government adopted strict restrictions on the use of chlorpyrifos in 2016
due to new safety issues for human health. In the United States, the use of chlorpyrifos
indoors has been banned since 2001. The ban process for agricultural use began in 2015in
California, and Hawaii banned the sale and use of chlorpyrifos at the end of 2020 [20].
However, the situation remains unclear and CPF can still be found in a number of settings.

CPF is recognized as a neurotoxic agent due to its inhibitory effect on various
cholinesterase (ChE) enzymes at the central nervous (CNS) and systemic level [21]. High
levels of pesticide residues have been found in several human cohorts [22–26]. According
to the United States Environmental Protection Agency (EPA), the no-observed-adverse-
effect level (NOAEL) of CPF for acute dietary exposure for the inhibition of red blood
cell cholinesterase is 0.5 mg/kg/day [27]. Exposure to CPF has been linked to significant
alterations in metabolites that interfere with cellular energy production and amino acid
metabolism [28–30]; it also acts on hormonal signaling [31,32] and metabolism [33,34],
and leads to the disruption of glucose and lipid metabolisms [35–38], leading to weight
gain [39–42] and increasing the risk of developing chronic non-communicable diseases.

Considering that the oral route is the main cause of human exposure, the impact of
a pesticide on the digestive tract is of particular interest. Since it is the first physiological
barrier to come into contact with ingested food contaminants, many studies began to
focus on the impact of CPF on the gut barrier and gut microbiota [35,43–46]. The gut
microbiota refers to billions of microorganisms residing in the intestine and has a mutualistic
relationship with its host [47]. It has several functional roles and impacts on human
physiology. It modulates the host’s nutrition through the production of some vitamins
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and the fermentation of non-digestible food components by the host, protects against
pathogens [48] and drug metabolism, and influences intestinal epithelial homeostasis [49].

Exposure to CPF induced by disturbance is often characterized by a decrease in the
number of beneficial microorganisms and a simultaneous increase in the number of poten-
tially pathogenic microorganisms leading to dysbiosis [50–53]. In addition, CPF has been
shown to increase intestinal permeability in rats [43,45] or in vitro [54,55], inducing a bacte-
rial translocation which corresponds to the passage of viable bacteria of the gastrointestinal
flora through the barrier of the intestinal mucosa (the lamina propria), to the mesenteric
nodes, then to normally sterile internal organs such as the spleen and the liver [56].

Pregnancy is a very sensitive period of life where epigenetic marks can impact the
long-term development of chronic disorders in the next generation. This is known as the
concept of “developmental origin of health and disease” (DOHaD). Contamination of CPF
during this period can lead to delayed maturation of the gut microbiota, affecting the bowel
function [57]. This may contribute to the onset of obesity and type 2 diabetes (T2D) later in
life [58].

Compelling evidence suggests that oral prebiotic supplementation improves these
metabolic disorders [59,60]. Additionally, prebiotics are likely associated with increased
bifidobacteria and lactobacilli, and the production of short chain fatty acids (SCFA), which
are involved in modulating host metabolism [61]. They also strengthen the intestinal
barrier, increase satiety by promoting intestinal hormones, improve glucose tolerance, and
counteract fatty liver disease (lipogenesis) and insulin resistance [62].

The main objective of the study was to evaluate the effect of perigestional exposure to
CPF on the metabolic regulations of dams and their female offspring in early adulthood. For
this purpose, weight, lipid and glucose metabolism, levels of selected intestinal bacteria and
bacterial translocation were assessed. The secondary objective was to study the protective
effect of a prebiotic (inulin) on the same parameters.

2. Materials and Methods

2.1. Experimental Conditions

Chlorpyrifos (O,O-diethyl-O-(3,5,6-trichloro-2-pyridinyl)-phosphorothioate) with a
purity of 99.8% was supplied by LGC Standards (Molsheim, France). Inulin was a kind gift
from Cosucra (Belgium). Wistar rats were purchased from Janvier laboratories (Le Genest
Saint Isle, France). Animal standard diet (Serlab3436, 3.1 kcal/g, Serlab, Montataire, France)
was identical throughout the study.

The experiment was carried out according to the protocol approved by the Regional
Directorate for Health, Animal Protection and the Environment (Amiens, France) and the
Ministry of Research (reference number APAFIS # 8207-2016121322563594 v2 approved on
5 September 2017). All animals were treated in accordance with the EU Directive 2010/63.

Animals were housed in a NexGen Max cage system mounted on an EcoFlow rack
system (Allentown Inc, Bussy Saint Georges, France) under constant conditions in a
temperature- and air-controlled room (23 ◦C) with a 12-h light/dark cycle. The size of each
group was set to four females for the reproduction protocol in order to reach a minimum of
6–10 female offspring for the passive impact analysis. After acclimation, sixteen 7-week old
female Wistar rats (body weight (b.w.) 225 ± 4.9 g) were randomly assigned to four groups
(n = 4/group) and housed two per cage.

Chlorpyrifos was dissolved in commercially available organic rapeseed oil at a con-
centration of 10 mg/mL. CPF solution or rapeseed oil only were administered daily
(5 consecutive days followed by a 2-day break) by gavage at a dose of 1 mL/kg b.w. to
the animals. This was equivalent to a final concentration of 1 mg/kg b.w. (the oral “no
observed adverse effect level“, or NOAEL, for inhibition of cerebral cholinesterase activity
in rats [63]) for the CPF groups. Chicory inulin was dissolved in water at a concentration
of 10 g/L. Animals were given access to the inulin-enriched or regular drinking water ad
libitum. The treatments associated with each group is detailed in Figure 1.
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Figure 1. Treatment groups. Dams were fed standard diet and various treatments per os before
gestation until weaning at which time they were sacrificed. Their female offspring were fed a
standard diet only until 60 days of age at which time they were sacrificed. CPF: Chlorpyrifos;
b.w.: body weight.

Females were fed a standard diet and the corresponding gavage and drinking water
for four consecutive months before mating them throughout gestation and lactation. Male
rats were housed under the same conditions as females and received a standard diet.
Gestation was assessed daily after mating (two females per male) by the presence of sperm
in vaginal smears. The dams were then housed individually until birth and with their pups
until weaning. The day of parturition was considered postnatal day 1 (PND1). The average
litter size was 6 pups per dam. At the time of weaning (PND21), the female offspring
were separated from their mother and housed with their littermates. Male offspring were
included in a separate project [64,65]. They were housed according to density requirement
in the EU legislation and fed a standard diet until the end of the experiment on PND60.
Food and water consumption were measured. Dams were weighted daily throughout
the experiment. To determine whether or not exposure during gestation and lactation
induced growth retardation, pups were weighed at birth (PND3), at weaning (PND21) and
at PND60.

At the end of the experiment (PND21 for dams, PND60 for offspring), the rats were
euthanized by intraperitoneal administration of sodium pentobarbital, and plasma as well
as various intestinal segments (ileum, colon and cecum) and internal organs (spleen, liver,
mesenteric fat tissue and gonadal fat tissue) were removed under sterile conditions.

2.2. Metabolic Perturbations

Approximately 3 mL of intracardiac blood was collected from each animal into a test
tube and centrifuged at 1500× g for 10 min at 4 ◦C. The harvested serum samples were
transferred to clean test tubes before analyses.

Standard spectrophotometric methods based on an automation program from the Uni-
versity Hospital of Amiens (KT-6400 analyzer (Genrui Biotech Inc., Shenzhen, China)) were
used to measure the following serum parameters: Cholesterol, High Density Lipoprotein
(HDL), Low Density Lipoprotein (LDL), triglycerides (TG), blood sugar.

2.3. Disruption of Key Bacteria

2.3.1. Concentrations of Selected Intestinal Bacteria and Bacterial Translocation

Organs were weighed, placed in a sterile stomacher bag and homogenized in Ringer’s
saline solution (Bio-Rad, Marnes-la-Coquette, France) before serial 1/10 dilutions. Then,
1 mL of homogenate of intestinal segments and sterile organs was spread on different
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selective and non-selective media for qualitative and quantitative cultures of selected
aerobic and anaerobic intestinal bacteria (Bactron Anaerobic, Sheldon Manufacturing,
Cornelius, OR, USA) and incubated at 37 ◦C for 48 h to 4 days [51,52]. After incubation,
bacteria were identified using standard microbiological techniques [45,50,66]. The isolated
colonies grown on Petri dishes were counted using an automatic colony counter (Scan®

500, Interscience, St Nom la Bretèche, France) and expressed in log (CFU)/g of tissue.

2.3.2. Microbial Metabolites

Primary dilution samples for selected gut-bacteria analyses were used for short chain
fatty acid (SCFA) measures. The supernatant was acidified to pH 2 using 25 µL of H2SO4
(2 M) and injected into a BP21 gas chromatography (GC) column (length: 30 m, inner
diameter: 0.53 µm, film thickness: 1 µm) with an internal standard (4-hydroxy-4-methyl-
2-pentanone). H2 was used as a carrier gas at a flow rate of 1.5 mL/min. The initial oven
temperature was 135 ◦C and was held there for 6 min, then raised by 25 ◦C/min to 180 ◦C
and held for 1 min, then increased by 25 ◦C/min to 230 ◦C, and finally maintained at
230 ◦C for 1 min. Glass liner ultra-inert was used for the split injection. The temperatures
of the flame ionization detector and the injection port were 280 ◦C and 240 ◦C, respectively.
The flow rates of H2 and air as makeup gas were 40 and 400 mL/min, respectively. The
sample volume injected for the GC analysis (AutoSystem XL; PerkinElmer) was 1 µL and
the run time for each analysis was approximately 10 min. The three main short-chain fatty
acids (acetic acid, propionic acid, butyric acid) were identified as a function of the retention
time of the different elution peaks. The quantification was obtained by comparison with a
standard curve [67].

2.3.3. Serum Lipopolysaccharide (LPS)

Plasma LPS is a useful marker for the identification of increased intestinal permeability
and thus of intestinal injury. Plasma assay was performed with the Rat Lipopolysaccha-
ride ELISA kit according to the manufacturer instructions (#CSB E14247r, CliniSciences,
Nanterre, France).

2.4. Statistical Analyses

Statistical analyses were performed with StatView software (version 5.0, Abacus
Concepts Inc., Berkeley, CA, USA) and SPSS Statistics software (version 25.0). Data were
analyzed using one-way and two-way ANOVA and KHI2 assay. The independence of
endpoints measured in littermates was evaluated by one-way ANOVA for each parameter
and treatment group to assess intra and intergroup effects. Except for body weight at PND3
and PND21 in control group, litter effect was not detected. Offspring were thus considered
a valid experimental unit for the F1 impact analyses. In all analyses, the threshold of
statistical significance was set at p < 0.05.

3. Results

3.1. Animal Weight and Weight Gain

To mimic chronic exposure, we exposed dams for 4 months before gestation, as well
as during gestation and lactation (Table 1). No significant differences for weight gain were
observed in dams. At PND3 (Figure 2A) the pups from dams exposed to CPF alone (7.5 g)
were significantly smaller than the corresponding inulin group (9.9 g for CPFI, p = 0.043).
This was still significant at weaning (45.3 g for CPF vs. 55.2 g for C and 56.0 g for CPFI,
p = 0.042 and p = 0.050, respectively, Figure 2B). No significant variation remained at early
adulthood (PND60, Figure 2C). To complete these observations, no variation was observed
in drinking and eating patterns either.
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Table 1. Body weight (g) before gestation (1st month and 4th month), during gestation (21st day of ges-
tation) and during lactation (21st day of lactation) of dams exposed to CPF and inulin. The values are
expressed as mean ± SEM (n = 4). Significantly different (p < 0.05) using analysis of variance (ANOVA)
and Tukey’s test. C: Control; CPF: Chlorpyrifos; CI: Control inulin; CPFI: Chlorpyrifos + inulin.

Before Gestation (g) Gestation (g) Lactation(g)

1st Month 4th Month 21st Day of Pregnancy 21st Day of Lactation

Control 268.7 ± 28.28

F value = 0.980
p value = 0.44

308.7 ± 31.75

F value = 1.289
p value = 0.32

396.6 ± 88.79

F value = 0.347
p value = 0.793

334.6 ± 17.47

F value = 3.140
p value = 0.096

CPF 253.5 ± 23.86 286.7 ± 30.20 413.5 ± 105.35 311.0 ± 19.89

Control + Inulin 260.7 ± 33.62 297.2 ± 35.77 443.0 ± 68.06 392.0 ± 56.56

CPFI 283.0 ± 10.42 325.0 ± 11.63 447.0 ± 46.61 390.7 ± 42.46

 

Figure 2. Effects of perigestational exposure to CPF and inulin on the body weight of the offspring of
female rats 3 days after birth (PND3, (A)), as juveniles (PND21, (B)) and young adults (PND60, (C)).
Values are expressed as mean ± SEM (n = 7–10) using analysis of variance (ANOVA) and Tukey’s
test. Significance * p < 0.05; ** p < 0.01; C: Control; CPF: Chlorpyrifos; CI: Control inulin; CPFI:
Chlorpyrifos + inulin; PND: post-natal day.

3.2. Metabolic Perturbations

In dams and offspring to PND60, chronic exposure to CPF significantly altered the
glycemic and lipid profile in rats (Table 2 and Figure 3).

Table 2. Effects of exposure to CPF and inulin on blood sugar (A) and lipid (B) levels in dams. Blood
glucose, total cholesterol (TC), plasma triglycerides (TG), high density lipoproteins (HDL) or low
density lipoproteins (LDL) were measured in plasma. The values are expressed as mean ± SEM
(n = 4). Significantly different (p < 0.05) using analysis of variance (ANOVA) and Tukey’s test.
C: Control; CPF: Chlorpyrifos; CI: Control inulin; CPFI: Chlorpyrifos + inulin.

Glucose (g/L) Cholesterol (g/L) Triglycerides (g/L) HDL (g/L) LDL (g/L)

Control 7.8 ± 0.83
F value =

40.018
p value =

0.0001

1.7 ± 0.25
F value =

6.480
p value =

0.02

1.4 ± 0.02
F value =

8.573
p value =

0.01

0.6 ± 0.02
F value =

3.817
p value =

0.066

0.8 ± 0.27
F value =

5.549
p value =

0.029

CPF 11.6 ± 0.08 2.4 ± 0.24 1.8 ± 0.15 0.4 ± 0.08 1.6 ± 0.32

Control + inulin 7.4 ± 0.15 1.4 ± 0.17 1.3 ± 0.12 0.5 ± 0.10 0.5 ± 0.25

CPFI 9.4 ± 0.40 2.0 ± 0.39 1.6 ± 0.12 0.6 ± 0.04 1.0 ± 0.36
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Figure 3. Effects of perigestational exposure to CPF and inulin on blood glucose (A) and lipid
levels (B) in female offspring. Blood glucose, Total cholesterol (TC), plasma triglycerides (TG), high-
density lipoproteins (HDL) or low-density lipoproteins (LDL) were measured in plasma. Values
are expressed as mean ± SEM (n = 7–10) using analysis of variance (ANOVA) and Tukey’s test.
Significance * p < 0.05; ** p < 0.01, *** p < 0.001. C: Control; CPF: Chlorpyrifos; CI: Control inulin;
CPFI: Chlorpyrifos + inulin.

Blood fasting glucose was significantly higher in dams exposed to CPF compared to
the control (p = 0.0001) and the corresponding inulin-fed animals (p = 0.004), but only versus
control group in offspring (p = 0.002, Figure 3A). Following direct exposure to CPF in dams
or indirectly via lactation, lipid balance was significantly disturbed. In dams treated with
CPF the total cholesterol increased by 20% (p = 0.05) and 28% for triglycerides (p = 0.029),
while HDL-cholesterol levels decreased by 33% (p = 0.048). Moreover, in female offspring,
as shown in Figure 3B, the CPF effect at PND60 remained strong with total cholesterol
increased by 16% (p = 0.012), triglycerides by up to 15% (p = 0.0001 and p = 0.009 against C
and CPFI, respectively), and LDL levels by up to 27% (p = 0.001 and p = 0.002 against C and
CPFI, respectively). Finally, HDL levels decreased up to 30% in plasma of CPF offspring
(p = 0.0001 and p = 0.0001 against C and CPFI, respectively).

3.3. Disturbances of the Selected Intestinal Bacteria

3.3.1. Concentrations of Selected Intestinal Bacteria

The pesticide altered the levels of selected gut bacteria in the dams. With regards to the
total flora (total aerobic flora p = 0.673, total anaerobic flora p = 0.673), no significant differ-
ence between the groups was observed. When investigating specific bacterial populations
(Tables 3 and 4), the concentration of Lactobacillus spp. decreases significantly by 1 log in
the dams treated with CPF compared to the controls (p = 0.05). For Bifidobacterium spp., the
results revealed no significant difference among the groups, but the level of Bifidobacterium
decreased in the groups treated with CPF (0.3 log vs. control group). When considering
potentially pathogenic flora, bacterial populations were more abundant for animals treated
with CPF (0.4 log; p = 0.009 and 0.7 log; p = 0.024) against control group for E. coli and
Enterococcus, respectively. Moreover, that the addition of the prebiotic decreased by 1 log
the abundance of Enterococcus (p = 0.003). Clostridium population was increased in the
CPF group (0.4 log vs. control) but the results showed no significant difference among the
groups. In the offspring, no significant difference among the groups was observed for the
total flora. The potentially beneficial flora, Lactobacillus spp. and Bifidobacterium, was signif-
icantly modulated in the different treatment groups (Figure 4A). Specifically, the level of
Lactobacillus spp. decreased by 0.7 log with CPF against the control group (p = 0.0001) while
inulin showed a protective 0.5 log increase in bacterial content for Lactobacillus (p = 0.0001).
For potentially pathogenic flora (Figure 4B), E. coli was significantly more abundant (0.4 log)
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in rats treated with CPF (p = 0.001 vs. control group) and decreased by 0.5 log in the CPF
group with inulin supplementation p = 0.0001 vs. CPF). Similarly, inulin reduced by 0.4 log
the number of Enterococcus found in the CPF group (p = 0.022). The results of Staphylococcus
and Clostridium showed no significant difference among the groups, but their abundance
tended to increase with exposure to pesticides (0.2 log vs. control) and decrease with inulin
supplementation (0.3 log vs. CPF only).

Table 3. Effects of exposure to CPF and inulin on beneficial flora in dams. The values are expressed
as mean ± SEM (n = 4). Significantly different (p < 0.05) using analysis of variance (ANOVA) and
Tukey’s test. C: Control; CPF: Chlorpyrifos; CI: Control inulin; CPFI: Chlorpyrifos + inulin.

Beneficial Flora (CFU/g)

Lactobacillus Bifidobacterium

Control 8.2 ± 0.09

F value = 4.672
p value = 0.04

7.2 ± 0.61

F value = 2.192
p value = 0.177

CPF 7.2 ± 0.22 6.5 ± 0.32

Control + inulin 8.3 ± 0.66 7.6 ± 0.53

CPFI 7.9 ± 0.48 7.0 ± 0.60

Table 4. Effects of exposure to CPF and inulin on potentially pathogenic flora in dams. The values are
expressed as mean ± SEM (n = 4). Significantly different (p < 0.05) using analysis of variance (ANOVA)
and Tukey’s test. C: Control; CPF: Chlorpyrifos; CI: Control inulin; CPFI: Chlorpyrifos + inulin.

Potentially Pathogenic Flora (CFU/g)

E.coli Enterococcus Staphylococcus Clostridium

Control 7.9 ± 0.26

F value = 7.662
p value = 0.013

7.6 ± 0.10
F value =

13.012
p value = 0.003

7.3 ± 0.28
F value =

3.293
p value = 0.088

6.7 ± 0.35

F value = 0.935
p value = 0.473

CPF 8.3 ± 0.04 8.3 ± 0.14 8.2 ± 0.10 7.1 ± 0.20

Control + inulin 7.4 ± 0.31 7.4 ± 0.03 7.2 ± 0.28 7.0 ± 0.17

CPFI 7.9 ± 0.19 7.3 ± 0.33 7.5 ± 0.70 7.0 ± 0.36

 

Figure 4. Effects of perigestational exposure to CPF and inulin on beneficial flora (A) and on
potentially pathogenic flora (B) of female offspring. Values are expressed as mean ± SEM (n = 7–10)
using analysis of variance (ANOVA) and Tukey’s test. Significance * p < 0.05; ** p < 0.01, *** p < 0.001.
C: Control; CPF: Chlorpyrifos; CI: Control inulin; CPFI: Chlorpyrifos + inulin.
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3.3.2. Bacterial Metabolites

Another consequence of dysbiosis is the impaired production of short chain fatty acids
(SCFA), which are dependent on various factors in the host microbiota. The profiles of
individual SCFA differed depending on the treatment. The presence of CPF alone increased
the acetic acid content (2%) in the dams, but not significantly. In the female offspring
the CPF significantly increased the ratio of acetic acid and inulin prevented it (p = 0.012;
CPF = 71.3% versus CPFI = 53.7%). The presence of inulin increased the levels of propionic
and butyric acid in dams and offspring; variations were not significant for dams for either
SCFA. In offspring, propionic acid was decreased with CPF and recovered with inulin
(CPFI = 15.3% versus C = 15.4% versus CPF = 12.6%). Butyric acid inhibition by CPF and
recovery by inulin, however, was significant in the offspring (p = 0.008; CPFI = 27.4% versus
CPF = 16.0%).

3.3.3. Bacterial Translocation

Overall, a large aerobic and anaerobic translocation to the spleen was observed in
the CPF groups (33% of dams and 25% of offspring), compared to the control and control
inulin group (0% of dams and offspring) and CPF inulin (50% of dams and 0% of offspring).
The CPF versus control differences were statistically significant only in the female off-
spring (p = 0.046). These results were corroborated by serum LPS concentrations in dams
which were two-fold higher for the CPF group compared to the control and inulin, but no
significant difference was observed. This was not observed in the offspring.

4. Discussion

Overall, whether it is through direct or indirect exposure to OP, there are changes
in body weight, disruption of lipid metabolism and glucose metabolism, and changes
in levels of selected gut bacteria. However, how CPF disrupts these metabolisms is not
fully understood.

4.1. Animal Weight and Weight Gain

Weight gain for the dams as well as birth weight have been investigated extensively
with regards to risk factors of chronic disorders (obesity, type 2 diabetes), but also as an
indicator of the toxic capacity during gestation due to the development of the offspring.
Several in vivo studies have suggested that CPF treatment can increase or decrease body
weight and birth weight, depending on the dose tested.

The results of the present study revealed that the body weight of the CPF-treated
groups was significantly lower than that of the other groups after chronic exposure to low
levels of CPF. This is consistent with reports by several authors [68–72]. Researchers have
suggested that a decrease in body weight may be due to increased oxidative stress and
the degeneration of lipids and proteins [39,73,74]. Exposure to the 1 mg/kg dose did not
significantly affect maternal weight gain compared to other groups. And the developmental
assessment of female offspring indicated that all CPF-treated groups had low body mass
gain compared to other PND60 groups, which is consistent with previous findings [38] and
other studies [37,68,75,76].

4.2. Metabolic Perturbations

In this study, blood glucose concentration was markedly increased in both dams
and female offspring. Consistent with these results, OP have been shown to induce
hyperglycemia [37,38,77–80]. An increasing number of researchers have begun to focus on
the mechanism of exposure to OP and hyperglycemia while other studies have reported
that OP do not affect metabolic indices [35,81,82].

Changes in lipid profile due to CPF administration were observed in this study, other
studies also showed an increase in TG in agreement with the present results [41,83] while
others have observed lower or unchanged TG levels [37,84].
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CPF also disrupts serum TC levels. In our study, cholesterol levels were higher, and
several studies are in agreement with our results [28,37,41,83,84]. They suggested that
serum TC levels may be increased in the groups treated with CPF due to blockage of the
hepatic bile ducts, resulting in decreased or stopped TC secretion in the duodenum [39,85].

The result of the present study also demonstrated the dyslipidemic effect exerted by
chronic administration of low levels of CPF. This was evident by the increased LDL levels
and decreased HDL levels recorded in the serum of CPF-exposed rats. Some authors have
suggested that CPF causes liver damage and lipoprotein synthesis [28,41,83,84].

In our experiment, chronic exposure to low doses of CPF was also responsible for
developmental alterations in male pups, characterized by low birth weight, decreased
plasma growth factor (IGF1) levels, leptin and a small increase in insulinemia. These effects
were still present at weaning but disappeared in early adulthood when the animals were
no longer exposed [64].

4.3. Disturbances of the Selected Intestinal Bacteria

To summarize, levels of key bacteria were unstable in dams and offspring with an
increase in potentially pathogenic flora to the detriment of potentially beneficial flora in
rats treated with CPF. CPF exposure was associated with significant microbial perturbation,
showing the influence of CPF exposure on a number of bacteria, with reduced abundance
of Lactobacillus spp. and Bifidobacterium spp., and a higher level of Enterococcus spp., E. coli,
Staphylococcus spp. and Clostridium spp. in rats treated with CPF. Similar results were
shown in previous work and other studies [50,84,86–89]. These results demonstrate that
exposure to CPF induces disturbances in the gut microbiota and that early gut microbiota
disruption could lead to long-term effects.

Another consequence of dysbiosis is the altered production of short-chain fatty acids
(SCFA), which depend on various factors in the host microbiota. Butyrate, propionate
and acetate represent 90 to 95% of SCFA present in the colon [90,91]. They are produced
by fermentation of dietary fibers and are often associated with the prevention of several
pathologies linked to inflammation or oxidative stress [92]. These results are in agreement
with previous results on CPF [38] and other results on the different pesticides carben-
dazim [93], permethrin [94] and propamocarb [95], which suggests that the perturbation
of the intestinal microbiota following pesticide exposure altered the proportions of SCFA,
disturbed the energetic homeostasis and elicited multiple tissue inflammatory responses.

The bacterial translocation was predominantly higher in the CPF groups than in the
other groups. It is recognized that microbial dysbiosis exerts a strong influence on the
intestinal permeability [45,96,97]. The translocation phenomenon could be explained by
the increase in permeability observed after exposure to CPF [45,50]. CPF alone inhibits the
expression of tight junction and structural genes, while inulin and CPF/inulin co-treatment
tended to increase expression [54]. Neonatal translocation is completely normal and even
essential for the maturation of the immune system [98], but its persistence after weaning
could become pathogenic. It is, therefore, likely that the pesticide disrupted the tight
junctions, while the mixture enhanced the activity of the tight junctions [54]. Higher LPS
concentrations in the serum of dams is a marker of permeability as well as a risk factor for
low grade inflammation [99]. These are also consistent with C-reactive protein (CRP) serum
concentrations in dams following CPF exposure (data not shown) as a sign of inflammation.

4.4. Nutritional Prevention

Prebiotic dietary fibers are likely to selectively modulate the gut microbiota and
exert positive health effects [100]. The prevention approach used in this study was based
on the use of inulin, acting as a prebiotic to counteract the effects of CPF on the gut
microbiota [38,54], which in turn affects intestinal functions, such as metabolism and the
integrity of the intestine [101]. Co-treatment with inulin prevents dysbiosis as well as early
markers of dysmetabolism in rats chronically exposed to CPF. However, we could not find

82



Toxics 2022, 10, 138

any other work in the literature studying this particular prevention strategy to counter
pesticides except for an article on zebrafish [102].

Present results indicated that inulin consumption improved the lipid and glycemic
profiles, consistent with other studies. The mechanism by which inulin acts on glucose
and lipid metabolism remains unclear. A number of hypotheses have been proposed
regarding the effect of prebiotics on improving dysmetabolism. One mechanism included
decreased absorption of cholesterol via intestinal epithelial cells [103]. Inulin is a soluble,
viscous compound that increases the thickness of the unstirred layer of the small intestine,
thereby inhibiting absorption of cholesterol [104]. Inulin does not bind to bile acid in the
upper digestive tract; however, it can help soluble bile acids bind to bacteria or insoluble
compounds, such as calcium phosphate, by lowering the pH of the cecum [105]. As a
result, fecal excretion of bile acids increases cholesterol utilization to rebuild bile acid in
the liver and decrease the concentration of circulating and hepatic cholesterol [106]. Also,
inulin treatment acts on glucose metabolism by improving serum GLP-1 levels to suppress
IL-6 secretion and production, and hepatic gluconeogenesis and resulted in moderation
of insulin tolerance. These results indicate that intestine-liver crosstalk is the primary
mechanism for moderating insulin resistance by inulin [106–108].

Specific changes in the composition of the gut microbiota occurred in the prebiotic
group; inulin increased the number of Lactobacillus and Bifidobacterium but also reduced
the number of Enterococcus spp., E. coli, Staphylococcus spp. and Clostridium spp. The
combination of CPF and inulin reduced the number of enterococci, while the numbers of
Bifidobacterium and Lactobacillus increased. Another potential mechanistic pathway may be
behind the change in the composition of the gut microbiota after inulin supplementation
leading to an increase in SCFA and decrease in cecal pH. SCFA are important for health
because they improve energy metabolism in the liver and muscles and immune function in
the large intestine [109–112].

4.5. Perigestational Modulation of CPF

In the general population, new parents tend to look more closely into the food given
to their infants, trying to aim for organic, pesticide-free options, even though their own diet
may not be modified dramatically. It is not uncommon either that the diet of prospecting
parents does not differ from that of the global population [113–115]. With this in mind, we
set up this model to expose the dams to treatments before mating and continue it up to
weaning but discontinue treatment for the offspring.

Differences in the toxicity of CPF between fetus and mother have already been reported
due to the lipophilic power of CPF, which can cross the placental barrier [28,68,76,116].
CPF and its metabolite DETP (diethyl thiophosphonate) have been studied and published
in the literature and residues have been detected in newborns [116,117]. 3,5,6-trichloro-2-
pyridinol (TCPy), a specific metabolite of ethyl and methyl chlorpyrifos, was also recently
found in the hair collected at birth in 311 new mothers [118]. This is, therefore, a critical
window of exposure to toxic environment xenobiotics through aerosol or oral intake.
During gestation and early childhood, the internal organs are still undergoing a process
of maturation. Previous work showed that the intestine and microbiota maturation were
delayed following CPF treatment [50]. The objective of the work presented herein was to
better understand whether these perturbations would still have consequences if treatment
was interrupted after weaning.

These data, together with the knowledge that a number of chronic disorders such as
obesity or type 2 diabetes can be triggered by in utero imprinting, suggest that it is likely
that CPF may lead to resilient effects event after treatment was discontinued. The results
presented here for the offspring clearly support this hypothesis. It would be interesting to
see if there were some epigenetic modifications in target tissues. Unfortunately sampling
conditions did not allow for genomic analyses.

In addition, birth weight is thought to be predictive of chronic disorders. A low birth
weight, often observed in experiments with OP, tends to be associated with adult risks

83



Toxics 2022, 10, 138

of obesity and metabolic syndrome, whilst a larger birth weight would more likely be
associated with increased risks of type 2 diabetes. Data show that both glucose and lipid
profiles are modified by CPF, more targeted analyses or long-term experiments would be
required to clearly differentiate between the two pathologies as they encounter a number
of overlapping features.

5. Conclusions

The study allowed us to gather new evidence of resilient and indirect impact on
offspring of CPF in metabolic disorders as summarized in Table 5. Modulations in specific
bacterial populations as well as glucose and lipid profiles suggest mechanisms of dys-
metabolism typical of obesity and diabetes [58]. The large number of endpoints measured
would require statistical partitioning among variables, and this is a bias that may need
to be highlighted when reaching overall conclusions. The strength of this work lies in
the duration of the exposure of dams to the pesticide and the measure of indirect impact
to the offspring to better mimic real-life settings. Further investigation in the epigenetic
imprinting that could be associated with transgenerational effects would be complementary
to these findings. In addition, while cultured microbiology may seem to be outdated for
microbiota analyses compared to shotgun metagenomics, it is of great interest to follow up
on bacterial translocation and perturbation of the intestinal permeability for a complete pic-
ture of the intestinal ecosystem. Finally, the nutritional prevention strategy can be further
explored using other prebiotic molecules, probiotics or even testing different windows of
exposure. A high-energy diet is also a risk factor leading to similar perturbations. It would
be interesting to see whether mechanisms with CPF or high-fat diets are similar, and if a
mix of dietary and environment factors would have synergistic effects. This hypothesis has
been tested, samples are being analyzed and results are underway.

Table 5. Summary of direct and indirect impact of CPF and protective impact of inulin co-exposure.

Direct Effect (Dams) Indirect Effect (Offspring)

CPF Inulin on CPF CPF Inulin on CPF

Metabolic

Weight - - Loss (at PND21
only) Recovery

Glucose Increased Recovery Increased -

Cholesterol
Increased (total)
Increased (LDL)

Decreased (HDL)

Recovery (total)
- (LDL)

Recovery (HDL)

Increased (total)
Increased (LDL)

Decreased (HDL)

- (total)
Recovery (LDL)
Recovery (HDL)

Triglycerides Increased - Increased Recovery

Bacterial

Selected bacteria (+)

Decreased
(Lactobacillus)

-
(Bifidobacterium)

-
(Lactobacillus)

-
(Bifidobacterium)

Decreased
(Lactobacillus)

Decreased
(Bifidobacterium)

Recovery
(Lactobacillus)

-
(Bifidobacterium)

Selected bacteria (−)

Increased
(E. coli)

Increased
(Enterococcus)

-
(E. coli)

Recovery
(Enterococcus)

Increased
(E. coli)

Increased
(Enterococcus)

Recovery
(E. coli)

Recovery
(Enterococcus)

Metabolic ratio - -
Increased Acetate

Decreased
Butyrate

Recovery

Translocation - - Increased -
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Abbreviations

B.W. body weight
C Control
ChE choline esterase
CI control + inulin
CNS central nervous system
CPF chlorpyrifos
CPFI CPF + inulin
CRP C-reactive protein
DETP diethyl thiophosphonate
DOHaD Developmental origin of Health and Disease
EPA United States Environmental Protection Agency
GC gas chromatography
GLP1 glucose-like protein-1
HDL high-density lipoprotein
IGF1 insulin growth factor-1
IL6 interleukin-6
LDL low-density lipoprotein
LPS lipopolysaccharide
NOAEL no observed adverse effect level
OP organophosphate
PND post-natal day
PNSE National Health and Environment Plans
SCFA short chain fatty acid
SEM standard error of the mean
T2D type 2 diabetes
TCPy 3,5,6-trichloro-2-pyridinol
TG triglyceride
WHO World Health Organization
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Abstract: We previously demonstrated that polybrominated diphenyl ethers (PBDEs) inhibit the
growth of axons in primary rat hippocampal neurons. Here, we test the hypothesis that PBDE
effects on axonal morphogenesis are mediated by thyroid hormone and/or reactive oxygen species
(ROS)-dependent mechanisms. Axonal growth and ROS were quantified in primary neuronal-glial co-
cultures dissociated from neonatal rat hippocampi exposed to nM concentrations of BDE-47 or BDE-49
in the absence or presence of triiodothyronine (T3; 3–30 nM), N-acetyl-cysteine (NAC; 100 µM), or
α-tocopherol (100 µM). Co-exposure to T3 or either antioxidant prevented inhibition of axonal growth
in hippocampal cultures exposed to BDE-47 or BDE-49. T3 supplementation in cultures not exposed
to PBDEs did not alter axonal growth. T3 did, however, prevent PBDE-induced ROS generation and
alterations in mitochondrial metabolism. Collectively, our data indicate that PBDEs inhibit axonal
growth via ROS-dependent mechanisms, and that T3 protects axonal growth by inhibiting PBDE-
induced ROS. These observations suggest that co-exposure to endocrine disruptors that decrease
TH signaling in the brain may increase vulnerability to the adverse effects of developmental PBDE
exposure on axonal morphogenesis.

Keywords: axonal growth; developmental neurotoxicity; neuronal morphogenesis; PBDE; reactive
oxygen species; thyroid hormone

1. Introduction

The brominated flame retardants, polybrominated diphenyl ethers (PBDEs), are con-
sidered to be likely environmental risk factors for neurodevelopmental disorders [1–4].
Epidemiologic studies have identified a negative association between developmental expo-
sure to PBDEs and executive function, motor behavior, and attention in infants and chil-
dren [5–12]. These findings are of significant public health concern given the documented
widespread human exposure to PBDEs with significantly higher body burdens in infants
and toddlers relative to adults [13,14]. However, there remains significant uncertainty
regarding the underlying mechanism(s) by which PBDEs interfere with neurodevelopment.

It has been hypothesized that PBDE developmental neurotoxicity reflects altered
patterns of neuronal connectivity [12,15,16]. A critical determinant of the patterns of
connections formed between neurons during development is axonal morphology. Inter-
ference with temporal and/or spatial aspects of axonal morphogenesis has been shown
to cause functional deficits in experimental models [17–19]. Moreover, altered patterns
of axonal growth are implicated in the pathogenesis of various neurodevelopmental dis-
orders [20,21]. Recently, we demonstrated that BDE-47, a PBDE congener that is highly
abundant in human tissues, and BDE-49, an understudied PBDE congener with levels
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comparable to BDE-47 in gestational tissues of women living in southeast Michigan [22], in-
hibited axonal growth in primary hippocampal neuron-glia co-cultures, in part by delaying
neuronal polarization [23].

BDE-47 and BDE-49 effects on axonal growth in primary hippocampal neurons were
prevented by pharmacological blockade of ryanodine receptors (RyR) or siRNA knockdown
of RyR, implicating RyR-dependent mechanisms in PBDE developmental neurotoxicity [23].
However, an unexpected finding from our previous studies was that the axon inhibitory
effects of BDE-47 and BDE-49 exhibited comparable concentration-effect relationships
despite significant differences in their potency at the RyR [24]. This observation raised the
possibility that the RyR is not the primary molecular target but rather a downstream effector
in the adverse outcome pathway (AOP) linking PBDEs to axonal growth inhibition. PBDEs
have been shown to interfere with thyroid hormone (TH) signaling and to cause oxidative
stress via increased levels of intracellular reactive oxygen species (ROS) [25,26], and both TH
and ROS are reported to modulate RyR activity [27] and to influence axonal growth [28,29].
Therefore, in this study, we leveraged a primary rat hippocampal neuron-glia co-culture
model to assess the relative contributions of TH and ROS-dependent mechanisms in
mediating the axon inhibitory activity of BDE-49 and BDE-47. Our findings support the
hypothesis that PBDEs inhibit axonal growth via ROS-dependent mechanisms, and that
the TH, triiodothyronine (T3), protects against the effects of PBDEs on axonal growth by
blocking PBDE-induced ROS.

2. Materials and Methods

2.1. Materials

Neat certified BDE-47 (2,2′,4,4′-tetrabromodiphenyl ether, >99% pure) and BDE-49
(2,2′,4,5′-tetrabromodiphenyl ether, >99% pure) were purchased from AccuStandard Inc.
(New Haven, CT, USA), and verified for purity and composition by GC/MS by the UC
Davis Superfund Research Program Analytical Core. Stock solutions of each BDE were
made in dry dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA). 3,3′,5-Triiodo-
L-thyronine (T3), N-acetyl-L-cysteine (NAC) and DL-α-tocopherol acetate were purchased
from Sigma-Aldrich.

2.2. Animals

All procedures involving animals were approved by the University of California Davis
Animal Care and Use Committee and conformed to the NIH Guide for the Care and Use of
Laboratory Animals, and the ARRIVE guidelines [30]. Timed-pregnant Sprague Dawley
rats were purchased from Charles River Laboratory (Hollister, CA, USA) and individually
housed in clear plastic cages with corn cob bedding at 22 ± 2 ◦C under a 12 h dark–light
cycle. Food and water were provided ad libitum.

2.3. Cell Culture

Primary neuron-glia co-cultures were prepared from hippocampi harvested from
postnatal day (P) 0–1 male and female rat pups as previously described [31]. Briefly, rat
pups were separated from the dam and anesthetized by placing them on a gauze pad
on ice. Once pups ceased moving, they were euthanized by decapitation using sterile
scissors. Hippocampi were harvested from the pup’s head by sterile dissection and then
dissociated using trypsin (1 mg/mL) and DNAse (0.3 mg/mL). Dissociated hippocampal
cells were plated on poly-L-lysine (0.5 mg/ML, Sigma Aldrich) coated glass coverslips
(BellCo, Vineland, NJ, USA) and maintained at 37 ◦C in NeuralQ Basal Medium supple-
mented with 2% (v/v) GS21 (MTI-GlobalStem, Gaithersburg, MD, USA) and GlutaMAX
(ThermoScientific, Waltham, MA, USA). The concentration of T3 in the complete medium
used to maintain cultures was ~2.6 nM [32,33]. For studies of axonal growth, neurons were
plated at 27,000 cells/cm2; for qPCR and Western blot experiments, neurons were plated at
105,000 cells/cm2. Cultures were exposed to varying concentrations of BDE-47 or BDE-49
diluted in culture medium from 1000× stocks; vehicle control cultures were exposed to
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DMSO (1:1000 dilution). A subset of cultures was co-exposed to T3, NAC, or α-tocopherol
diluted 1:1000 directly into cell cultures from 1000× stocks in sterile distilled water.

2.4. Quantification of Axonal Outgrowth

Cultures were exposed to BDE-47, BDE-49, or vehicle (1:1000 DMSO) for 48 h begin-
ning 3 h post-plating, and then fixed with 4% (w/v) paraformaldehyde (Sigma Aldrich) in
0.2 M phosphate buffer. To visualize axons, hippocampal cultures were immunostained
with antibody specific for tau-1 (1:1000, Millipore, Billerica, MA, USA, RRID AB_94855).
Our previous studies [23] demonstrated that exposure to BDE-47 or BDE-49 did not alter
the expression of tau, as determined by Western blotting. Axonal lengths of tau-1 im-
munopositive neurons were manually quantified by an individual blinded to experimental
condition using ImageJ software with the NeuronJ plugin [34]. As previously defined [35],
in any given neuron, the axon was identified as the neurite whose length was >2.5× the
cell body diameter and exceeded that of the other minor processes of the same neuron.
Only non-overlapping neurons were quantified as proximity to other neurons can affect
neuronal morphology.

2.5. Quantitative Polymerase Chain Reaction (qPCR)

Total RNA was isolated from cell cultures using TRIzol Reagent (ThermoScientific) per
the manufacturer’s instructions, and cDNA was synthesized using the SuperScriptTMViloTM
MasterMix containing SuperScriptTM III Reverse Transcriptase (Invitrogen, Carlsbad, CA,
USA). Samples were mixed with Power SYBR Green MasterMix and forward and reverse
primers (see Supplemental Table S1 for primer sequences and amplification efficiencies)
and then loaded into a MicroAmp 384 Reaction Plate (ThermoScientific). qPCR plates were
run on a 7900HT System by the Real-Time PCR Research and Diagnostics Core Facility at
UC Davis. qPCR primers and probes were ordered from Integrated DNA Technologies
(Coralville, IA, USA) using PrimeTime® Predesigned qPCR Assays. Transcript levels were
normalized to the average of the reference genes Ppia and Hprt1 and expression ratios were
calculated by Pfaffl method [36] using REST 2009 software (Qiagen, Valencia, CA, USA).

2.6. ROS Measurements

Rat hippocampal neurons cultures were exposed to BDE-47, BDE-49, or vehicle (1:1000
DMSO) in the absence or presence of T3, NAC, or α-tocopherol 3 h post-plating. Global
ROS production was measured 1 h following exposures using ROS-Glo assay (Promega,
Madison, WI, USA) according to manufacturer’s protocol, which specified using H2O2 as
a positive technical control. Luminescence was recording using an H1 hybrid microplate
reader (BioTek Instruments, Winooski, VT, USA).

2.7. Mitochondrial Metabolism Kinetics

Primary rat hippocampal neuron cultures were plated in 96-well plates at 27,000 cells/cm2

for 48 h. Cells were then exposed to BDE-47, BDE49, or vehicle (1:1000) in the absence or
presence of T3 in combination with a mitochondrial substrate library, MitoPlate-S (Biolog,
Inc., Hayward, CA, USA). Mitochondrial substrate metabolism was characterized according
to the manufacturer’s protocol. Kinetics was recorded on the H1 hybrid microplate reader
at a wavelength of 590 nm.

2.8. Statistics

All data are presented as mean ± SE unless otherwise indicated. Graphs were created
in GraphPad Prism 8.3.0. Statistical analyses were performed with GraphPad Prism using
one-way ANOVA with post hoc Tukey’s or Dunnett’s or post hoc Kruskal–Wallis with
Dunn’s as appropriate for the normality of the data as measured by Shapiro–Wilk. qPCR
data were analyzed using SDS 2.4 (ThermoScientific) and REST 2009 software (Qiagen, Va-
lencia, CA, USA) with statistical analyses performed using REST 2009 pairwise reallocation
randomization test. Significant differences between single and co-exposures or positive
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controls and vehicle were determined using Student’s t-test. Statistical significance was
defined as p < 0.05.

3. Results

3.1. T3 Blocked the Axon Inhibitory Effects of BDE-47 and BDE-49

We previously demonstrated that exposure to either BDE-47 or BDE-49 at concentra-
tions ranging from 200 pM to 2 µM inhibited axonal growth in primary rat hippocampal
neurons [23]. To address the question of whether these PBDE congeners modulated axonal
growth via effects on TH signaling, we first tested whether the axon inhibitory activity
of PBDEs could be blocked by supplementation of the culture medium with T3. Axon
lengths were quantified on day in vitro (DIV) 2 after a 48 h exposure to BDE-47 or BDE-49
at 2 or 200 nM in the absence or presence of exogenous T3 at 3 or 30 nM. Consistent with
our previous findings, BDE-47 or BDE-49 did not alter the number of axons extended
by an individual neuron, but these PBDEs did significantly reduce axonal length relative
to vehicle controls (Figure 1A,B). Addition of exogenous T3 at 3 or 30 nM, which raised
T3 concentrations in the culture medium to ~5.6 and 32.6 nM, respectively, prevented
the inhibition of axonal growth by BDE-47 or BDE-49, as indicated by the fact that axon
lengths of neurons exposed to PBDEs in culture medium supplemented with T3 were not
significantly different from those of vehicle controls (Figure 1A,B).

Figure 1. T3 supplementation prevented BDE-47 and BDE-49 inhibition of axonal growth in primary
hippocampal neurons. Primary neuron-glia co-cultures dissociated from the hippocampi of P0-1 rats
were exposed to vehicle (DMSO diluted 1:1000) or varying concentrations of BDE-47 or BDE-49 in the
absence or presence of T3 beginning 3 h after plating. After 48 h exposure, cultures were fixed and
immunostained for the axon-selective cytoskeletal protein tau-1. (A) Representative photomicrographs
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of DIV 2 hippocampal neurons exposed to vehicle, BDE 47 at 2 nM ± exogenous T3 at 3 nM. Scale
bar = 25 µm. (B) Quantification of axon length in tau-1 immunopositive neurons. Data presented as
the mean ± SE (n = 70–90 neurons from three independent dissections). *** Significantly different from
vehicle at p < 0.001; # significantly different from the corresponding BDE treatment in the absence of
T3 at p < 0.05 as determined by one-way ANOVA followed by Tukey’s post hoc test. (C) Fold-change
in transcript levels of Klf9 (as a % of vehicle control). Data are presented as the mean ± SE of Klf9

expression normalized to the average of the reference genes Ppia and Hprt1. * Significantly different
from vehicle at p < 0.05 as determined by REST 2009 pairwise randomization test.

T3 is a component of many neuronal cell culture medias [34,35], and the medium used
in these studies contained T3 at ~2.6 nM [34,35]. Thus, our observation that T3 supple-
mentation protected against PBDE inhibition of axonal growth raised the possibility that
PBDEs inhibited axonal growth by interfering with TH signaling. As one test of this possi-
bility, we determined whether PBDEs interfered with TH-mediated gene expression. The
gene Kruppel-like factor 9 (Klf9), previously known as Basic transcription element-binding
protein (Bteb), has been shown to be a sensitive TH-responsive gene in the developing
brain [36,37]. Analyses of Klf9 transcripts in 2 DIV hippocampal cell cultures confirmed
that Klf9 expression is significantly upregulated in cultures exposed to exogenous T3 at
3 nM for 48 h (Figure 1C). In contrast, exposure to BDE-47 or BDE-49 at 200 nM for 48 h
had no significant effect on Klf9 transcript levels relative to vehicle control cultures and did
not inhibit the upregulation of Klf9 by T3 (Figure 1C).

To determine whether the protective effect of T3 on PBDE inhibition of axonal growth
was mediated via direct effects of T3 on axonal growth, we quantified the effect of supple-
menting the culture medium with T3 on axonal growth in cultures not exposed to PBDEs.
As seen in representative photomicrographs (Figure 2A), supplementation with T3 at either
3 or 30 nM had no obvious effect on axonal morphology in terms of the number, length, or
branching of axons in DIV 2 hippocampal neurons. Quantification of axon length confirmed
that 48 h exposure to medium supplemented with T3 did not significantly alter axon length
relative to that observed in vehicle control cultures (Figure 2B).

 

α
α

α

α

Figure 2. T3 did not influence axonal growth. Primary neuron-glia co-cultures dissociated from the
hippocampi of P0-1 rat hippocampi were exposed to vehicle (DMSO diluted 1:1000) or T3 and/or
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BDE-47 or BDE-49 beginning 3 h after plating. After 48 h exposure, cultures were fixed and immunos-
tained for tau-1. Representative photomicrographs (A) and quantification of axon length (B) in tau-1
immunopositive neurons at DIV 2. Data are presented as the mean ± SE (n = 30–40 neurons per
group from one dissection; results repeated in 3 independent dissections). There were no significant
differences between neurons exposed to vehicle vs. T3 as determined by one-way ANOVA (p < 0.05).
Scale bar = 25 µm.

3.2. Antioxidants Blocked PBDE Inhibition of Axonal Growth

Previous reports have demonstrated that PBDEs increase levels of ROS in cultured
neurons [38–40] and that PBDE-induced ROS can be blocked by mechanistically diverse
antioxidants, specifically the NADPH oxidase inhibitor, NAC, or the ROS scavenger,
α-tocopherol [41,42]. To evaluate a role for ROS in the axon inhibitory effects of PBDEs,
we thus determined whether co-exposure to NAC or α-tocopherol blocked the inhibition
of axonal growth by BDE-47 or BDE-49. No significant changes in axon length were ob-
served with antioxidant treatment alone (Supplemental material Figure S1). As shown in
representative photomicrographs (Figure 3A) and confirmed by quantitative morphometric
analyses of axons (Figure 3B), axon lengths of hippocampal neurons exposed to BDE-47
or BDE-49 at 200 nM in the presence of 100 µM NAC or 100 µM α-tocopherol were not
significantly different from those of vehicle control neurons. Cultures co-exposed to PBDEs
and antioxidants were significantly longer than axon lengths of hippocampal neurons
exposed to the corresponding BDE alone.

α

Figure 3. Cont.
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Figure 3. Antioxidants prevented BDE-47 and BDE-49 inhibition of axonal growth and production of
ROS. Primary neuron-glia co-cultures dissociated from the hippocampi of P0-1 rat pups were exposed
to vehicle, BDE-47 or BDE-49 in the absence or presence of N-acetyl cysteine (NAC) or α-tocopherol.
After 48 h exposure, cultures were fixed and immunostained for tau-1. (A) Representative photomi-
crographs of DIV 2 hippocampal neurons from different experimental groups. Scale bar = 25 µm.
(B) Quantification of axon length in tau-1 immunopositive cells (n = 70–90 neurons from three inde-
pendent dissections). Quantification of ROS levels following exposure to vehicle, BDE-47 or BDE-49
alone (C) or in the presence of an antioxidant (D) (n = three independent dissections). H2O2 was in-
cluded as a positive technical control for the ROS-Glo assay per the manufacturer’s instructions. Data
presented as the mean ± SE. * Significantly different from vehicle at * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001; # significantly different from PBDE treatment alone at # p < 0.05, ## p < 0.01, as deter-
mined by one-way ANOVA followed by Tukey’s post hoc test; †significantly different from individual
PBDE treatment at p < 0.05 as determined by Student’s t-test.

To determine whether nM concentrations of BDE-47 or BDE-49 that inhibit axonal
growth increased intracellular ROS, ROS were measured in cultures acutely exposed to
BDE-47 or BDE-49. Both BDE-47 and BDE-49-exposed cultures had higher amounts of ROS
compared to vehicle control cultures (Figure 3C). We next evaluated whether antioxidants
blocked the inhibitory effects of PBDEs on axonal growth by providing protection against
ROS generation (Figure 3D). In the presence of NAC or α-tocopherol, PBDEs did not
produce significant amounts of ROS compared to vehicle. However, ROS production was
substantially reduced compared to BDE-47 or BDE-49 alone.

It is posited that ROS generation largely originates from mitochondrial damage [43].
BDE-47 can disrupt the mitochondrial membrane potential [44], while both BDE-47 [45,46]
and BDE-49 [47] can decrease mitochondrial bioenergetics. Thus, we next sought to de-
termine whether acute exposure to nM concentrations of BDE-47 or BDE-49 altered mito-
chondrial metabolism. Compared to vehicle control cultures, mitochondrial metabolism
was significantly impacted in cultures acutely exposed to either BDE-47 or BDE-49 at
200 nM (Figure 4B).

3.3. T3 Blocked PBDE Axon Inhibition by Blocking PBDE-Induced ROS

To determine whether T3 conferred protection against the axon inhibitory effects of
PBDEs via upregulation of endogenous antioxidant molecules, we quantified the effects of
T3, BDE-47, and BDE-49, alone and in combination, on the production of ROS (Figure 4A).
In contrast to cultures exposed to PBDEs in the absence of T3, in cultures co-exposed for
1 h to one of these PBDEs and T3 exhibited no significant change in ROS levels relative to
vehicle controls. Moreover, ROS levels were significantly reduced in cultures co-exposed to
PBDEs and T3 relative to cultures exposed to PBDEs in the absence of T3. We then explored
whether T3 protected against disrupted mitochondrial bioenergetics (Figure 4B). Following
acute exposure to either BDE-47 or BDE-49 in combination with T3, there were no marked
alterations in mitochondrial substrate metabolism relative to vehicle. In addition, any
effects observed with individual PBDE exposure were eliminated in cultures co-exposed to
PBDEs and T3.
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Figure 4. T3 normalized ROS levels and mitochondrial substrate metabolism in cultures exposed
to BDE-47 or BDE-49. Hippocampal neuron-glia co-cultures were exposed to vehicle, T3, BDE-47
and/or BDE-49 for 1 h on DIV 2. (A) Quantification of ROS production following co-exposure to T3
and PBDEs. (B) Mitochondrial substrate metabolism kinetics immediately following PBDE exposure
alone and in the presence of T3. Data presented as the mean ± SE (n = three independent dissections).
* Significantly different from vehicle at * p < 0.05, ** p < 0.01, *** p < 0.001; # significantly different from
T3 at # p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001 as determined by one-way ANOVA followed
by Dunnett’s post hoc test; †significantly different from individual PBDE treatment at † p < 0.05,
††† p < 0.001 as determined by Student’s t-test.

4. Discussion

The findings from this study extend our previous report that BDE-47 and BDE-49
inhibited axonal growth in primary rat hippocampal neurons [23] by demonstrating that
the axon inhibitory activity of these PBDE congeners is mediated by increased levels of
intracellular ROS. The evidence in support of this conclusion includes: (1) BDE-47 and
BDE-49 increased ROS in primary rat hippocampal neurons at nM concentrations that
also inhibited axonal growth; and (2) co-exposure to either the NADPH oxidase inhibitor,
NAC, or the ROS scavenger, α-tocopherol, blocked the axon inhibitory effects of BDE-47
and BDE-49. Additionally, we observed that supplementation of the culture medium
with exogenous T3 blocked the inhibition of axonal growth in PBDE-exposed neuronal
cultures, coincident with mitigation of PBDE effects on intracellular ROS and metabolic
substrate production from the mitochondria. These findings suggest a role for T3 in
maintaining intracellular redox homeostasis in response to pro-oxidants, which if true,
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represents a novel mechanism by which thyroid hormone disruption contributes to adverse
neurodevelopmental outcomes.

Our observations are consistent with previous reports that PBDEs upregulated biomark-
ers of oxidative stress in the brain of adult and developing rodent models [48,49] and
increased intracellular ROS levels in cultured neural cells [38,39,50,51]. This earlier work
demonstrated that µM concentrations of PBDEs increased intracellular ROS in cultured
neurons to levels that triggered apoptosis [24,52,53]. Here, we found that exposure of
primary hippocampal neuron-glia co-cultures to BDE-47 or BDE-49 at nM concentrations
also increased intracellular ROS, but this was associated with inhibited axonal growth.
Our data extend reports in the literature indicating that physiologic levels of ROS regulate
axonal specification and axonal growth in primary hippocampal neurons, and modulation
of ROS synthesis in axonal growth cones cause cytoskeletal rearrangements that alter
axonal morphogenesis [54]. Collectively, these observations suggest a model in which nM
PBDE concentrations increase ROS locally in the axonal growth cone to modulate signaling
pathways that regulate axonal growth [55,56], whereas µM PBDE concentrations increase
intracellular ROS globally to trigger cell death. Confirmation of this model will require
the adaptation of sensitive technologies to detect localized changes in ROS in subcellular
domains of neurons [57] exposed to PBDEs at concentrations that inhibit axonal growth.

PBDEs can interfere with thyroid hormone signaling and thyroid hormone disruption
is widely posited to contribute to the developmental neurotoxicity of these environmental
contaminants [25,26]. PBDEs have been shown to suppress dendritic growth in Purkinje
cells by disrupting TH receptor-mediated transcription [58], and we observed that co-
exposure to T3 blocked inhibition of axonal growth by BDE-47 or BDE-49. However,
several lines of evidence argue against the hypothesis that PBDEs inhibit axonal growth
in hippocampal neurons via direct interference with TH signaling. First, in hippocampal
cultures not exposed to PBDEs, T3 supplementation of the culture medium did not promote
axonal growth. Second, exposure of hippocampal cultures to BDE-47 or BDE-49 did not
alter expression of Klf9, a gene known to be highly sensitive to upregulation by TH in
the developing brain [59]. Nor did BDE-47 or BDE-49 significantly block T3-induced
Klf9 expression. These findings are in agreement with previous studies [58] in which
qPCR analyses detected no significant changes in transcript levels of TH-responsive genes,
including TRα1 or TRβ, in primary rat Purkinje cells exposed to PBDEs. Moreover, since
the affinity of T3 to the thyroid hormone receptor (THR) is approximately 0.1 nM, the
observation that T3 present in the medium without addition of extra T3 is not sufficient
to prevent the axon inhibitory effects of PBDEs suggests that the neuroprotective effect
of exogenous T3 in this model is mediated by THR-independent mechanisms. NH-3, a
pharmacological THR modulator with mixed agonist/antagonistic activity [60], may be
useful for addressing this question, but given experimental evidence that the concentration–
response relationship for antagonistic vs. agonist effects of NH-3 vary across models, its
effectiveness in mechanistic studies of the axon inhibitory activity of PBDEs will require
identification of a concentration that antagonizes THR in this model system [60,61].

Our data suggest that T3 supplementation prevented PBDE inhibition of axonal
growth by mitigating PBDE-induced ROS. Specifically, we observed that T3 supplemen-
tation ameliorated PBDE-induced ROS generation. A key question is how. TH has been
reported to upregulate expression of endogenous antioxidant molecules [62,63]. However,
preliminary qPCR analyses failed to detect significant upregulation of several endogenous
antioxidants in primary hippocampal neuron-glia co-cultures exposed to BDE-47 or BDE-49
in the presence of T3 (Supplemental Table S2). This observation does not rule out the
possibility that T3 upregulated expression of cellular antioxidants other than those we
assessed and/or that T3 increased the activity of enzymatic antioxidants. In addition, Klf9
upregulation by 5 or 10 nM T3 supplementation has previously been shown to protect the
axons of primary cortical murine neurons from hypoxic injury [64]. Whether Klf9 or other
T3-regulated targets are directly involved in mitigating PBDE axon inhibition remains to
be investigated. However, it is now clear that TH can also signal via non-transcriptional
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mechanisms [65–67], including direct influence on mitochondrial respiration [68]. Con-
sistent with this literature, our data support a model in which T3 protects mitochondrial
metabolism against PBDE-mediated disruption of mitochondrial bioenergetics.

The observation that T3 prevented PBDE-induced changes in mitochondrial substrate
utilization at concentrations that also blocked PBDE inhibition of axon growth, yet had
no effect on basal axonogenesis, suggested that PBDEs increased ROS as a consequence
of altered mitochondrial metabolism. In support of this proposed mechanism, at concen-
trations that increased intracellular ROS levels, BDE-47 and BDE-49 increased utilization
of metabolic substrates (α-keto-isocaproic acid, α-keto-butyric acid, Ala-Gln, D-glucose-
6-PO4) used to produce NADH, and disruption of NADH production has been linked to
increased ROS generation [69]. However, the mechanism(s) by which PBDEs interfere with
mitochondrial metabolism remain to be elucidated.

Findings from our previous studies suggested RyR was a downstream effector in
PBDE-induced axon growth inhibition [23]. Given the redox-sensitive nature of RyR [70,71]
and spatial relationship with mitochondria [72], a potential indirect mechanism presents
itself wherein mitochondrial ROS production alters RyR gating and, consequently, calcium
signaling to interfere with axon growth. This model is supported by experimental evidence
demonstrating that disruption of mitochondrial function affects calcium homeostasis,
which in turn delays polarization of developing neurons and inhibits axonal growth [73].
As we previously reported [23], PBDE inhibition of axonal growth is due in part to delayed
neuronal polarization. The role of RyR as a downstream key event rather than the molecular
initiating event in PBDE developmental neurotoxicity may explain the differential response
of dendrites vs. axons to non-dioxin-like polychlorinated biphenyls (PCBs) vs. PBDEs.
Specifically, in primary rat hippocampal and cortical neuron-glia co-cultures, non-dioxin-
like PCBs were observed to promote dendritic growth, but have no effect on axonal growth,
and the dendrite promoting activity was mediated by RyR sensitization [74,75]. In contrast,
PBDEs were observed to inhibit axonal growth but have no effect on dendritic growth in
the same neuronal cell culture model [23].

In summary, our study provides novel insight into the interplay between ROS, TH,
and axonal growth in PBDE developmental neurotoxicity. Whether PBDE interference with
axonal growth contributes to adverse neurodevelopmental outcomes in vivo is still to be
determined; however, clinical [20,21] and experimental evidence [17–19] demonstrate that
altered spatiotemporal patterns of axonal growth during brain development can cause
functional deficits. Susceptibility to this neurotoxic activity of PBDEs may be enhanced in
populations with heritable mutations that alter mitochondrial and redox signaling, which
are themselves associated with increased risk of neurodevelopmental disorders [76,77].
The finding that T3 protects against axon growth inhibition by BDE-47 and BDE-49 in vitro
suggests that PBDE-mediated TH dysregulation [2,78] also has the potential to amplify
PBDE effects on axonal growth in vivo. Further studies into gene × environment interac-
tions associated with these mechanisms may lead to a better understanding of populations
with increased vulnerability to PBDE developmental neurotoxicity.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/toxics10020092/s1, Figure S1: The antioxidants NAC and α-tocopherol do
not alter axonal outgrowth relative to vehicle control cultures. Primary neuron-glia co-cultures
dissociated from the hippocampi of P0-1 rat pups were exposed to vehicle, N-acetyl cysteine (NAC)
or α-tocopherol. After a 48 h exposure, cultures were fixed and immunostained for tau-1. Axon length
was quantified in tau-1 immunopositive cells (n = 70–90 neurons from three independent dissections).
Data presented as the mean ± SE. No significant differences between groups was detected using one-
way ANOVA (p < 0.05); Table S1: Primer sequences and amplification efficiencies; Table S2: Average
fold changes relative to vehicle of levels of transcripts encoding cellular antioxidants.
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Abstract: Lower urinary tract dysfunction (LUTD) is nearly ubiquitous in men of advancing age and
exerts substantial physical, mental, social, and financial costs to society. While a large body of research
is focused on the molecular, genetic, and epigenetic underpinnings of the disease, little research has
been dedicated to the influence of environmental chemicals on disease initiation, progression, or
severity. Despite a few recent studies indicating a potential developmental origin of male LUTD
linked to chemical exposures in the womb, it remains a grossly understudied endpoint in toxicology
research. Therefore, we direct this review to toxicologists who are considering male LUTD as a new
aspect of chemical toxicity studies. We focus on the LUTD disease process in men, as well as in the
male mouse as a leading research model. To introduce the disease process, we describe the physiology
of the male lower urinary tract and the cellular composition of lower urinary tract tissues. We discuss
known and suspected mechanisms of male LUTD and examples of environmental chemicals acting
through these mechanisms to contribute to LUTD. We also describe mouse models of LUTD and
endpoints to diagnose, characterize, and quantify LUTD in men and mice.

Keywords: lower urinary tract dysfunction; lower urinary tract symptoms; BPH; prostate

1. Introduction

LUTD is a deviation from normal urinary voiding. While LUTD occurs in males and
females, disease mechanisms differ between sexes. The prostate plays a considerable role in
male LUTD, the focus of this review. For such a pervasive disease, male LUTD has suffered
from a surprising lack of research attention. Part of the problem is the disease’s complexity,
driven by a constellation of underlying factors across multiple organs that are incompletely
understood. Another problem is that the historical research record for LUTD is muddled
by vast and inconsistent nomenclature used to describe the disease, decentralizing the
resource of primary peer-reviewed literature. Several vocabulary terms are used to describe
histological, anatomical, physiological, and clinical pathologies in the lower urinary tract.
The following terms are sometimes conflated or interchanged with LUTD, and often used
inappropriately: benign prostatic hyperplasia (BPH), benign prostatic enlargement (BPE),
bladder outlet obstruction (BOO), partial bladder outlet obstruction (pBOO), lower urinary
tract symptoms (LUTS), and others. These terms are defined in Table 1.

Male LUTD can be confirmed by specialized urodynamic studies at the urology clinic
(diagnostic and experimental approaches used to identify LUTD mechanisms in mice
and humans are described in Table 2). However, male LUTD is most often identified in
the primary care clinic based on patient reported symptoms. LUTS can include but are
not limited to weak stream, incomplete bladder emptying and more frequent voiding,
especially at night. Male LUTD frequently begins in the fifth decade of life or later and
is a progressive disease that can result in a loss of bladder function, bladder and kidney
stones, acute urinary retention, and renal injury/failure [1–7]. LUTD disrupts sleep and
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has been linked to depression, decreased workplace productivity, and a reduced quality of
life [8–12]. If not successfully managed, LUTD can be fatal.

Table 1. Definitions of terms used to describe anatomical and physiological disorders of the male
lower urinary tract.

Acronym Term Definition

BPE Benign Prostatic
Enlargement

Non-malignant enlargement of the prostate,
defined by imaging or digital rectal exam, and

usually caused by BPH.

BPH Benign Prostatic
Hyperplasia

Histologically defined benign growth within the
prostate. In humans, the growth pattern is

nodular and can be primarily epithelial, stromal
or mixed patterns of hyperplasia. BPH is often

responsible for BPE.

BPO Benign Prostatic
Obstruction BOO secondary to BPE.

BOO Bladder Outlet
Obstruction

Blockage of urine passage from an obstruction at
the base of the bladder or bladder neck.

Clinical Prostatitis

A spectrum of conditions characterized by
differing degrees of inflammation, bacterial and
abacterial, of the prostate, genitourinary tract or

pelvis and may not include the prostate.

DO Detrusor Overactivity

A urodynamic observation characterized by
involuntary detrusor contractions during the

filling phase that may be spontaneous
or provoked.

DSD Detrsor Spincter
Dyssynergia

A disorder where the detrusor muscle contracts
while the urethral and/or periurethral sphincter
is involuntarily contracted and closed, resulting

in bladder outlet obstruction.

Histological Prostatitis Prostate inflammation detected in a
biopsy specimen.

LUTD Lower Urinary Tract
Dysfunction

A detrimental deviation from normal voiding
function. Examples include decreased flow rate,

increased voiding frequency, increased or
decreased sensation associated with filling, an

inability to completely void urine, and an
inability to store urine until voluntary release.

LUTS Lower Urinary Tract
Symptoms

Patient described symptoms, scored using the
international prostate symptom score, the

American Urological Association Symptom
index, or other indices that may (or may not)

include bother.

OAB Overactive Bladder
Urgency to urinate with or without urge

incontinence, and usually associated with
increased voiding frequency.

OVD Obstruction Voiding
Disorder

Lower urinary tract dysfunction deriving from
an obstruction in the lower urinary tract.

pBOO Partial Bladder Outlet
Obstruction

Partial blockage of urine passage from an
obstruction at the base of the bladder or

bladder neck.

Prostatitism Male LUTD deriving from a prostatic mechanism

Prostatomegaly Prostate enlargement from malignant or
non-malignant mechanisms.
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Table 2. Strengths and limitations of methods to evaluate lower urinary tract dysfunction in men and
male mice.

Method in Men Method in Male Mice Method Description Strengths and Limitations

Cell and tissue-based
calcium flux assays

Cell and tissue-based
calcium flux assays

Calcium indicator dyes or
genetically encoded calcium
sensors are used to measure

intracellular calcium concentrations
in response to pharmacological

agents and electrical field stimuli.

This method has been applied
in vitro with human and mouse

tissues and cells, and in vivo with
mice, penetration can be limited for

calcium indicator dyes and
genetically encoded sensors are

generally limited to mouse tissues.

Cystometry Cystometry

A catheter is placed in the bladder
and the bladder is filled with water
or saline while measuring pressures
associated with bladder filling and
emptying. The catheter can also be
used to collect post-void residual

urine in the bladder.

Effective at measuring bladder
pressure, but catheter is placed

retropublicly in mice and
transurethrally in humans which can
contribute to intraspecies variability.
Baseline pattern can vary by strain

in mice.

Cystoscopy Not available
A cystoscope is inserted into the

urethra to visualize the lower
urinary tract.

Effective in identifying prostatic
enlargement, urethral and bladder
inflammation, and some urological

cancers, but this method is not
available for mice.

Histology and
immunohistoche-

mistry

Histology and
immunohistochemistry

Tissues sections are evaluated for
BPH, inflammation and collagen

accumulation (definitive diagnosis
of BPH, histological prostatitis,

fibrosis) and can be used to assess
LUTD mechanisms.

Effective for assessing anatomical and
cellular changes in lower urinary

tract tissues and definitive diagnosis
for some urological diseases but is

invasive and therefore control tissues
are difficult to obtain for healthy men

for experimental comparisons;
definitive identification of cell types

requires complex multiplex protocols.

Isometric contractility Isometric Contractility

Bladder, prostate, or urethral tissue
is mounted in saline bath,

pharmacological agents or electrical
field stimuli are applied and force

displacement is measured.

Quantitative and can reveal specific
receptor mediated mechanisms of

muscle function but is invasive and
destructive to tissue (cannot be easily

multiplexed with other methods.

Magnetic resonance
imaging

Magnetic resonance
imaging

Quantifies bladder wall thickness,
detrusor and bladder volume,

bladder neck angle, urethral length
and diameter and prostate volume.

Can identify mechanisms of LUTD
(bladder decompensation, BPE), but

time consuming and expensive.

Symptom score Not applicable

Standardized surveys such as the
American Urological Association
Symptom Index, the International
Prostate Symptom Score, LURN,

the National Institutes of
Health-chronic prostatitis symptom

index (NIH-CPSI) and others are
used to quantify urinary symptoms

and quality of life

Rapid, inexpensive and can be given
repeatedly to monitor disease

progression or responsiveness to
therapy; limited to humans and not

applicable for mice.

Ultrasound Ultrasound

Quantifies bladder volume and wall
thickness, urethral lumen diameter
and in mice, velocity of urine as it

passes through the urethra.

Fast but high-resolution imaging (for
mice) requires expensive equipment.
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Table 2. Cont.

Method in Men Method in Male Mice Method Description Strengths and Limitations

Uroflowmetry Uroflowmetry Performed by measuring voided
urine flow and volume.

Non-invasive, but requires
specialized equipment, and operator

experience and cannot distinguish
between anatomical (bladder,

prostate, or urethra) mechanisms
of LUTD.

Voiding diary Void spot assay

Men use a journal to record urinary
void frequency, timing, and use a

capture container to record volume;
for mice, a filter paper is placed at

the bottom of the cage and later
illuminated to quantify void spot

number, size, and pattern.

Inexpensive, noninvasive, but can
vary by day and individual and
cannot distinguish mechanism
(bladder, urethra, prostate) of

voiding dysfunction.

LUTD is extremely common. A 2008 study estimated that 1.9 billion people, rep-
resenting 45% of the population, are affected by LUTD [9]. The economic burden of
LUTD is staggering. The disease affects more than half of men over 50 years of age in the
Western world, resulting in $4 billion for the pharmacological treatment and $2 billion
for the surgical treatment of LUTD and associated prostatic problems [13–15]. The most
common therapies for male LUTD are directed to block alpha adrenoreceptor function
(alpha blockers) and dihydrotestosterone synthesis (steroid 5 alpha reductase inhibitors),
factors which contribute to prostatic smooth muscle contraction and prostatic enlargement,
respectively. Unfortunately, these therapies are incompletely effective. Their magnitude
of effect is marginal, not all patients respond, and existing therapies are only moderately
protective against disease progression [16–18]. It is becoming clear that male LUTD derives
from many different mechanisms, not all of which are addressed by current therapies.
Factors responsible for severe drug-refractory disease are not understood. Recent studies
reveal potential roles for environmental chemical exposures, during the fetal period when
the lower urinary tract is developing [19–21] and during other stages, in driving LUTD
susceptibility and progression, opening an entirely new line of toxicology research towards
understanding environmental factors that contribute to LUTD processes.

This review is intended as a resource for toxicologists and other discipline specialists
who are considering entry into the urologic disease research space and wishing to examine
LUTD as a toxicology research endpoint. We describe the anatomy, cellular composition,
and physiology of male lower urinary tract organs including the bladder, urethra, and
prostate. We describe known and emerging disease mechanisms. We also highlight the lim-
ited examples of how environmental chemicals influence male LUTD and list opportunities
for future research.

2. Overview of Male Lower Urinary Tract Anatomy and Physiology

Several benign diseases of the lower urinary tract are accompanied by a change in dis-
tribution, type, or state of cells that comprise lower urinary tract tissues [22–24]. Therefore,
we describe the cellular anatomy of the male lower urinary tract to give toxicologists an
appreciation of the normal cellular organization and changes which occur in response to
chemical insults and disease The male lower urinary tract consists of the bladder, prostate,
and urethra (Figure 1). Urine flows from the kidney to the bladder via the ureter and passes
through the prostatic urethra and prostate before continuing through the penile urethra
and exiting the body as voided urine (Figure 1).
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Figure 1. General anatomy of the male urinary tract and effects of chemical insults on the male
lower urinary tract. (A) A general depiction of the male lower urinary tract. (B) Known effects of
environmental chemicals on the lower urinary tract of either the man or male mouse.

2.1. The Bladder

The bladder’s primary functions are to store and expel urine. The bladder wall consists
of three tissue layers: a specialized epithelium known as the urothelium, the lamina propria,
and the bladder smooth muscle (detrusor) [25,26].

The mature urothelium is comprised of basal, intermediate, and superficial cells [27].
Bladder epithelial cell differentiation begins early in fetal development (weeks 7–8 in
humans), and the trajectory of urothelial cell differentiation during development and
regeneration is susceptible to epigenetic modification [28] revealing a potential mechanism
of toxicity for epigenetic modifying chemicals. The mature urothelium must achieve
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three unique functions. The first is to maintain distensibility to accommodate bladder
filling and emptying. Bladder volume increases significantly during the storage cycle, a
process which would normally challenge the integrity of an epithelial lining [29]. Bladder
distensibility is achieved by urothelial cell junction rearrangements and cell sliding during
bladder filling [29].

The second role of the urothelium is to protect sub-urothelial tissue from toxins,
microorganisms, and urine solutes [27,30]. Barrier function is facilitated by secreted uro-
plakins [31]. Uroplakins are transmembrane proteins which assemble into a crystalline
structure and are interrupted by hinge regions to allow bladder distension [32]. Uroplakins
assemble to form uroplaques, rigid bio-membrane structures which cover 90% of blad-
der lumen [32]. Uroplaques are integral to the integrity, flexibility, and solubility of the
urothelium [33]. The control of urothelial cell division is integral to maintaining functional
uroplaques and restoring them after bladder damage. Although the urothelial cell turnover
is normally slow with a labeling index of 1% in mice, the urothelium is reconstituted quickly
after injury through the progenitor activities of basal and intermediate cells [32–36]. The
epithelium of the urothelium can be completely repaired in 4 weeks in guinea pigs and
6 weeks in men [36]. Some mechanisms by which the bladder restores barrier function are
surprising. For example, we found that under certain circumstances when widespread
urothelial cell death depletes the bladder of its own progenitors, it can recruit non-resident,
non-bladder (Wolffian duct) epithelial progenitors, drive their differentiation into uro-
plakin secreting superficial cells and restore barrier function [37]. Barrier function is crucial
because sub-epithelial bladder cells are severely compromised by urine exposure. The ex-
perimental use of cyclophosphamide, an antineoplastic used therapeutically for Hodgkin’s
lymphoma, multiple myeloma, and other cancers, has widened the understanding of barrier
function and consequences of barrier function loss. Cyclophosphamide is bio-transformed
into acrolein, which accumulates in the urine and drives urothelial cell death, resulting in
hemorrhagic cystitis and changes in physiology [38–40]. Environmental chemicals with
urothelial cell toxicity are expected to drive bladder inflammation and dysfunction like
that of cyclophosphamide.

The third role of the urothelium is that of a sensor. In combination with nerve terminals
within the bladder, the urothelium detects and responds to mechanical and chemical stimuli
to alter detrusor contractility and moderate bladder afferent nerve activity [41,42]. Factors
released by urothelial cells include acetylcholine, adenosine triphosphate (ATP), nerve
growth factor, nitric oxide (NO), prostaglandins, and others [41,43].

The lamina propria contains a fibroelastic connective tissue with intervening afferent
and efferent nerve fibers, a vast vascular network and dispersed fibroblasts, a loose smooth
muscle layer (the muscularis mucosa), and myofibroblasts [26,44]. The elastic fibers within
the lamina propria allow the bladder to recover its original shape after voiding [45].

The detrusor is the major smooth muscle component of the bladder [46]. The detrusor
is organized as a circular muscle inner layer sandwiched between longitudinal muscle
outer layers [46]. Muscle bundles are surrounded by collagen [46–48]. Detrusor contraction
is predominantly controlled by cholinergic neurons [49,50], but can also be induced by
purinergic neurons and relatively rare sympathetic neurons [49,50].

The normal voiding cycle is divided into filling and voiding phases [51]. Urine expands
the bladder during the filling phase, while bladder pressure remains lower than urethral
pressure [50,51]. There is still uncertainty about how the bladder relays the perception of
fullness to the brain. One possibility is that mechanoreceptors and mechanosensitive ion
channels within the bladder transmit information about fullness to afferent neurons [52–56].
There is also evidence that urothelial cells, stretched during bladder filling, release ATP to
activate purinergic receptors on bladder afferents and relay bladder fullness to the brain [57–59].
Another possibility is that the perception of fullness is not driven by a slow increase in
bladder pressure (intravesicular pressure), but rather by an increasing rate of spontaneous
transient contractions, also called micromotions, which exist throughout the filling phase.
Micromotions drive the major portion of afferent outflow to the central nervous system

110



Toxics 2022, 10, 89

during bladder filling, acting in part through a mechanism involving calcium-activated
potassium (SK type) channels [60].

In 1925, F.J.F. Barrington identified a brain stem region which controls micturition, in-
cluding sensation of bladder fullness and the contractions leading to urination [61]. Studies
using retrograde and anterograde neuronal labeling pinpointed the location of this micturi-
tion center in the pontine tegmentum [62–67]. This site of micturition control is referred
to as Barrington’s nucleus, the pontine micturition center, and the M-region [62]. Afferent
and efferent urinary voiding pathways are integrated in Barrington’s nucleus. During the
storage phase, glutamatergic neurons in the periaqueductal gray and hypothalamus relay
information about bladder fullness and bladder volume threshold for voiding to Barring-
ton’s nucleus [68,69]. During the voiding phase, corticotropin releasing hormone-positive
and estrogen receptor 1-positive neurons within Barrington’s nucleus activate efferent
pathways to drive detrusor contraction [62,70,71]. Additional neurons in Barrington’s
nucleus send inhibitory signals to the external urethral sphincter, driving its relaxation
and allowing urine to flow unimpeded from the bladder into the urethra [71–73]. Though
there is widespread evidence that environmental contaminants can disrupt connectivity,
complexity, arborization, and signaling of neurons within the peripheral and central ner-
vous system, whether environmental chemicals impact bladder ascending and descending
neural pathways is rarely examined [74–80].

There is limited evidence that environmental chemical exposures can disrupt bladder
neural circuitry as it is established during the fetal and neonatal periods, raising concerns
about a developmental basis of bladder health and disease. A recent study tested the
impact of exposure to a polychlorinated biphenyl (PCB) mixture on bladder structure and
function [19]. The PCB mixture used in this study mimics the most encountered congeners
in women who are at risk for having a child with a neurodevelopmental disorder [81,
82]. PCBs were delivered orally to nulliparous female mice (75% C57BL/6J/25% SVJ129)
starting two weeks before mating, through pregnancy and lactation, and continuing in
offspring before their bladders were analyzed at postnatal days 28–31. The PCB mixture
increased densities of sub-urothelial beta-3 tubulin (general neural fiber marker) fibers
and calcitonin gene-related peptide positive (peptidergic fiber marker) fibers in male mice
but not female mice, and these changes were accompanied by an increase in male bladder
volume [19], suggesting they were sufficient to drive a change in bladder function.

2.2. The Urethra

The human male urethra is divided into two parts, consisting of five segments: the an-
terior urethra (fossa, penile, and bulbar segments) and the posterior urethra (membranous
and prostatic segments) [83]. The rodent male urethra is divided into two parts—penile
and pelvic [84]. The human and rodent urethra are populated by epithelial cells, smooth
and striated muscle cells, blood vessels, and sensory and motor neurons [85]. While the
cellular components of the anterior/penile urethra have not been extensively characterized,
single cell ribonucleic acid (RNA) sequencing approaches have been used to determine the
cellular components of the prostatic urethra [24,86,87]. Urethral epithelium consists of club
cells, hillock cells, basal epithelial cells, and neuroendocrine cells [86]. Urethral club and
hillock cells were recently identified, but their functional characterization is incomplete
and represents a future research opportunity. Lung club cells, which are transcriptionally
like those in the urethra, act as progenitors and mediate anti-inflammatory and antioxidant
processes [88–90]. Lung hillock cells, which are transcriptionally like those in the urethra,
serve as progenitors, and participate in barrier function and immunomodulation [91,92].

2.3. The Urethral Sphincter

The urethral sphincter serves as a valve to regulate urine flow between the bladder and
urethra [93]. During the bladder storage phase, urethral pressure exceeds bladder pressure
to maintain continence [50]. During the voiding phase, the urethral sphincter falls open,
urethral pressure decreases while bladder pressure increases, the urethra distends and
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urine flows through the prostatic urethra and penile urethra to become voided urine [50].
The urethral sphincter is divided into two parts: the external sphincter and the internal
urethral sphincter [93,94]. The external sphincter consists of striated muscle circumscribing
the urethra and is under voluntary control [93,95]. The internal urethral sphincter is
indistinct from the rest of the lower urinary tract smooth muscle (bladder smooth muscle is
continuous with urethral and prostatic smooth muscle), but is physiologically defined by
its autonomic regulation, connected via a reflex arc to the bladder [95,96]. Urethral smooth
muscle is organized as a thin longitudinal superficial layer, a dense circular layer, and a
thin longitudinal deep layer [94].

2.4. The Prostate

The prostate synthesizes a portion of the ejaculate [97]. Prostatic smooth muscle
contracts during ejaculation to propel prostatic fluid into the urethra [98]. The prostatic
urethra also distends to accommodate urine during voiding. Benign prostatic disease
changes the prostate’s histology and cellular composition and can prevent prostatic urethral
distention during voiding, causing BOO, a common etiology for LUTD (defined in Table 1).

The human prostate is a spherical gland encapsulated by a fibromuscular sheath
known as the prostatic capsule [24,96,99]. The base of the prostate is adjacent to the bladder
and the prostatic urethra courses through its center [100]. The prostatic ductal network
is like that of a branched tree: the main ducts drain directly into the urethra and divide
into primary, secondary, and tertiary branches as they extend towards acini concentrated
in the gland’s periphery [101]. The human prostate is organized into zones, differing
in cellular composition and responsiveness to disease, and includes the transition zone
(most susceptible to histological BPH, defined in Table 1) [24,102], the central zone and
the peripheral zone (most susceptible to prostate cancer) [100,102]. The rodent prostate,
often used as a disease model for humans, is anatomically distinct from the human prostate
in that it is not spherical, but instead divided into four bilaterally symmetrical lobes:
the anterior, dorsal, lateral, and ventral prostate [102]. While spontaneous cancer is not
observed in the mouse prostate, a variety of genetically engineered mouse models are
susceptible to prostate cancer and disease incidence differs by lobe [103]. The mouse
prostate gland develops BPH spontaneously with age, but lesions are diffuse, like those that
contribute to clinical disease in the dog, and unlike nodular BPH in the humans [104,105].
The rodent prostate ductal network is organized as a branched tree, like that of the human
prostate, but ducts are surrounded by a looser stroma than in human prostate and the
rodent gland is encapsulated in a thin adventitia instead of the thick capsule that surrounds
the human prostate.

Human prostatic epithelium is made up of luminal, basal cells; neuroendocrine,
club and hillock cells are also present, but are rare in prostate compared to urethral
epithelium [22,86,106]. Human prostate stroma consists of three smooth muscle cell
types (peri-prostatic, vascular smooth muscle and pericyte), two fibroblast cell types
(peri-epithelial and interstitial), leukocytes, endothelial cells, and sensory and autonomic
nerve fibers [86]. Mouse prostate stroma contains three fibroblast cell subtypes distributed
in distinct proximal–distal and lobe-specific patterns and smooth muscle [24,106]. The
transcriptomes of mouse prostatic and urethral fibroblasts are like human interstitial
fibroblasts [24]. However, mouse urethral and ductal fibroblasts evoke Wingless related-
integration site (Wnt) and Transforming growth factor beta (TGFβ) signaling pathways
that are less abundant in human prostate fibroblasts [24]. Human peri-epithelial fibroblasts
instead express Wnt inhibitors that could buffer Wnt ligands produced by other stromal
or epithelial cells [24]. Human prostatic fibroblasts are organized in layers that center
around epithelial structures, while mouse prostatic fibroblasts are not layered and differ
by lobe [24]. Human and mouse prostate fibroblasts are most abundant in the proximal
regions of prostatic ducts and least abundant in acini in the distal regions [24,107].

The recent observation, derived from single cell RNA-sequencing data, that human
and mouse prostate cellular landscapes are similar, is also supported by previous microarray
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data [108]. Similarly, mouse prostate organogenesis is like that of the human prostate [109].
These data support the use of mice as a relevant model species for studying cellular
and molecular mechanisms of benign prostatic disease. The key to understanding the
differences in prostate architecture and benign prostate hyperplasia manifestation between
these species may lie in the function of the specialized prostate epithelial and stromal cells
of these species [109].

Prostate disease can be detected by changes in the spatial distribution and frequency
of prostate cells [24]. Prostate cell immunophenotyping has proven difficult, as disease
processes frequently lead to changes in cell state and cell type that cannot be easily dis-
tinguished by simple immunohistochemical staining protocols. New and validated RNA-
Sequencing approaches, as well as cell sorting protocols deriving from them, have re-
cently been described [86] and will be essential for elucidating prostate cell functions in
future studies.

3. LUTD Mechanisms

3.1. Benign Prostatic Diseases

A variety of benign prostatic conditions contribute to male LUTD, many of which are
believed to cause LUTD by driving BOO (defined in Table 1). The impacts of BOO extend
beyond the prostate and into the bladder. A prolonged intravesicular pressure increase
and bladder contraction against resistance reprograms the bladder in a process known as
bladder compensation: the detrusor becomes thicker [110], it undergoes functional changes
in ion channel physiology [111] and efferent signaling is reprogrammed [112]. If BOO is
not effectively addressed, the bladder decompensates, much like a heart undergoing hy-
pertrophic cardiomyopathy: the detrusor thins, is replaced by fibrotic tissue, and becomes
incapable of mounting an effective contraction to fully evacuate urine from the bladder.
There is evidence in rabbits that bladder decompensation is at least partially reversed by
relief of bladder outlet obstruction [113]. Recovery from BOO likely depends on the severity
of bladder decompensation at the time of surgery [113–115]. Thus, BOO must be effectively
addressed before it permanently impairs bladder function.

BPH is a leading cause of LUTD in men of advancing age. Human BPH is defined by
prostate histology, specifically the presence of stromal, epithelial, or mixed nodules in the
central and transition zones (Table 1) [22,116–120]. Small hyperplastic nodules can form
as early as the 3rd decade of life and increase in frequency and volume with advancing
age [121]. BPH mechanisms are not fully understood, but it has been hypothesized that BPH
arises from a reawakening of embryonic signaling pathways [121] or disrupted homeostatic
regulation of cell growth and death programs [116–120].

Aging-related changes in circulating testosterone and 17-beta-estradiol concentrations
are another mechanism linked to male LUTD. Serum and prostate tissue concentrations of
testosterone and 17-beta-estradiol change with age in men [122,123] and the changes are
associated temporally and mechanistically with male LUTD [124–126]. Pharmacological
alterations in testosterone and 17-beta-estradiol are a proven cause of LUTD in non-human
male primates, canines, rats, and mice [124,127–133]. In mice, slow-release implants of
testosterone and estradiol drive an increase in voiding frequency, a reduction in voided
volume, an increase in collagen deposition, and a change in velocity of urine flow through
the prostatic urethra [124]. The mechanism by which changes in circulating testosterone
and 17-beta-estradiol drive voiding dysfunction are not clear but may include direct actions
on the bladder [134,135], changes in prostatic desmin and smooth muscle actin content or
function [136–139].

The fact that LUTD arises from natural changes in circulating sex hormone concen-
tration raises questions about impacts of endocrine disrupting chemicals on male voiding
function, and this area of toxicology research is in its infancy. For example, subcutaneous
implants of the estrogenic chemical bisphenol A (BPA, 25 mg), combined with testosterone
(2.5 mg) and given to C57BL/6N adult (6–8 weeks old) male mice, increase bladder mass
and volume, increase voiding frequency, and reduce the volume of voided urine, suggestive
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of BOO [140]. BPA may act more broadly in the lower urinary tract, affecting the bladder
as well as the prostate. Delivery of BPA (0.05–0.5 mg/kg/day) to Pietrain × Duroc mixed-
breed juvenile female pigs increases the number and thickness of vasoactive intestinal
polypeptide (VIP) expressing neurons in the bladder wall [141], raising questions about the
influence of BPA, and the larger class of environmental estrogens to which it belongs, on
detrusor recovery after contraction.

Prostate inflammation, also called prostatitis (defined in Table 1), is extremely com-
mon and has been closely associated with LUTD. Approximately 50% of prostate biopsy,
surgical or autopsy specimens harbor evidence of histological inflammation, most typi-
cally characterized as chronic (lymphocytic) inflammation [142]. The incidence of prostate
histological inflammation is even higher (75%) in men with LUTD [143]. The presence
of prostate inflammation in a biopsy specimen correlates with risk of symptomatic pro-
gression, urinary retention, and need for surgery [142,144–146]. A significant proportion
of men with histologically defined prostate inflammation will develop urinary dysfunc-
tion [147]. Two placebo-controlled drug trials, Reduction by Dutasteride of Prostate Cancer
Events (REDUCE) and Medical Therapy of Prostatic Symptoms (MTOPS), correlate histo-
logical prostate inflammation in human male prostate with increased prostate volume [144].
MTOPS study outcomes reveal that men with histological inflammation are more likely
to progress to advanced LUTD, including acute urinary retention [144]. A separate study
found that men with prostatitis were 2.4 times more likely to develop BPH and the presence
of histological prostate inflammation in baseline biopsies was associated with 70% in-
creased odds of requiring later treatment for LUTD [146]. Despite clear evidence that some
environmental chemicals can drive inflammation and modulate autoimmunity, there is little
information about environmental impacts on prostate inflammation and this represents a
future opportunity that can be examined using immunohistochemical and physiological
methods in Table 2.

There is a distinction between histological and clinical prostatitis: histological pro-
statitis is identified in histological tissue sections, while clinical prostatitis is diagnosed by
physical examination, urinalysis, imaging, cystoscopy, or patient questionnaire (for exam-
ple, The National Institute of Health Chronic Prostatitis Symptom Index (NIH-CPSI)) [148].
Clinical prostatitis accounts for a significant proportion of outpatient visits [149]. Clinical
prostatitis includes acute and chronic bacterial prostatitis, nonbacterial prostatitis, and
asymptomatic prostatitis [148].

Prostate fibrosis is a recently identified mechanism of male LUTD. Fibrosis is an ab-
normal, detrimental version of the wound-healing process and is characterized by collagen
deposition and tissue stiffening [150]. Macoska et al. [151] were the first to report fibrosis
in the human prostate and link collagen accumulation to tissue stiffness and LUTS severity.
Subsequent reports linked prostate fibrosis to histological inflammation, LUTS, and resis-
tance to a combination therapy of alpha blockers and 5 alpha reductase inhibitors [150,152].
Prostatic fibrosis is an evolutionarily conserved LUTD process, supported by the fact that
collagens also accumulate within the prostates of aging intact dogs and mice [104,153].
Though triggers for prostate fibrosis are not fully known, and whether environmental
contaminants drive prostate fibrosis has not been studied, prostatic fibrosis results from
prostate inflammation secondary to E. coli infection or obesity in mice [154,155].

Prostatic smooth muscle dysfunction is the target of the most prescribed drug class for
male LUTD, the alpha blockers, and can be studied experimentally using calcium flux assays
and isometric contractility assays described in Table 2. A study by Baumgarten et al. [156]
was the first to identify noradrenergic axons in the human prostate, a surprising discovery
considering that autonomic outflow to the bladder is mediated instead by cholinergic axons.
Receptor binding studies and isometric contractility assays showed that noradrenergic
receptors in prostatic smooth muscle mediate prostate tissue contractility [157,158]. The
outcomes of these studies ushered the hypothesis that prostatic smooth muscle hyperac-
tivity impairs urine flow through the prostatic urethra to cause BOO in some men. While
this hypothesis was the basis for developing alpha blockers for male LUTD, little research
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has been directed at identifying mechanisms of prostatic smooth muscle dysfunction, most
notably dysfunction mediated by environmental chemicals. This area remains ripe for sci-
entific exploration. Prostatic smooth muscle contraction is controlled by autonomic neurons
and aging is one factor that may contribute to changes in prostatic innervation [124,159].
There is emerging evidence that environmental chemicals can also change prostatic in-
nervation to cause prostatic smooth muscle dysfunction, specifically by acting during the
fetal and neonatal periods when prostate autonomic innervation is established. For exam-
ple, we recently showed in C57BL/6J mice that gestational exposure to the widespread
environmental contaminant TCDD (a single 1 µg/kg oral maternal dose on the 13th day
of gestation) increases noradrenergic fiber density (nerve terminals) in the prostate of
male mouse fetuses without changing the density of cholinergic or peptidergic fibers [160].
TCDD-induced prostatic noradrenergic hyperinnervation persists into adulthood and is
coupled to hyperactivity of prostatic smooth muscle and abnormal urinary function in
mice, including increased urinary frequency [160]. These findings are important because
they support the concept that prostate neuroanatomical development is malleable, at least
in mice, and that intrauterine chemical exposures can permanently reprogram prostate
neuromuscular function to cause male LUTD in adulthood. In contrast, exposure to TCDD
and other aryl hydrocarbon receptor agonists during adulthood appear to protect against
BPH in men [161,162]. Differing consequences of aryl hydrocarbon receptor activation in
the fetal period, versus adulthood, highlight the need to control for age in studies that
examine potential impacts of environmental chemicals on urinary function and LUTD.

3.2. Bladder Mechanisms of Male LUTD

A variety of bladder conditions can lead to urinary dysfunction. This section describes
the most common causes of male LUTD.

Overactive bladder is characterized by involuntary detrusor contraction. Consistent
changes in animal models of overactive bladder include patchy denervation of the bladder,
enlarged sensory neurons, hypertrophic dorsal root ganglia, and an enhanced spinal mic-
turition reflex [163]. Overactive bladder is often characterized by sensory dysfunction [163].
There is a role for muscarinic M2 receptors in the severity of urinary urgency [163]. Some
individuals with overactive bladder have a thicker bladder wall, suggesting overactive
bladder may derive from BOO in some men [163,164].

The etiology of overactive bladder is multifactorial, deriving from three major mech-
anisms: myogenic factors, urotheliogenic factors, and neurogenic factors [41]. Myogenic
factors contributing to overactive bladder include spontaneous detrusor contractions in
response to bladder distension, ischemia, and changes in smooth muscle properties over
time [41]. Neurogenic factors may include abnormal sensory processes, abnormal afferent
excitability, or in some cases, damage, or abnormalities in central processing [41]. Dimethy-
laminopropionitrile, used in the manufacture of polyurethane, is an inhalation hazard
that acts through a neurogenic mechanism to cause overactive bladder [165]. Methyl
mercury also causes overactive bladder through what appears to be a neurogenic mecha-
nism [166,167]. Damage to the urothelium can also cause overactive bladder, as rupture of
urothelial cells releases factors that can drive detrusor contractility and micturition [41].
Biphenyl, used as a resin, a heat transfer medium, and an anti-fungal, is an example of an
environmental chemical that causes urothelial cell damage and death [168].

Underactive bladder, also known as detrusor underactivity, is defined by detrusor
contraction of inadequate strength, and results in prolonged or incomplete bladder empty-
ing [169]. Patients with underactive bladder have a diminished sense of bladder fullness
and are unable to mount forceful bladder contractions [170]. Underactive bladder can occur
after episodic overactive bladder, reminiscent of bladder decompensation after BOO. In
fact, there is a documented relationship between LUTD, underactive bladder, and fibrosis
of the bladder [171]. The interstitial cells of Cajal, a specialized cell population with smooth
muscle pacemaking activity, have been implicated in underactive bladder. The frequency of
interstitial cells of Cajal is reduced in mice with underactive bladder and is associated with
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reduced frequency and amplitude of detrusor contraction [172]. Rats driven by bladder
outlet obstruction to develop underactive bladder are deficient in stem cell factor, a ligand
for the receptor C-kit which controls proliferation and function of interstitial cells of Cajal,
and an increase in stem cell factor restores detrusor contractility [172].

3.3. Urethral Mechanisms of Male LUTD

Detrusor sphincter dyssynergia is characterized by simultaneous contraction of the
detrusor and urinary sphincter, thereby impairing urine outflow from the bladder [173].
Detrusor sphincter dyssynergia manifests in three distinct phenotypes: (Type 1) increased
sphincter activity during detrusor contraction which then ceases, resulting in delayed
urination, (Type 2) intermittent clonic contractions during voiding, resulting in intermittent
stream, (Type 3) continuous sphincter activity during detrusor contraction, resulting in
impaired voiding [174]. Detrusor sphincter dyssynergia is common in men with spinal
cord injuries or multiple sclerosis and has the capability to drive bladder decompensation,
elevate pressure in the ureter and pelvis, and cause hydronephrosis, renal scarring and
terminal kidney failure [173,174].

Neurological disease commonly manifests in bladder dysfunction [175]. Autonomic
nervous system lesions (stroke, tumor, traumatic spinal cord injury, myelopathies due to
cervico-arthrosis spina bifida), disseminated lesions (Parkinson’s disease, brain trauma,
multiple sclerosis, meningo-encephalitis,) and peripheral neuropathies (diabetes mellitius)
have all been identified as mechanisms of bladder dysfunction [175] and act in part by
disrupting coordination between the detrusor, urinary sphincter, and central nervous
system [173,174]. While there are many examples of environmental chemicals causing
neuropathies, the consequences on lower urinary tract function are rarely examined.

3.4. The Relationship between LUTD and Comorbidities

Recent studies connect LUTD to other diseases. For example, people with cardiovas-
cular disease, diabetes and obstructive sleep apnea are at increased risk of developing
LUTD [176–179]. A common thread linking these diseases is a change in hemodynam-
ics connected to ischemic injury [180–182], a factor that independently drives LUTD in
mice [174]. Environmental chemical exposures have been linked to cardiovascular disease
and diabetes [183–186], and this is another mechanism by which they may drive LUTD.

4. Mouse Research Models of Male LUTD

Here we describe animal models used to study various etiologies of LUTD. While it is
important to realize that results from animal models are not always transferable to humans,
it is also crucial to highlight that animal models are used in preclinical trails to test the
safety and efficacy of drugs and are an invaluable tool to use in toxicological studies.

4.1. Benign Prostatic Hyperplasia

A variety of genetically engineered mouse models have been used to drive expression
of growth factors or mitogenic hormones in the prostate. Androgen responsive promoter
sequences, androgen-induced cre recombinase or viral promoters are used to target genetic
modifications to mouse prostate tissue and overexpress fibroblast growth factor 2 or fibrob-
last growth factor 3 to drive epithelial BPH [187–189], overexpress prolactin [190–193] or
interleukin 1 alpha [194] to drive epithelial and stromal BPH and prostate inflammation,
delete serine/threonine kinase 11 to promote stromal BPH in the periurethral region [195],
or genetically modify other sequences. Expression of an activated form of P110 alpha,
the catalytic subunit of PI3K, in mouse prostate epithelium also drives epithelial BPH in
mice but accompanied with a stark fibrotic response in prostatic stroma [196]. Many of
these genetically engineered mouse models were created before contemporary methods
were optimized for mouse urinary physiology phenotyping. The historical goal was to use
genetically engineered mice to identify molecular mediators of BPH and test efficacy of
drugs and dietary substances for relieving BPH in preclinical model species. While geneti-
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cally engineered mouse models are useful for understanding homeostatic mechanisms of
prostate cell proliferation, it is becoming clear that BPH is not always linked to LUTD in
men [197], and it remains important to characterize urinary physiology in these mice as a
more relevant endpoint for male LUTD.

4.2. Mouse Models of Prostate Inflammation

Histological inflammation of the human prostate is extremely common: in one study,
it was detected in nearly 80% of prostate biopsy specimens from 60+ year old men and was
strongly associated with urinary voiding symptoms [198]. Prostate infection by ascending
microbes is one potential mechanism of prostate inflammation and supported by the fre-
quent encounter of bacteria in human prostate tissue specimens [199–201]. One strategy
for driving prostate inflammation in mice involves urethral catheterization and delivery of
uropathogenic E. coli. A variety of isolates have been used (E. coli UTI89, 4017, 1677 and
CP-1), ranging from those collected as clinical urine isolates from women with bladder
infections, to others collected from men with pelvic pain [202,203]. The pattern of inflam-
mation (acute vs. chronic) depends in part on mouse strain used [204] and method of E. coli
delivery (single vs. multiple inoculations, catheter size, instillation volume and bacterial
load). It is essential to control these variables carefully when considering experimental
design, and mice instilled with sterile saline (sham operated mice) are an essential com-
ponent of experimental design because urethral catheterization can itself induce trauma,
urethritis, and changes in urinary voiding physiology [144]. Prostatic E. coli infection is
linked to prostate fibrosis and changes in voiding patterns in mice, but voiding patterns
differ between E. coli strains and methods of infection and can include high volume, low
frequency voiding [144] or low volume, high frequency voiding [107,205,206].

Many men with histological prostatitis present with a pattern of prostatic infiltrate
consistent with prostate autoimmunity [207–209], an observation co-opted for the design of
mouse models. The prostate ovalbumin expressing transgenic-3 mouse expresses ovalbu-
min under the control of the androgen-responsive probasin promoter [210,211]. Autologous
splenocytes are activated in vitro and transplanted to drive T-cell mediated prostate au-
toimmunity and inflammation [207]. While the pattern of inflammation and mechanisms
of cell proliferation have been carefully studied in this mouse, the urinary physiology
phenotype is not well characterized. The experimental autoimmune prostatitis mouse
model involves repeated intradermal injections of rat prostate homogenate into mice to
drive a T-cell based autoimmune reaction that has been used to examine mechanisms of
male LUTD and chronic pelvic pain [212,213].

A non-bacterial mouse model of prostate inflammation was created based on obser-
vations that IL-1 beta abundance increases after intraprostatic injection of noxious agents
or uropathogenic E. coli infection [214–217] and that Prostatic IL-1 beta abundance is el-
evated in humans with histological BPH and correlates with LUTS and chronic pelvic
pain [218–222]. This mouse model utilizes the Tet-On system which induces expression of
a gene in the presence of doxycycline and is tunable, with stronger transgene expression
with doxycycline dose [223]. A double transgene of Hoxb13-rTA transgene and a TetO-IL1
beta responder is used to drive IL-1 beta in prostatic epithelial cells [223,224]. The urinary
metabolomic proteomic signatures of this mouse have been described, but the urinary
physiology phenotype remains to be determined [224,225].

A recent mouse model of prostate inflammation is based off observations that prostate
secretory proteins are leaked into prostate stroma of some men with LUTD and accom-
panied with patchy loss of the adherens junction protein e-cadherin, suggesting a loss of
prostate barrier function [226]. Genetic depletion of e-cadherin in mouse prostate epithe-
lium increases prostate mass and cell proliferation, thickens prostate stroma, and increases
voiding frequency while reducing voided urine volume, and increases spontaneous bladder
contractions [227].
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4.3. Mouse Models of Partial Bladder Outlet Obstruction (pBOO)

Surgical approaches were first used to model pBOO in male mice. One approach
involves a retropubic incision to apply and cinch a suture or metal ring around the bladder
neck or pelvic urethra to drive bladder compensation and overactive bladder, and later
bladder decompensation, detrusor underactivity, fibrosis, and loss of muscle mass [228–231].
The mouse model has been essential for recognizing new druggable pathways for restoring
function to the decompensated bladder [232].

Treatment with exogenous androgens combined with estrogens is a non-surgical
method to drive BOO in mice. Mice are given slow-release implants of androgen (testos-
terone or dihydrotestosterone) in combination with slow-release implants of estrogen
(17beta-estradiol or diethylstilbesterol). The combination of androgen plus estrogen is nec-
essary for prostate gland maintenance, as estrogens delivered to male mice in the absence
of androgens disrupts hypothalamic/pituitary/gonadal signaling and cause prostate gland
atrophy [128]. Genetically engineered mice that overexpress aromatase are also used to
recapitulate the endocrine environment of advancing age [129,233]. Male mice treated with
androgen and estrogen develop progressive LUTD, with evidence of disease processes
(increased bladder weight as evidence of hypertrophy/compensation for BOO) occurring
as early as two weeks after treatment [124]. Sustained exposure to exogenous androgens
and estrogens elicits a variety of changes to the male lower urinary tract of multiple species,
including prostatic hypertrophy and inflammation, urethral narrowing and abnormal
urethral muscle tone, urinary dysfunction with progressive onset, bladder overactivity
and eventual decompensation [124,127–131,133,234–238]. Estrogen receptor activation is
a key driver of urinary dysfunction, as exogenous estradiol given to male mice drives
urinary retention in the absence of exogenous testosterone [239] and estrogen receptor 1
is required for urinary retention and voiding dysfunction from exogenous testosterone
and 17beta-estradiol in mice [237]. An important consideration when exogenous androgen
and estrogen are used to drive male LUTD, especially when incorporating genetic changes
to identify mechanisms, is that hormone responsiveness, disease onset, progression and
severity are influenced by genetic background and mouse strain [234]. The delivery system
of exogenous androgens and estrogens should be considered if using hormones to drive
LUTD for a toxicology study. Compressed pellets of androgens and estrogens can be
crushed when animals are restrained for chemical exposure (injection) [21]. Silastic capsule
preparations of androgens and estrogens are more durable [240].

4.4. Mouse Models of Overactive Bladder (OAB)

OAB can be induced by ischemic injury [24,93,241]. A balloon catheter is passed
through the iliac artery and inflated, then withdrawn to cause endothelial damage [241].
This injury is combined with a cholesterol enriched diet to cause bladder arterial occlusions
and chronic bladder ischemia [206]. This model results in increased voiding frequency
but decreased voided volume, and more frequent non-voiding bladder contractions in
rats [241].

OAB can also be induced by the introduction of noxious stimuli (acetic acid, hy-
drochloric acid, and others) into the bladder [242,243]. Chemical induced OAB decreases
the inter-voiding interval of anesthetized mice, reduces bladder capacity, and sensitizes
afferent nerves [243–246].

4.5. Mouse Models of Detrusor Sphincter Dyssynergia (DSD)

The most common approach to evoke detrusor sphincter dyssynergia is to induce
spinal cord injury under anesthesia [247]. Urine must be manually expressed at least
three times per day until the micturition reflexes recover (10–14 days), then once per
day [247]. Cystometry profiling of injured mice reveals increased activity of the exter-
nal urethral sphincter coupled with increased urethral pressure and voiding pressure,
increased frequency and magnitude of non-voiding contractions, and increased bladder
capacity [247,248].
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5. Conclusions

Lower urinary physiology is extremely complex, shaped by contributions from the
urethra, prostate, bladder, ascending and descending neural pathways, and the brain.
Despite an extremely high prevalence of male LUTD and devastating impacts on society,
LUTD mechanisms and factors that influence LUTD severity are poorly understood. Envi-
ronmental contributions to LUTD remain almost completely unexamined. We provided
this overview of male lower urinary tract anatomy, physiology, and cell biology, described
known disease mechanisms, and highlighted knowledge gaps that require additional re-
search to direct new attention from toxicologists and environmental health specialists to
this widespread disease. We detailed examples of environmental chemicals that perturb
urinary tract function and described mouse models of LUTD with the intention that public
health specialists, epidemiologists and toxicologists will consider LUTD research in toxicity
assessments. Future risk mitigation strategies will likely be critical to reducing the burden
and severity of LUTD in aging adults.
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Abstract: Triclosan, triclocarban and 4-nonylphenol are all chemicals of emerging concern found
in a wide variety of consumer products that have exhibited a wide range of endocrine-disrupting
effects and are present in increasing amounts in groundwater worldwide. Results of the present
study indicate that exposure to these chemicals at critical developmental periods, whether long-term
or short-term in duration, leads to significant mortality, morphologic, behavioral and transcriptomic
effects in zebrafish (Danio rerio). These effects range from total mortality with either long- or short-
term exposure at 100 and 1000 nM of triclosan, to abnormalities in uninflated swim bladder seen with
long-term exposure to triclocarban and short-term exposure to 4-nonylphenol, and cardiac edema
seen with short-term 4-nonylphenol exposure. Additionally, a significant number of genes involved
in neurological and cardiovascular development were differentially expressed after the exposures,
as well as lipid metabolism genes and metabolic pathways after exposure to each chemical. Such
changes in behavior, gene expression, and pathway abnormalities caused by these three known
endocrine disruptors have the potential to impact not only the local ecosystem, but human health
as well.

Keywords: triclosan; triclocarbon; detergents; 4-nonylphenol; Danio rerio; zebrafish; environmental
toxicity; development; aquatic environment; ground water chemicals

1. Introduction

Since the Industrial Revolution, humans have created and used chemicals as a part of
technological advancements necessary to meet the demands of the world’s exponentially
growing population. Unfortunately, most chemicals are put into use before the full extent
of their health effects on humans and wildlife is known. In the past, chemicals have been
released into the environment via dumping in lakes, rivers, or into the ground before
regulations like the Resource Conservation and Recovery Act (RCRA) were put in place
for chemical waste disposal. Despite regulations like these, chemicals are still used and
released into the environment, and many are resistant to degradation with the potential
to cause adverse effects on local ecosystems that extend to wildlife and humans. For
instance, the U.S. Food and Drug Administration released a Final Rule in 2016 regarding
the antimicrobial triclosan, that concluded human and ecosystem health is not sufficiently
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protected from the adverse impacts of antimicrobial and antiseptic chemicals by existing
regulatory practices [1].

As research increases our knowledge of these environmental contaminants and their
properties, we are discovering that many are endocrine disrupting chemicals (EDCs). Ac-
cording to the National Institute of Environmental Health Sciences (NIEHS), EDCs are
“chemicals that may interfere with the body’s endocrine system and produce adverse devel-
opmental, reproductive, neurological, and immune effects in both humans and wildlife” [1].
Sources of EDCs are wide ranging and include industrial processes, personal care products,
pharmaceuticals, pesticides, and more. Triclosan and triclocarban are antimicrobial agents
now banned in soaps in the United States due to evidence that they do not prevent disease
or improve health but are toxic and carcinogenic, mainly via endocrine disruption [2].
Nonetheless, they are still found in personal care products such as lotions, deodorants, and
toothpaste, such as Colgate, which contains 10 mM of triclosan, then enter the environment
mainly through wastewater effluent [3,4] where they accumulate due to their resistance to
biodegradation, with an approximate average of 200 ng/L found for both in U.S. surface
waters [5]. Triclosan and triclocarban also have the ability to cross the placental barrier [6].
Pregnant rats exposed to triclosan had dramatically decreased serum levels of estradiol,
progesterone, and prolactin, as well as differential expression of genes responsible for hor-
mone biosynthesis targeting the placenta [7]. Studies have shown that triclosan exposure
may be linked to decreased oocyte implantation in women struggling with fertility [8] and
may have placental endocrine effects [9]. In fact, human fecundity decreases when triclosan
concentrations exceed 75 ng/mL in urine [10]. Human studies also showed disruption of
thyroid hormones, specifically triclosan has a positive association with circulating levels
of triiodothyronine [11]. Similarly, triclocarban exposure disrupts thyroid hormones in
human cell lines and frogs [12], increases androgenic activity in human cell lines [13],
reduces female plasma vitellogenin and estradiol in female fathead minnows, resulting in
approximately half the cumulative egg production compared to unexposed fish, and de-
creases testosterone while increasing estradiol in male fathead minnows at environmentally
relevant levels [14].

4-nonylphenol is another known EDC that can be found in a wide range of prod-
ucts including fungicides, food packaging, toys, clothes, jewelry, and cosmetics [15]. 4-
nonylphenol causes health effects such as liver toxicity and steatosis in male rats [16] as
well as induces hormone disruption by inhibiting progesterone and androstenedione [17].
Additionally, exposure to 4-nonylphenol during critical developmental periods such as
puberty leads to decreased testosterone production and spermatogenesis, as well as in-
creased morphological sperm abnormalities in rats [18]. Humans are not only exposed to
these chemicals directly in consumer products, but also via the environment where they
are found ubiquitously in surface water, drinking water, wastewater effluent, soil, and
wildlife [19–24].

Although these EDCs have been studied in many different organisms, little is known
about the health consequences of exposure to environmentally relevant levels at critical
developmental windows, and the acute and later life effects of these early life exposures.
The purpose of this study is to evaluate the health risks of early life exposure to EDCs com-
monly found at low but persistent levels in the environment. Thus, we exposed zebrafish
(Danio rerio) larvae to triclosan, triclocarban, or 4-nonylphenol during early development,
and examined its effects on morphology, behavior, and gene expression. Zebrafish are
an NIH-approved human model because their genome shares 70% homology with the
human genome. Organogenesis takes place within the first 42 h post-fertilization, whereas
hatching occurs around 48 h post-fertilization, at which point the larval stage begins [25].
Zebrafish can also produce hundreds of eggs per week, making them an excellent model
for high-throughput screening for multiple chemicals and endpoints. Additionally, since
zebrafish are swimming freely by 3 days post-fertilization (dpf), we can measure neurobe-
havioral endpoints in early life. We found that exposure to triclocarban, triclosan, and
4-nonylphenol during these two critical development periods, embryogenesis and the early
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larval stage, can have detrimental morphological, behavioral, and transcriptomic effects,
providing insight into timing of exposure, targets, and mechanisms of EDC toxicity.

2. Material and Methods

2.1. Animal Husbandry

The adult zebrafish (wild-type AB strain) used to spawn the larval fish for the experi-
ments were maintained on a 14:10 light/dark cycle in reverse osmosis (RO) water buffered
with salt (Instant Ocean© Spectrum Brands, Blacksburg, VA, USA) with temperature main-
tained at 27 ◦C–30 ◦C in a recirculating system (Aquaneering, San Diego, CA, USA). Adult
fish were monitored and fed fish flakes twice daily (Aquatox Fish Diet, Zeigler Bros Inc.,
Gardners, PA, USA), with feeding supplemented by brine shrimp. Adult zebrafish were
bred in spawning tanks with a sex ratio of 1 male to 2 females, and embryos were collected
4 h post-fertilization (hpf). The embryos were cleaned with bleach 58 ppm for 5 min (Clorox
Company, Oakland, CA, USA), rinsed with RO water and then egg water (600 mg/L salt in
RO water), sorted into exposure groups for their respective chemicals, and incubated at
28 ◦C. Zebrafish use protocols were approved by the Institutional Animal Care and Use
Committee at Wayne State University, according to the National Institutes of Health Guide
to the Care and Use of Laboratory Animals (Protocol 16-03-054; approved 4 August 2016).

2.2. Chemical Exposures

4-nonylphenol (CAS# 104-40-5, Sigma Aldrich, USA), triclocarban (CAS# 101-20-2, U.S.
Pharmacopeia, Rockville, MD, USA), and triclosan (CAS# 3380-34-5, U.S. Pharmacopeia,
Rockville, MD, USA) were used to prepare stock solutions. The 4-nonylphenol solutions
were prepared in fish water (60 mg/L salt in RO water) at concentrations of 0.1, 1, 10, 100
and 1000 nM. The triclosan solutions were prepared in acetone at concentrations of 0.1, 1,
10, 100 and 1000 nM. The triclocarbon solutions were prepared in acetone at concentrations
of 0.01, 0.1, 1, 10 and 100 nM. Control fish for the triclosan and triclocarban exposures
were placed in vehicle (0.01% acetone (v/v) in RO water). The chemical solutions for
the exposures were prepared daily from aliquots of the stock solutions. Larval chemical
exposures were performed in 6-well plates, with embryos at a density of 30 per well and
per exposure concentration, at one of two different time periods: either 120 h from 4 hpf
to 5 days post-fertilization (dpf; “long-term exposure”); or 24 h at 4–5 dpf (“short-term
exposure”). This was replicated 5 times, for a total of 150 larval fish exposed for each
chemical, concentration, and duration of exposure. Approximately 90% of the chemical
solution was removed from each well daily and replenished with freshly prepared chemical
solution. After the exposure period, larval fish were rinsed 3 times with egg water to end
the chemical exposure.

2.3. Abnormality Screening

Zebrafish embryos were screened at 24, 48, 72, 96, and 120 hpf for mortality and
morphological abnormalities under stereomicroscope (M165C, Leica Microsystem, Wetzlar,
Germany). The mortality endpoints assessed were coagulation of embryo and lack of
heartbeat. The abnormality endpoints assessed were number of unhatched embryos
compared to hatched embryos, skeletal deformities, improperly inflated swim bladder,
yolk sac edema, cardiac edema, and total abnormalities. Embryos were screened using
6.7× magnification, with detailed evaluation occurring at a magnification of 20×. Results
were analyzed for each chemical using a Chi-Square test with significance set at p < 0.05,
with pairwise comparison with Bonferroni corrections.

2.4. Behavioral Analysis

At 5 dpf, 24 larval zebrafish from each exposure group and control groups with inflated
swim bladders and without any morphological abnormalities were tested with 1 larva
per well in a 24-well plate with 2 mL of fish water per plate. Each plate was allowed to
acclimate for at least an hour at 27 ◦C before being placed in to the DanioVision Chamber
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(Noldus Information Technology, Wageningen, The Netherlands) to undergo the behavioral
assay. The behavioral assay consisted of 3 min light and dark alternating periods, with
a total of four light-dark cycles (24 min in total) and took place between 14:00 and 22:00.
The integration time was set to 6 s and raw data files were processed using custom R
scripts [26]. The behavioral endpoints assessed were as follows: Behavioral testing was
performed between 1400 and 2200 h using fish that had acclimated in visible light. The
raw data was exported from EthoVisionXT14 into a spreadsheet to perform quality control.
The data series were not normally distributed, as normality was tested via a Shapiro–Wilks
test. Interquartile range (IQR) method was used to remove outliers from light cycles. Data
series were excluded from the overall light series if two serial data points were larger than
75th percentile plus 1.5 of IQR after the 1:00 min mark. In the dark cycle, data series were
excluded if two serial data points were smaller than the median of the light data series.
Finally, data series with a mean ratio of light:dark series equal or larger than 0.9 were
removed. The behavioral data were then analyzed using ANOVA and Tukey’s HSD tests.
Significance was considered at p-value smaller than 0.05. The quality control and statistics
were conducted using R (http://www.r-project.org accessed on: 13 July 2021).

2.5. Transcriptomics

At 5 dpf, five larval fish per chemical concentration were pooled per tube in RNALater™
(Thermo Fisher Scientific, Waltham, MA, USA) at 4 ◦C. RNALater™ was removed after 24 h
and samples were kept at −80 ◦C until RNA extraction. RNA isolation was performed using
the RNeasy Lipid Tissue Mini Kit (QIAGEN, Hilden, Germany) according to manufacturer
recommendations. RNA purity was measured with Qubit® 3.0 Fluorometer (Invitrogen,
Waltham, MA, USA) and RNA was stored at −80 ◦C until Quantseq library preparation.
Quantseq 3′ mRNA-seq libraries were prepared from isolated RNA using QuantSeq 3′

mRNA-Seq Library Prep Kit FWD for Illumina (Lexogen, Vienna, Austria). Samples were
normalized to 40 ng/µL (total input of 200 ng in 5 µL) and amplified at 17 cycles. Libraries
were quantified using a Qubit® 2.0 Fluorometer and Qubit® dsDNA Broad Range Assay
Kit (Invitrogen, Carlsbad, CA, USA), and run on an Agilent TapeStation 2200 (Agilent
Technologies, Santa Clara, CA, USA) for quality control. The samples were sequenced on a
HiSeq 2500 (Illumina, San Diego, CA, USA) in rapid mode (single-end 50 bp reads). Reads
were aligned to D. rerio (Build danRer10) using the BlueBee Genomics Platform (BlueBee,
Rijswijk, The Netherlands). Differential gene expression between the control and exposure
lineage zebrafish was evaluated using DEseq2 (available through GenePattern; Broad
Institute, Cambridge, Massachusetts). Genes with significant changes in expression, as
defined by absolute log2-fold change value ≥0.75 and adjusted p-value < 0.1 were uploaded
into Ingenuity Pathway Analysis software (IPA; QIAGEN Bioinformatics, Redwood City,
CA, USA) for analysis using RefSeq IDs as identifiers.

3. Results

3.1. Triclosan

3.1.1. Larval Abnormalities and Mortality

No significant larval abnormalities were found at any concentration of triclosan fol-
lowing either the 24 or 120 h exposure (Figure 1A). The two highest triclosan concentrations
(100 and 1000 nM) resulted in significant mortality following both the 24 and 120 h ex-
posures, with all larval fish dying by 5 dpf in the 120 h exposure (p < 0.001). Because of
the high mortality rate at these concentrations, abnormalities and behavior could not be
evaluated. The percentage of unhatched eggs was significantly decreased in the 120 h
exposure in the 10 nM concentration exposure group compared to control (p < 0.01).
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Figure 1. Heat map showing abnormality rate of zebrafish exposed to triclosan (A), triclocarban (B),
or 4-nonylphenol (C) starting from 4 h post-fertilization to 5 days post-fertilization (0–5 dpf) or
4–5 dpf. ** indicates significant difference from control (p < 0.10), *** (p < 0.001).

3.1.2. Behavior

The 120 h triclosan exposure resulted in significant behavioral changes in each concen-
tration compared to controls with significant decreases in distance moved during the dark
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cycle following 0.1 and 10 nM exposures (p < 0.001), as well as 1 nM exposure (p < 0.05;
Figure 2A). No significant difference in distance moved was observed during the light cycle
for the 120 h exposure groups. In the 24 h exposure, however, movement was increased in
both the dark cycle for the 1 nM exposure group (p < 0.001) and in the light cycle for the
10 nM exposure group (p < 0.05; Figure 2A).

Figure 2. Average distance moved (cm) by larval zebrafish during light and dark cycles following
(A) triclosan (TCS), (B) triclocarbon (TCC), or (C) 4-nonylphenol (4NP) exposure starting from
4 h post-fertilization to 5 days post-fertilization (dpf; 120 h exposure) or 4–5 dpf (24 h exposure):
* indicates significant difference from control (p < 0.05), ** (p < 0.10), *** (p < 0.001); bars represent
standard deviation.
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3.1.3. Gene Expression and Pathway Analysis

Table 1 shows the number and direction of change for differentially expressed genes
(DEGs) following triclosan exposure. The 120 h exposure group resulted in 31 DEGs
with absolute log2-fold changes ≥ 0.75 and adjusted p-values < 0.1, with 17 upregulated
and 14 downregulated across all triclosan concentrations. For the 24 h exposure group,
there were 45 DEGs across all concentrations with 35 upregulated and 10 downregulated
(Table S1). The lowest triclosan concentration (0.1 nM) had the most DEGs regardless of
exposure duration, with 19 and 22 DEGs following the 120 and 24 h exposures, respectively,
9 of which were commonly dysregulated by both exposure durations. The significant
gene expression profiles were distinct for each exposure concentration following the 24 h
exposure, except for hemoglobin, alpha embryonic 1.1 (hbae1.3) which was upregulated
at 1 and 10 nM. The 120 h exposure was similar, with only one gene, cytochrome P450,
family 2, subfamily K, polypeptide 18 (cyp2k18), differentially expressed after both 1 and
10 nM exposures.

Table 1. Number of significantly dysregulated genes (significance defined as absolute log2-fold
changes ≥ 0.75 and adjusted p-value < 0.1) in zebrafish following extended duration 4NP, TCC or
TCS exposure starting at 4 h post-fertilization through 5 days post-fertilization, short term duration
starting at 4 dpf through 5 dpf, and total genes dysregulated across all concentrations for extended
duration and short term duration. ↓ indicates gene downregulation; ↑ indicates gene upregulation.

Triclosan

0.1 nM 1 nM 10 nM Total genes
24 h 7 ↓, 15 ↑ 2 ↓, 17 ↑ 1 ↓, 3 ↑ 10↓ 35↑

120 h 11 ↓, 8 ↑ 0 ↓, 1 ↑ 3 ↓, 8 ↑ 14 ↓ 17↑
Triclocarban

0.01 nM 1 nM 100 nM Total genes
24 h 115 ↓, 54 ↑ 26 ↓,37 ↑ 8 ↓, 9 ↑ 149↓ 100↑

120 h 0 ↓, 1 ↑ 578 ↓, 258 ↑ 478 ↓, 465 ↑ 1056↓ 724↑
4-nonylphenol

0.01 nM 10 nM 1000 nM Total genes
24 h 0 ↓, 0 ↑ 4 ↓, 34 ↑ 8↓, 6 ↑ 12 ↓ 40↑

120 h 32 ↓, 7 ↑ 1↓, 0 ↑ 1 ↓, 0 ↑ 33 ↓ 7↑

Triclosan and 4-nonylphenol shared 8 DEGs (Figure 3) in the following pathways: lipid
metabolism, organ development, organ injury and abnormalities, and cancer. The SPINK1
pancreatic cancer pathway was the main pathway expressed following the 24 h triclosan
exposure and 120 h 4-nonylphenol exposure, and includes genes such as carboxypeptidase
A1 (pancreatic; cpa1), which was dysregulated at 1 nM triclosan, and 10 and 1000 nM
4-nonylphenol. For the 24 h duration triclosan exposure, the SP1NK pancreatic cancer
pathway had 5 DEGs at 1 nM, while there was only 1 DEG at the 10 nM concentration.
Additionally, the 120 h exposure groups for both triclosan and triclocarban shared 14 DEGs
(Figure 3) in pathways involving: metabolic processes, including cholesterol biosynthesis,
specifically following 1000 nM triclosan and 10 nM triclocarban; xenobiotic processes,
specifically following 0.1 and 1 nM triclosan, as well as 1 and 10 nM triclocarban; organ
development and morphology, particularly in the cardiovascular and neurological sys-
tems, specifically following 0.1, 1, and 1000 nM triclosan and 10 nM triclocarban. Table 2
shows the 14 genes commonly dysregulated by triclosan and triclocarban. There were
six DEGs across all three chemicals, including genes related to: cardiovascular system
development, such as F-box protein 32 (fbxo32) and hemoglobin, alpha embryonic 1.3
(hbae1.3); intracellular processes, such as mitochondrial trna (mt-trna), si:ch211-153b23.4
(si:ch211-153b23.4), and heterogeneous nuclear ribonucleoprotein A0, like (hnrnpa0l); and
extracellular processes such as pyruvate dehydrogenase kinase 2 (pdk2b) (Table 2).
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Figure 3. Venn diagram of differentially expressed genes after exposure to triclosan (TCS), triclocarban
(TCC) or 4-nonylphenol (4NP) with all exposure concentrations and durations combined. The genes
included in this diagram have an adjusted p-value < 0.1 and absolute log2-fold changes >0.75.

IPA analysis of the DEGs following triclosan exposure revealed several pathways
of interest. For the 120 h exposure, the top pathways included: xenobiotic metabolism
signaling (three genes at both 0.1 and 1 nM); immune system responses, such as NRF2-
mediated stress response (two genes at 0.1 and 1 nM, three genes at 1000 nM); metabolic
processes, such as cholesterol and glycine synthesis (three genes at 1000 nM); and nervous
system organ development and function (five genes at 0.1 nM, two genes at 1 nM) (Table 2).
The 24 h triclosan exposure had fewer implicated pathways, but one of the top pathways
was organismal injury and abnormalities (33 genes at 0.1 nM, 98 genes at 1 nM, 6 genes at
1000 nM), cancer, specifically the SPINK1 pancreatic cancer pathway, and cardiovascular
diseases (16 genes at 1 nM, 1 gene at 1000 nM). Only the lipid metabolism pathway was
implicated in both 120 and 24 h triclosan exposure groups. Additionally, there were 10 DEGs
expressed in both exposure groups, including: synaptotagmin IV (syt4), involved in the
nervous system development/signaling pathway; PRELI domain containing 3 (prelid3b),
involved in the intracellular lipid transport pathway; and perilipin 2 (plin2), involved in
the lipid metabolism pathway.
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3.2. Triclocarban

3.2.1. Larval Abnormalities and Mortality

Larval fish exposed to triclocarban for 120 h displayed a significant increase in unin-
flated swim bladders at the (100 nM) compared to control (p < 0.005; Figure 1B). Addition-
ally, total abnormalities were approaching significance (p = 0.059), primarily due to the
swim bladder abnormalities observed in the 100 nM exposure group. However, fish from
the 24 h exposure groups did not experience any significant developmental abnormalities.
No significant difference was observed in mortality or the percentage of unhatched eggs at
any concentration in either the 120- or 24 h triclocarban exposure.

3.2.2. Behavior

In the 120 h triclocarban exposure, fish exposed to the second-lowest concentration
(0.1 nM) showed a decrease in distance moved in the dark (p < 0.01), while fish exposed
to the highest concentration (100 nM) showed a significant increase in distance moved in
the dark (p < 0.001) compared to control. The 24 h exposure group exhibited a decrease
in distance moved in the dark at the 0.01 nM concentration (p < 0.001) (Figure 2B). No
significant changes in movement were detected during the light cycle following either the
120- or 24 h exposure.

3.2.3. Gene Expression and Pathway Analysis

Triclocarban exposure resulted in significantly more DEGs compared to the other two
chemicals with a total of 2019 DEGs with absolute log2-fold changes ≥0.75 and adjusted
p-values <0.1. There were 1770 DEGs (724 upregulated and 1056 downregulated, with
10 variably regulated depending on concentration) from the 120 h exposure and 249 DEGs
(100 upregulated and 149 downregulated) from the 24 h exposure (Tables 1 and S1). A
total of 45 genes were commonly dysregulated following both exposure durations, with
two pathways implicated across all exposure concentrations and all exposure durations:
cancer and organismal injury and abnormalities, both of which included genes such as
tyrosinase-related protein 1b (tyrp1b), sequestosome 1 (sqstm1), pyruvate dehydrogenase
kinase 2 (pdk2), and heterogeneous nuclear ribonucleoprotein L (hnrnpl). Other affected
pathways included endocrine system disorders (expressed following the 1 and 10 nM
exposures) and molecular transport and small molecule biochemistry (expressed following
the 1 nM exposure).

In addition to the 14 genes commonly dysregulated by triclocarban and triclosan
(previously described above), triclocarban and 4-nonylphenol commonly dysregulated
27 genes (Figure 3), with the top affected pathway being lipid metabolism, which was
dysregulated following both exposure durations to 0.1 nM 4-nonylphenol, short term
exposure to 1000 nM nonylphenol, and long-term exposure to 10 nM triclocarban. The
small molecule biochemistry pathway was also dysregulated following both exposure
durations to 1 nM triclocarban, long term exposure to 10 nM 4-nonylphenol, and short-term
exposure to 0.1 and 1000 nM 4-nonylphenol.

3.3. 4-nonylphenol

3.3.1. Larval Abnormalities and Mortality

4-nonylphenol exposure, regardless of concentration, did not affect mortality rate
following either the 120- or 24 h exposure duration. While fish exposed to 4-nonylphenol
for 120 h had no significant abnormalities (p > 0.05), the 24 h exposure fish showed sig-
nificant deficiency in swim bladder development and total abnormalities at the 1000 nM
concentration compared to control (p < 0.001) (Figure 1C). Global Chi-Square analysis
showed increased cardiac edema (p < 0.05) and skeletal abnormalities (p < 0.001) in the 24 h
exposure group, but pairwise comparisons showed no significant difference between any
specific concentration compared to the control group. However, the 1 nM concentration
was approaching significance compared to control for uninflated swim bladder (p = 0.08).
The 1000 nM concentration for the 24 h exposure had the highest occurrence of abnor-
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malities: skeletal (21%), uninflated swim bladder (21%), and yolk sac edema (10%). The
percentage of unhatched eggs was increased in the 120 h exposure for the 0.1 and 100 nM
concentrations compared to control, although it was not significant (p > 0.05).

3.3.2. Behavior

Larval fish exposed to 4-nonylphenol moved significantly less in the dark at 0.1 and
10 nM after both the 120 and 24 h exposures, and also at 100 nM after the 24 h exposure
(p < 0.001). In the light, decreased movement was observed in the 120 h exposure at 0.1 and
100 nM (p < 0.001 and p < 0.05, respectively), while increased movement was observed in
the 24 h exposure at 1 nM (p < 0.001) (Figure 2C).

3.3.3. Gene Expression and Pathway Analysis

4-nonylphenol exposure resulted in 93 DEGs with absolute log2-fold changes ≥ 0.75
and adjusted p-values < 0.1 across both exposure durations, with 47 upregulated and
46 downregulated (Table 1). The 120 h exposure resulted in 41 DEGs (33 downregulated
and 7 upregulated), with 40 dysregulated at 0.1 nM alone, and 1 gene, zgc:92590 (zgc:92590),
upregulated at both 0.1 and 1000 nM. The 24 h exposure resulted in 52 DEGs, with 34 up-
regulated and 4 downregulated at 10 nM alone, and the remaining 14 genes dysregulated at
1000 nM (Table S1). The significant gene expression profiles were distinct for each exposure
concentration following the 24 h exposure duration. However, three genes were commonly
dysregulated following the 120 and 24 h exposure durations: cytochrome P450, family
3, subfamily A, polypeptide 65 (cyp3a65), involved in the xenobiotic signaling pathway;
amylase alpha 2A (amy2a), involved in the metabolic processes pathway; and pyruvate
kinase L/R (pklr) involved in cardiac development/metal ion binding pathways.

Overall, 4-nonylphenol exposure resulted in fewer differentially expressed pathways
compared to triclocarban or triclosan exposures (Table 2). The main pathways implicated
following the 120 h exposure were similar to those affected by triclosan and triclocarban
exposure, namely lipid metabolism, small molecule biochemistry functions, organismal
injury and abnormalities. Cancer was also implicated in the long-term 4-nonylphenol
exposure, specifically the SPINK1 pancreatic cancer pathway, with 4 DEGs following
10 nM exposure, including carboxypeptidase A2 (pancreatic; cpa2), carboxypeptidase A1
(pancreatic; cpa1), carboxypeptidase B1 (tissue; cpb1), and chymotrypsinogen B, tandem
duplicate 1 (ctrb2). In addition to these, another 4 DEGs in the SPINK1 pathway were
present after exposure to 0.1 nM 4-nonylphenol: chymotrypsin-like (ctrl), chymotrypsin
like elastase 2A (cela2a), serine protease 2 (prss2) and chymotrypsin like elastase 1 (cela1)
(Table 2). Embryonic development was also an affected pathway following the 24 h
exposure duration, and included genes implicated in cardiovascular development, such
as transferrin receptor 1b (tfr1b), and neurological development, such as synaptogyrin 3b
(syngr3b), retinal X-arrestin (arrb3), and receptor accessory protein 3b (reep3b).

4. Discussion

Our results show a wide range of responses to these three EDCs, with notable differ-
ences in mortality, morphology, neurobehavior, and gene expression between triclocarban
and triclosan, despite their relatively similar functions and chemical structures. Results
also varied depending on the timing of exposure, elucidating the importance of examining
different windows of developmental exposure. For example, triclocarban led to more
significant morphological abnormalities in the 120 h exposure group, whereas none were
found with triclosan exposure, but this was likely due to the 100% mortality rate seen
at the two highest exposure concentrations (100 and 1000 nM) during both 120 and 24 h
exposure periods (Figures 1 and 2). Triclosan-induced mortality generally agrees with
existing data, which found a dose-dependent decrease in survival rate with significant
reductions in mortality at concentrations < 40 µg/L [27]. However, some studies showed
relatively lower or no mortality at concentrations >1000 nM in adult zebrafish [28] and other
fish species [29–32], suggesting that developing organisms are more sensitive to triclosan
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exposure than adults, and different species have variable sensitivity to this contaminant.
Some larval zebrafish studies additionally showed relatively lower mortality at equal or
higher concentrations to those investigated in the current study, which could potentially
be explained by different exposure methods through variations in water renewal or vehi-
cle [33,34]. Our results are also surprising because a recent study predicted that triclocarban
would have more adverse effects than triclosan, with a predicted no effect concentration
of 0.0147 µg/L versus 0.1757 µg/L for triclosan [35]. Our two highest concentrations of
triclosan (100 and 1000 nM) correspond to 43.4 µg/L and 433.9 µg/L respectively, whereas
the highest concentration of triclocarban (10 nM) corresponds to 3.2 µg/L, thus potentially
explaining why mortality was increased with triclosan, but not triclocarban exposure in this
study. 4-nonylphenol mortality followed along the lines of similar studies, which showed
no significant mortality in zebrafish embryos exposed from 4 to 168 hpf to concentrations
ranging from 0.1–100 µg/L [36].

A decreased percentage of unhatched eggs was another effect seen at 10 nM triclosan,
with only 1% of the eggs unhatched at 10 nM compared to 15% for the control group
in the 120 h exposure duration. Zebrafish egg hatching is mainly dependent on one
enzyme, zebrafish hatching enzyme 1 (zhe1) [37]. Although enzymatic activity and therefore
zebrafish hatching rate is mainly dependent on development rate and temperature, studies
have shown abnormalities in embryo hatching in response to adverse environmental
factors, such as glucocorticoids, salinity, and EDCs [38,39]. These outcomes conflict with
previous data on triclosan that indicates triclosan has no effect on the hatching rate of
zebrafish [40]. While no genes associated with zhe1 were dysregulated in this study, the gene
cyp2k18, which is involved in several processes in the body contributing to homeostasis,
including exogenous drug catabolic process, organic acid metabolic process, and xenobiotic
metabolic process, as well as heme-binding activity, was significantly upregulated after
both 1 and 10 nM exposures in the 120 h triclosan exposure group, with an absolute
log-fold change of 2.4 in the 10 nM group. Although no literature specifically links this
gene to a decreased percentage of unhatched eggs, cyp2k18 upregulation is considered a
marker of toxicity and stress. For example, cyp2k18 is significantly upregulated due to
drug toxicity [41], and cyp2k18 transgenic zebrafish have been developed in order to assess
toxicity to chemotherapy drugs [42]. Finally, upregulation of cyp genes has been linked to
tumorigenesis in both murine and Japanese medaka (Oryzias latipes) models [43]. Therefore,
upregulation of cyp2k18 is likely a marker of triclosan toxicity in the current study and
should be explored further as a potential marker of adverse environmental factors.

Triclocarban and 4-nonylphenol both showed a significant increase in uninflated swim
bladders at the highest exposure concentration (100 nM), with total abnormalities for triclo-
carban approaching significance mainly due to the swim bladder abnormalities observed in
the 100 nM exposure group. For 4-nonylphenol, there was a trend of swim bladder abnor-
malities in all concentrations of the 24 h exposure, but only the 1000 nM concentration was
significant. Several DEGs expressed across all concentrations in the long term triclocarban
exposure group included sqstm1, involved in axogenesis and nervous system development,
and pdk2, which is involved in glucose metabolism in the mitochondria. Both genes are
involved in the organismal injury and abnormalities pathway. Although no studies link
sqstm1 upregulation specifically to swim bladder deflation, upregulation has been linked to
tumorigenesis in bronchial epithelial cells in humans [44], while pdk2 upregulation has been
linked to the development of pulmonary hypertension [45]. The zebrafish swim bladder
shares many developmental [46] and transcriptomic [47] traits with the human pulmonary
system, so upregulation of these genes could be contributing to the deflated swim bladders
and overall abnormalities seen with the long-term triclocarban exposure. Abnormalities in
blood circulation and oxygen delivery have been implicated in uninflated swim bladders in
zebrafish [48], and downregulation of pklr, which is expressed in red blood cells, occurred
at short term 1000 nM 4-nonylphenol exposure.

4-nonylphenol-induced abnormalities were only seen following the 24 h exposure,
with the most DEGs following the 24 h exposure at 10 and 1000 nM concentrations
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(41 genes), compared to the 120 h exposure period (2 genes). This illustrates that the
specific window of susceptibility is particularly important 4-nonylphenol toxicity. Cardiac
edema was another abnormality noted after short term 4-nonylphenol exposure; however,
it was only significant with global Chi-Square analysis. When pairwise comparison was
conducted, no significant difference in cardiac edema between individual concentration
levels and the control group occurred. 4-nonylphenol exposure following the 24 h expo-
sure period resulted in the most DEGs related to the cardiovascular system, such as tfr1b,
which is responsible for hemoglobin biosynthesis, significantly upregulated at 10 nM and
approaching significance at 0.1 nM. Resulting hemoglobin defects can lead to increased
viscosity and cardiac edema, as seen in a study exposing African catfish (Clarias gariepinus)
to concentrations of 4-nonylphenol ranging from 250 to 1000 µg/L [49].

Behavioral abnormalities resulted from exposure to each of the three chemicals, with
triclosan exposure resulting in the most behavioral changes, followed by 4-nonylphenol,
and then triclocarban. Zebrafish are more active in the dark [50] as they search for better lit
environments where they can better identify food sources and increase their likelihood of
survival [51]. Our triclosan behavioral results for the 120 h exposure are similar to previous
findings of hypoactivity in response to triclosan exposure in a variety of aquatic organisms,
mice, and humans [40,52–57]. We have expanded upon this previous research by demon-
strating that this hypoactivity response is present at lower concentrations (0.1 nM, 1 nM,
and 10 nM; Figure 2A) than previously tested (10 µg/L to 0.6 mg/L). This hypoactivity
may be related to neurological dysfunction associated with dysregulation of syt4, which
binds phospholipids in the nervous system, and prelid3b, which transports lipids in the
nervous and musculature systems, which are both differentially expressed following the
long- and short-term triclosan exposures. Conversely, the 24 h triclosan exposure resulted
in hyperactivity at only the 1 nM concentration during the dark cycle and at 10 nM during
the light cycle. Two existing studies also found hyperactivity in response to triclosan
exposure in zebrafish [58] and humans (boys, but not girls) [59]. In both studies, exposure
to higher concentrations of triclosan, or a mixture of triclosan and its metabolites, seemed to
precipitate the hyperactive behavior, though both exposure periods were much longer than
the exposure period in the current study. The need for further research into how triclosan
exposure duration and concentration affects behavior is highlighted by the differential ef-
fects seen within our study, namely the lower concentrations inducing hypoactive behavior
following embryonic exposure, but hyperactivity following larval exposure.

Hypoactivity was the main behavioral change seen in response to 4-nonylphenol in
both the 24 and 120 h exposures. 0.1 and 10 nM showed hypoactivity from both exposure
time periods, but in the 24 h exposure, the most significant hypoactivity was at the highest
concentration (1000 nM) during the dark cycle. Activity in the light phases was generally
decreased as well, though only significantly for long term exposure at the 0.1 and 100 nM
concentrations. These results agree with previous 4-nonylphenol studies showing some
level of hypoactivity in response to exposure in mice and fish [60–65]. In contrast, only the
21 nM exposure resulted in hyperactivity during the light phase, although it is unclear why
this occurred.

A non-monotonic response was seen in triclocarban behavior from the 24 h exposure,
which only resulted in hypoactivity at 0.01 nM. Conversely, in the 120 h exposure in the
dark phase, the second lowest concentration resulted in hypoactivity while the highest
concentration resulted in hyperactivity. There have not been many studies on the effects of
triclocarban exposure on behavior. One study of fathead minnows (Pimephales promelas)
found reduced aggression in adult males at 560 and 1576 ng/L and no change in larval
behavior [66], while a study of Gammarus locusta found reduced activity in females at
500 ng/L [67].

Finally, IPA analysis revealed many pathways common to all chemicals and a few
unique to each chemical. The top pathways shared by all chemicals involved metabolic
processes (Table 2), such as lipid metabolism, proteolysis, and cholesterol and glycine
synthesis. Out of the 49 differentially regulated genes shared in various combinations
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between triclosan, triclocarban, and 4-nonylphenol, the majority were involved in metabolic
processes, specifically with the pancreas, such as cel.1, implicated in lipomatosis and
diabetes, amy2a involved in carbohydrate metabolism, prss59.2 implicated in pancreatitis,
el2a involved in proteolysis, and zgc:92590 involved in proteolysis. The upregulation of
these genes is mainly seen in triclosan and 4-nonylphenol, which may be contributing to
the pancreatic cancer pathway seen with these chemical exposures. The SPINK1 pancreatic
cancer pathway is thought to increase risk of pancreatic cancer by lowering the activation
threshold of trypsin [68]. SPINK1 is believed to promote proliferation of cancer cells by
inducing EGFR phosphorylation, which results in activation of the mitogen-activated
protein kinase (MAPK) pathway [69]. Additionally, the SPINK1 pathway activates the
NRF2 pathway, which leads to increased proliferation and decreased apoptosis of cancer
cells [70]. Although the SPINK1 gene itself was not dysregulated within our study, genes
related to the SPINK1 and the NRF2 pathway, namely abcc2, were dysregulated. The
gene abcc2, which is implicated in multiple forms of carcinomas, was upregulated in both
triclosan and triclocarban exposures, specifically the long-term exposures for triclosan
10 nM and triclocarban 100 nM. Triclosan has been implicated as inducing metabolic
acidosis and regressing pancreatic islet cells into pycnotic cells leading to cell death [71], as
well as various cancers such as liver and breast tumors [72]. Additionally, chymotrypsin
C in humans has also been implicated in pancreatic cancer [73], and the orthologue in
zebrafish, ela2l was upregulated in the short-term duration exposure for both 4-nonylphenol
at 10 nM and triclosan at 10 nM. Endocrine disruptors are commonly known to contribute
to endocrine disruption leading to disease processes such as obesity, type 2 diabetes and
metabolic syndromes [74], so it is unsurprising that the metabolic pathways listed above
were shared by all three chemicals examined within this study.

In conclusion, the findings of the present study expand upon and contribute to the
limited studies of developmental-toxicity regarding exposure to 4-nonylphenol, triclosan
and triclocarban in embryogenesis and larval zebrafish. Furthermore, our data indicates
several future areas of exploration, such as the metabolic effects of chemical exposure,
including potential pathways leading to pancreatic cancer, and disorders such as diabetes
and hepatitis, as well as the potential impacts of gene differentiation on cardiovascular
abnormalities and behavior. Our results indicate that environmentally relevant levels
of exposure can disrupt neurologic, behavioral, cardiovascular and metabolic pathways,
potentially leading to adverse health outcomes such as cardiac edema and significant
mortality and should be explored further. Overall, our results indicate the potential for
gene expression changes and population impacts, depending on the time of exposure,
caused by these three known endocrine disruptors, and these potential impacts should be
studied further not only in aquatic lifeforms, but human health as well.
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Abstract: Endocrine-disrupting chemicals (EDCs) lead to endocrine and neurobehavioral changes,
particularly due to developmental exposures during gestation and early life. Moreover, intergener-
ational and transgenerational phenotypic changes may be induced by germline exposure (F2) and
epigenetic germline transmission (F3) generation, respectively. Here, we assessed reproductive and
sociosexual behavioral outcomes of prenatal Aroclor 1221 (A1221), a lightly chlorinated mix of PCBs
known to have weakly estrogenic mechanisms of action; estradiol benzoate (EB), a positive control;
or vehicle (3% DMSO in sesame oil) in F1-, F2-, and F3-generation male and female rats. Treatment
with EDCs was given on embryonic day (E) 16 and 18, and F1 offspring monitored for development
and adult behavior. F2 offspring were generated by breeding with untreated rats, phenotyping of
F2s was performed in adulthood, and the F3 generation were similarly produced and phenotyped.
Although no effects of treatment were found on F1 or F3 development and physiology, in the F2
generation, body weight in males and uterine weight in females were increased by A1221. Mating
behavior results in F1 and F2 generations showed that F1 A1221 females had a longer latency to
lordosis. In males, the F2 generation showed decreased mount frequency in the EB group. In the
F3 generation, numbers of ultrasonic vocalizations were decreased by EB in males, and by EB and
A1221 when the sexes were combined. Finally, partner preference tests in the F3 generation revealed
that naïve females preferred F3-EB over untreated males, and that naïve males preferred untreated
over F3-EB or F3-A1221 males. As a whole, these results show that each generation has a unique,
sex-specific behavioral phenotype due to direct or ancestral EDC exposure.

Keywords: endocrine-disrupting chemical (EDC); polychlorinated biphenyl (PCB); Aroclor 1221
(A1221); transgenerational; social behavior; mating behavior; paced mating; ultrasonic vocalization
(USV); estradiol

1. Introduction

Endocrine-disrupting chemicals (EDCs) interfere with hormone action within an organ-
ism [1,2]. These chemicals, or mixture of chemicals, act upon the neuroendocrine systems
that govern physiological processes such as reproduction, immune function, metabolism,
and sex-typical behaviors in adulthood. Exposure to environmental EDCs during critical
periods of development such as gestation can alter the organization of these neuroendocrine
systems and predispose organisms towards disease and maladaptive traits. Known as
the Developmental Origins of Health and Disease or DOHaD [3], this phenomenon has
been well studied for a variety of health outcomes in individuals who experienced direct
exposure early in life (F1 generation). Regarding neuroendocrine functions and hormone-
dependent behaviors, the focus of this study, exposures to EDCs including bisphenol A
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(BPA), phthalates, and persistent organic pollutants such as polychlorinated biphenyls
(PCBs) induce adverse phenotypic outcomes in animal studies [4–17], and are associated
with increased prevalence of neurobehavioral disorders in epidemiological studies in
humans [18–22].

EDCs also exert actions on the F2 generation, exposed as germ cells within the F1
embryo. The F3 generations and beyond can exhibit phenotypic changes in the absence of
direct exposure, presumably through germline epigenetic inheritance [23,24]. Although
few in number, studies on inter- and transgenerational effects of EDCs have reported sexu-
ally dimorphic effects on behaviors, especially those influenced by early life endogenous
hormones ([16,25–32]; reviewed in [33]). More research comparing generational effects is
needed to better understand how legacy chemicals that are no longer actively manufac-
tured but are still persistent in the environment, such as PCBs, may lead to heritable effects
generations later.

The current study aims to build upon previous studies in the lab that identified trans-
generational effects of PCBs on physiology, behavior, and hypothalamic gene expression
throughout development [29,30,34,35]. Here, we extend these findings by examining mat-
ing behavior and sociosexual ultrasonic vocalization and partner preference activity in the
F1, F2 and F3 generations to show sex- and generation-specific disruption in adult female
and male rats.

2. Materials and Methods

2.1. Experimental Design and Animal Husbandry

All animal protocols were conducted in accordance with NIH and USDA guidelines
and were approved by the Institutional Animal Care and Use Committee (IACUC) at The
University of Texas at Austin. Sprague Dawley rats were obtained from Harlan Laboratories
(Houston, TX, USA), switched to the low-phytoestrogen Harlan-Teklad 2019 Global Diet
ad libitum, and housed in same-sex groups (2–3 per cage) under constant humidity and
temperature (21–22 ◦C) and a partially reversed 12:12 L:D cycle (lights on at 2400 h). Virgin
females were impregnated in house. The morning after a sperm-positive vaginal smear was
termed embryonic day (E) 1. On E16 and E18, during the period of sexual differentiation of
the brain, F0 dams were weighed and randomly injected with one of three treatment groups:
1 mg/kg Aroclor 1221 (A1221, an estrogenic PCB mixture, administered intraperitoneally
[i.p.]), 50 µg/kg estradiol benzoate (EB; administered subcutaneously [s.c.]), or a negative
vehicle control (3% DMSO in sesame oil, injected i.p. or s.c., and combined into one DMSO
group). Dosages and routes were selected to be identical to other studies in our lab and
to be human relevant [35–39]. F0 litters were spread over 6 cohorts for a total of: DMSO,
n = 14; EB, n = 11; A1221, n = 12.

Behavioral and physiological reproductive endpoints were examined after rats reached
sexual maturity, using 1 male and female from each litter (Figure 1). F1 males and females
were examined for sexual behaviors as young adults (P60) while mated to naïve rats
(purchased from Harlan). After behavioral testing, F1 females carried litters to term. F2
offspring were also observed for sexual behavior during mating at P60 and the pregnant F2
dams carried the F3 generation to term. Finally, F3 maternal-maternal lineage females and
paternal-paternal lineage males were examined for adult sociosexual behaviors (P60–120).
A set of untreated rats (UNT, n = 6) were raised in the lab alongside the F3 offspring as
an additional negative control group, in which dams were restrained and finger-poked to
simulate an injection. Harlan-raised males and females used for F3 sociosexual experiments
were received at 2 months of age and allowed to acclimate to the lab for 3–4 weeks before
experimentation.
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mone-primed to ensure receptivity during experiments. Ovarian-intact females were 
given 50 μg estradiol s.c. 52 h, and 590 μg progesterone 4 h, prior to behavioral testing 
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Figure 1. The transgenerational experimental design. Abbreviations: EDC: endocrine-disrupting
chemical, E: embryonic day, DMSO: dimethyl sulfoxide, EB: estradiol benzoate, A1221: Aroclor 1221,
and P: postnatal day. Gray shading indicates those generations used in the current study for mating
behaviors. The F3 generation was used for sociosexual behaviors.

2.2. Tissue Collection

Males and female rats were euthanized between P113–127. For all rats, adrenals
and gonads were removed, weighed, and normalized to body weight. Trunk blood was
collected from F1 and F2 rats, allowed to clot and spun at 1500× g for 5 min. Serum was
separated and stored at −80 ◦C until further analysis.

2.3. Serum Hormone Assays

F1- and F2-generation serum samples were used to investigate the concentrations of cir-
culating testosterone (males) and estradiol (females). Concentrations of serum testosterone
were detected in duplicate using an RIA kit, as recommended by the manufacturer (Cat.
No. 07189102, MP Biomedicals, Santa Ana, CA, USA). The assay range was 0.1–10 ng/mL,
assay sensitivity 0.03 ng/mL and intra-assay variability 1.8%. Serum estradiol samples
were run in duplicate using the estradiol RIA kit (Cat. No. DSL-4800, Beckman Coulter,
Brea, CA, USA). The assay range was 5–720 pg/mL, assay sensitivity 2.2 pg/mL and
intra-assay variability 3.0%.

2.4. Ovariectomy and Hormone Priming for Sociosexual Experiments

Stimulus females used in the ultrasonic vocalization testing were ovariectomized.
During surgery, an estradiol Silastic capsule was placed s.c. between the shoulder blades.
After recovery, these rats received a s.c. dose of 590 µg progesterone 4 h prior to use to
induce receptivity. For the other behaviors, females remained ovarian-intact but were
hormone-primed to ensure receptivity during experiments. Ovarian-intact females were
given 50 µg estradiol s.c. 52 h, and 590 µg progesterone 4 h, prior to behavioral testing [32].
In all cases, receptivity was confirmed with a sexually experienced male that was otherwise
not used in the experiment.

2.5. Reproductive Behavior and Fertility in F1 and F2 Rats

To determine whether prenatal endocrine disruption adversely affects adult repro-
ductive behavior in the F1 and F2 generations, mating trials were conducted at P60 in a
non-paced setting. F1 and F2 females were tested on the day of behavioral estrus with a
sexually experienced, Harlan-purchased male. F1 and F2 males were tested with sexually
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naïve, Harlan females in behavioral estrus. Mating trials were performed under dim red
light and videotaped for subsequent scoring. Males were acclimated for 10 min to the
mating chamber (30 × 38 cm) 5 h before the trial and then returned to the same chamber
for 5 min immediately before the trial start at 1600 h. The start time was recorded when
the female was placed into the mating chamber. Trials only proceeded if the female was
receptive and the male displayed mounting behavior within the first 20 min.

Videos were scored by an experimenter blind to treatment for the following male
sexual behaviors: mount frequency, intromission frequency, latencies to mount, intromit,
and ejaculate, and the postejaculatory interval (PEI). Because the experimental males were
sexually inexperienced and thus slow to display mating behavior, their ejaculation latencies
and PEI scores were capped at 30 min after the first mount and 15 min after ejaculation,
respectively. Intromission rate was calculated as number of intromissions over the number
of mounts with or without penetration. Copulatory rate was calculated as the number of
mounts and intromissions from the start time until ejaculation. Female sexual behaviors
scored were proceptive (hops and darts only, as ear wiggling could not be scored from
the videotape), receptive (lordosis quotient, or the percentage of lordosis responses for
the first 10 male mounts, and lordosis intensity score, rating the magnitude of each spinal
dorsiflexion from 0 to 3, with 0 representing no spinal dorsiflexion and 3 an exaggerated
dorsiflexion and head and rump elevation) and rejection (kicking, boxing, biting, escape,
rolling) behaviors for the first 10 male copulatory acts. We further calculated the proceptive
rate and rejection rate as the number of acts over the time scored and the latency to display
the first lordotic response.

2.6. USV Recording in Sociosexual Context in F3 Rats

USVs were elicited in a sociosexual context for the F3 generation and recorded in a
glass chamber (30 × 76 × 45 cm) equipped with an ultrasonic microphone (CM16, Avisoft
Bioacoustics, Glienicke/Nordbahn, Germany), as published [6,29]. USVs were sampled at
a 250 kHz sampling rate with 16-bit resolution through an A/D card (National Instruments,
Austin, TX, USA) using RECORDER NA-DAQ software (v4.2.16, Avisoft Bioacoustics,
Glienicke/Nordbahn, Germany). All trials were performed 1–3 h after lights off under
dim red light. Experimental rats were sexually naïve, F3 EDC- and control-lineage males
and females, aged P60–P120. F3 females were ovarian-intact and hormone-primed to be
receptive on the final day of testing. Each experimental rat underwent three separate days
of trials, following a previously validated protocol [40]. Days 1 and 2 consisted of a 10-min
trial in the recording chamber to habituate the animals and obtain baseline USV recordings.
On the final day, a sexually experienced stimulus rat of the opposite sex was placed into
the chamber with the experimental rat, separated by a wire mesh partition. They were
allowed to interact through the mesh wire for 5 min at which point the stimulus rat was
removed from the room and 10 min of USVs were recorded from the experimental rat.
Recorded USVs were analyzed with SASlab Pro software (v5.2.07, Avisoft Bioacoustics,
Glienicke/Nordbahn, Germany), which automatically measures the number and acoustic
parameters of USVs. Sonograms were generated under a 512 FFT-length and 75% overlap
frame setup. As flat 50 kHz USVs may have unique communicative properties compared to
calls with frequency modulation, USVs were separated into flat and frequency-modulated
(FM) calls using an unbiased and replicable technique that categorizes USVs based on their
bandwidth, or the maximum peak frequency minus the minimum peak frequency. Calls
with a bandwidth of 5 kHz or more were classified as FM and a bandwidth of less than
5 kHz as flats (non-FM) [41,42]. The total number of 50 kHz USVs, number of FM and
non-FM calls for the first 5 min of each recording session were analyzed.

2.7. Partner Preference in F3 Rats

F3 EDC- and control-lineage males and females were used after USV testing, approxi-
mately 4–7 h after lights off under dim red light. Partner preference trials were conducted
as previously described [32]. All rats were sexually naïve and all females remained go-
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nadally intact but were hormone primed to be receptive on the final day of testing. Trials
were conducted in a glass arena (122 × 46 cm) and recorded by a video camera connected
to ANY-maze software (v4, Stoelting Co., Wood Dale, IL, USA). In order to determine
whether F3 EDC- or control-lineage rats could be distinguished from untreated animals in
a mating-induced partner preference paradigm, we placed an F3 experimental rat (A1221-,
EB-, DMSO-lineage or UNT) opposite a Harlan rat as the Stimulus rats. After Stimulus
rats were placed on opposing sides of the arena, a Chooser rat of the opposite sex was
allowed to explore and interact with the stimulus rats through wire mesh dividers [32].
Harlan-raised males and females were used as the Choosers and were a separate set from
those used as stimulus animals.

Chooser rats were habituated to the empty arena in a 10-min trial on days 1 and 2.
On day 3, Stimulus rats were placed behind opposite wire mesh dividers and allowed to
acclimate for 5 min. Next, the Chooser rat was placed in the center of the arena and given
10 min to explore and interact with the Stimulus rats across the wire mesh. Trials were
repeated up to three times, in which the location and identity of the stimulus rats were
exchanged to avoid confounding biases. Behaviors (grooming, rearing, facial investigation,
contact with Plexiglas dividers, speed) and total time and total time active (the combination
of all scored behaviors) spent in each zone were scored by an experimenter blind to
treatment and analyzed by ANY-maze software (v4, Stoelting Co., Wood Dale, IL, USA).
Behavior from the area immediately surrounding the wire divider of the stimulus rat (the
wire zone) was used for analysis. Data from the Harlan stimulus rat were subtracted from
the F3-lineage rat to calculate a preference score in which positive numbers indicate more
time spent near the F3-lineage rat.

2.8. Statistical Analysis

Data were analyzed with R 4.1.0 [43], the rstatix [44], the emmeans [45], the lme4 [46],
the lmerTest [47], and the ARTool [48–50] packages. Scores over 2.5 standard deviations
were considered outliers and removed from the analysis. When outliers were present, only
one outlier was detected and removed per group with the one exception of the number of
proceptive behaviors in the female F2-DMSO group, in which two outliers were removed.
Outliers were distributed evenly across groups. Maternal and paternal lines in the F2
generation were combined for statistical analysis as parental lineage did not significantly
impact the endpoints examined. For all somatic (F1, F2 and F3 generations) and mating
behavior (F1 and F2 only) outcomes, a one-way analysis of variance (ANOVA) was run
for Treatment. Kruskal–Wallis tests were used when data did not meet the Levene’s
homogeneity of variance or Shapiro–Wilk normality tests. Holm–Sidak or Dunn pairwise
post hoc comparisons were run when a significant main effect was found. USV parameters
were analyzed with a two-way ANOVA for Sex and Treatment. If data did not meet
ANOVA assumptions, even after attempts of data transformation techniques, we used
the Aligned Rank Transform (ART) for non-parametric factorial ANOVA [49,50] and the
corresponding ART-C pairwise post hoc comparisons [48]. Finally, wire zone preference
scores from the partner preference test were run separately for males and females using a
linear mixed model with F0 treatment as a Fixed Variable, Animal ID as a Random Variable,
and Trial Number as a Repeated Variable. For all data, alpha was set to 0.05.

3. Results

A summary of statistically significant results is provided in Table 1.
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Table 1. Summary of significant results.
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Somatic (F1, F2, F3)

Body weight - - -
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Few somatic changes were detected in the measured outcomes for EDC-lineage rats. A
trend was observed for an F0 treatment effect (EB slightly larger than DMSO) in normalized
adrenal weights of F1 (F(2,33) = 2.997, p = 0.064) and F3 (F(2,25) = 2.856, p = 0.076) males
(Table 2). Similarly, no changes were detected in serum testosterone levels (F3 hormones
not measured) or normalized testes weight. However, in the F2 generation, we observed a
significant effect of treatment on male body weight (H(2) = 9.054, p = 0.011) with A1221-
lineage males having greater average body weights compared to DMSO controls (p = 0.008;
Figure 2a).

3.1.2. Females

In females, we found an effect of F0 treatment on normalized uterine weight in the F2
generation (H(2) = 6.434; p = 0.040), in which A1221-lineage females had greater uterine
weights compared to EB (Dunn’s post hoc, p = 0.044; Table 2). No effect was found for
female body weight (Figure 2b), normalized adrenal weight, normalized ovarian weight or
serum estradiol (F3 hormones not measured). Hormone priming for the sociosexual tests
also resulted in an expected increase in normalized ovarian and uterine weights in the F3
generation, regardless of F0 treatment (Table 2).
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Table 2. Table of somatic data for each generation.

F1 MALES
DMSO (n = 14) EB (n = 11) A1221 (n = 12)

Mean ±SE Mean ±SE Mean ±SE p-Values

Body Weight (g) 475.2 (±10.9) 462.9 (±12.0) 461.7 (±11.6) n.s
Norm Adrenal Weight (mg) 0.105 (±2.2 × 10−3) 0.113 (±2.6 × 10−3) 0.107 (±2.8 × 10−3) p = 0.064
Norm Testes Weight (mg) 8.9 (±0.24) 9.0 (±0.07) 9.3 (±0.25) n.s.

Serum Testosterone
(ng/mL) 1.4 (±0.2) 1.2 (±0.1) 1.1 (±0.2) n.s.

F2 MALES
DMSO (n = 26) EB (n = 22) A1221 (n = 23)

Mean ±SE Mean ±SE Mean ±SE

Body Weight (g) 449.3 (±5.5) 461.5 (±8.2) 482.2 (±11.4) p = 0.011

Norm Adrenal Weight (mg) 0.108 (±1.8 × 10−3) 0.111 (±2.3 × 10−3) 0.109 (±2.7 × 10−3) n.s.
Norm Testes Weight (mg) 9.3 (±0.009) 9.2 (±0.16) 9.0 (±0.18) n.s.

Serum Testosterone
(ng/mL) 1.1 (±0.1) 1.2 (±0.2) 0.8 (±0.1) n.s.

F3 MALES
DMSO (n = 10) EB (n = 9) A1221 (n = 9)

Mean ±SE Mean ±SE Mean ±SE

Body Weight (g) 472.4 (±15.2) 464.0 (±12.9) 491.3 (±7.0) n.s.
Norm Adrenal Weight (mg) 0.108 (±4.7 × 10−3) 0.114 (±3.5 × 10−3) 0.100 (±2.7 × 10−3) p = 0.076
Norm Testes Weight (mg) 9.1 (±0.27) 9.4 (±0.23) 8.8 (±0.17) n.s.

F1 FEMALES
DMSO (n = 14) EB (n = 11) A1221 (n = 12)

Mean ±SE Mean ±SE Mean ±SE

Body Weight (g) 286.2 (±6.3) 290.6 (±8.7) 286.0 (±5.4) n.s.
Norm Adrenal Weight (mg) 0.219 (±9.5 × 10−3) 0.205 (±4.3 × 10−3) 0.208 (±5.7 × 10−3) n.s.
Norm Ovarian Weight (mg) 0.540 (±2.3 × 10−2) 0.528 (±1.9 × 10−2) 0.538 (±1.7 × 10−2) n.s.
Norm Uterine Weight (mg) 1.47 (±0.1) 1.99 (±0.4) 1.71 (±0.2) n.s.
Serum Estradiol (pg/mL) 22.3 (±2.9) 21.8 (±5.4) 19.0 (±2.3) n.s.

F2 FEMALES
DMSO (n = 26) EB (n = 22) A1221 (n = 23)

Mean ±SE Mean ±SE Mean ±SE

Body Weight (g) 283.0 (±3.4) 291.4 (±4.6) 289.6 (±3.7) n.s.
Norm Adrenal Weight (mg) 0.208 (±3.9 × 10−3) 0.197 (±4.9 × 10−3) 0.203 (±4.0 × 10−3) n.s.
Norm Ovarian Weight (mg) 0.540 (±1.5 × 10−2) 0.555 (±1.7 × 10−2) 0.547 (±1.3 × 10−2) n.s.
Norm Uterine Weight (mg) 1.63 (±0.1) 1.45 (±0.1) 1.97 (±0.2) * p = 0.04
Serum Estradiol (pg/mL) 15.4 (±1.6) 14.4 (±1.3) 22.2 (±3.4) n.s.

F3 FEMALES
DMSO (n = 11) EB (n = 7) A1221 (n = 9)

Mean ±SE Mean ±SE Mean ±SE

Body Weight (g) 285.8 (±7.1) 273.3 (±8.4) 287.4 (±8.3) n.s.
Norm Adrenal Weight (mg) 0.202 (±6.1 × 10−3) 0.208 (±8.3 × 10−3) 0.207 (±7.4 × 10−3) n.s.
Norm Ovarian Weight (mg) 0.437 (±4.4 × 10−2) 0.447 (±1.8 × 10−2) 0.475 (±3.1 × 10−2) n.s.
Norm Uterine Weight (mg) 2.97 (±0.5) 2.33 (±0.3) 4.49 (±1.2) n.s.

Body weights are shown for the day of euthanasia, with adrenal, ovarian, uterine, and testicular weights measured
postmortem, and the ANOVA p-value for a main effect of Treatment. Norm: normalized to body weight. SE:
standard error of the mean. n.s.: No significant effects. Bold text indicates significantly different (p < 0.05) from
DMSO, and italicized text indicates a trend (0.05 < p < 0.1) from DMSO in post hoc comparisons. *, A1221
significantly different from EB (p = 0.04).
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Figure 2. Boxplots of body weight at euthanasia (~P120) for adult (a) males and (b) females. Data were
analyzed by one-way ANOVA or Kruskal–Wallis for effect of F0 treatment, followed by Holm–Sidak
or Dunn’s pairwise comparisons. ** p < 0.01. In this and other boxplot graphs, the line represents the
median, the lower and upper outline of the boxes the 25th and 75th percentile, respectively, and the
lines the 95th percentile.

3.2. Reproductive Behavior in the F1 and F2 Generations

3.2.1. Males

Overall, few effects of perinatal EDC treatment were found in male mating behavior
(Figure 3). In the F2 generation, a significant effect of treatment was found for mount
frequency (F(2,66) =3.374; p = 0.035). Holm–Sidak post hoc analysis showed that EB-lineage
males had a lower mount frequency compared to DMSO (p = 0.035; Figure 3e) suggesting
that EB males required fewer mounts to reach ejaculation. However, no changes were
observed in intromission or ejaculation behaviors (Figure 3). All treatments groups showed
long average ejaculation latencies with high variability within the groups, presumably due
to male subjects being sexually naïve at the time of testing.
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3.2.2. Females

Sexually naïve F1 and F2 females were examined for copulatory, proceptive and
receptive behaviors (Figure 4). All females were in behavioral estrus during mating trials
and were successfully able to lordose in response to male mounting and intromitting
behavior. In F1 females, the latency to display the first lordotic response was affected by
treatment (H(33) = 3.83; p = 0.032). Post hoc analysis revealed A1221-exposed females
had significantly longer latencies compared to DMSO-exposed females (p = 0.015) despite
mounting attempts by a sexually experienced male (Figure 4c). Overall, females displayed
high levels of aversive behavior and few proceptive behaviors, likely due to the non-paced
setting of the mating trials.
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Figure 3. Boxplots of male mating behavior at P60 for F1 and F2 generations. Sexually naïve males
were scored for (a) latency to mount, (b) latency to intromit, (c) latency to ejaculate, (d) postejaculatory
interval, (e) mount frequency, (f) intromission frequency, (g) intromission ratio (calculated as number
of intromissions divided by number of mounts), and (h) copulatory rate (calculated as the number
of mounts and intromissions from the start time until ejaculation). Data were analyzed by one-way
ANOVA or Kruskal–Wallis for effect of F0 treatment, followed by Holm–Sidak or Dunn’s pairwise
comparisons. F1: n = 14 DMSO, 11 EB, 11 A1221; F2: n = 26 DMSO, 22 EB, 22 A1221. * p < 0.05.

3.3. Sociosexual Behaviors in the F3 Generation

3.3.1. Ultrasonic Vocalizations (USVs)

We examined the number and duration of appetitive 50 kHz USVs in F3 adults within
a mating context (Figure 5). Experimental females were ovarian-intact but hormone primed
to ensure receptivity during testing. To reduce potential variability caused by mixed
maternal vs. paternal lineages, only maternal, maternal F3 females and paternal, paternal
F3 males were used (see Figure 1). Two-way ANOVA tests revealed significant sex and
treatment effects in USVs within the first 5 min of separation from the stimulus rat. In
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particular, the total call number was significantly affected by sex (F(1,46) = 34.96; p < 0.001),
F0 treatment (F(3,46) = 6.80; p < 0.001) and their interaction (F(3,46) = 5.72; p = 0.002;
Figure 5c). Post hoc treatment contrasts revealed a trend for EB-lineage males to call less
frequently than DMSO controls (p = 0.065). When sexes were combined to further examine
the treatment main effect, we found that DMSO-lineage controls emitted more USVs than
both EB (p = 0.003) and A1221 (p = 0.007) groups (Figure 5e). There was also a trend for
reduced call number between EB-lineage rats and our in-house bred untreated controls
(UNT; p = 0.063).
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USVs than both EB (p = 0.003) and A1221 (p = 0.007) groups (Figure 5e). There was also a 
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Similar effects were seen when analyzing two subtypes of USVs: frequency-modu-
lated (FM) and non-FM calls (Table 3). Males emitted both types of calls more frequently 
(non-FM: F(1,42) = 31.87, p < 0.001; FM: F(1,41) = 19.89, p < 0.001) and called for longer 

Figure 4. Boxplots of female mating behavior at P60 for F1 and F2 generations. Sexually naïve
females were scored for (a) lordosis quotient, (b) lordosis intensity score, (c) latency to first lordosis
response, (d) proceptive behavior frequency, (e) proceptive rate, (f) rejection behavior frequency
and (g) rejection rate. Data were analyzed by one-way ANOVA or Kruskal–Wallis for effect of F0
treatment, followed by Holm–Sidak or Dunn’s pairwise comparisons. F1: n = 14 DMSO, 11 EB,
12 A1221; F2: n = 23 DMSO, 22 EB, 23 A1221. * p < 0.05.

Similar effects were seen when analyzing two subtypes of USVs: frequency-modulated
(FM) and non-FM calls (Table 3). Males emitted both types of calls more frequently (non-
FM: F(1,42) = 31.87, p < 0.001; FM: F(1,41) = 19.89, p < 0.001) and called for longer average
durations (F(1,44) = 4.932, p = 0.032) than females. The number of non-FM calls was also
affected by F0 treatment (F(3,42) = 2.79, p = 0.024), with EB males having fewer calls of this
subtype than DMSO (p = 0.031).
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3.3.2. Partner Preference

The partner preference paradigm was used to determine the extent to which F3 EDC-
or control-lineage rats would be preferred (or avoided) to untreated animals in a mating
context. An F3 experimental rat (A1221-, EB-, DMSO-lineage or UNT) was placed opposite
a naïve rat purchased from Harlan as the Stimulus animals. A separate set of naïve,
Harlan-purchased Chooser rats (of the opposite sex) interacted with the stimulus rats
through wire mesh dividers held in place by Plexiglas. Similar to the USV experiments,
females were gonadally intact and hormone primed to be receptive. A blind experimenter
scored the Chooser rats’ behaviors including grooming, rearing, facial investigation of the
stimulus rats through the wire mesh and physical contact with the adjacent Plexiglas. As
most behaviors occurred in proximity to the stimulus rats, we focused our analysis to the
region adjacent to the wire mesh divider (called the wire zone; Figure 6b). The full set of
parameters scored within AnyMaze are listed in Supplemental Table S1.

Table 3. Ultrasonic vocalization parameters for F3 males and females.

MALES
UNT (n = 5) DMSO (n = 10) EB (n = 6) A1221 (n = 6) p-Values (Sex-Combined)

Mean ±SE Mean ±SE Mean ±SE Mean ±SE Treatment Sex

Number of total calls 101.2 (±23.6) 124.5 (±28.3) 33.5 (±12.3) 68.8 (±7.8) p < 0.001 p < 0.001
Number of non-FM calls 48.2 (±10.5) 62.8 (±13.9) 22.8 (±7.5) 36.5 (±10.1) p = 0.024 p < 0.001

Number of FM calls 53.0 (±14.5) 47.2 (±11.5) 17.4 (±6.2) 49.5 (±9.4) n.s. p < 0.001
Percentage of FM calls 50.3 (±4.8) 47.3 (±3.8) 46.2 (±7.1) 59.7 (±4.8) n.s. n.s.

Average call duration (ms) 1.44 (±0.22) 1.41 (±0.13) 1.13 (±0.13) 1.61 (±0.19) n.s. p = 0.032

FEMALES
UNT (n = 5) DMSO (n = 9) EB (n = 6) A1221 (n = 8)

Mean ±SE Mean ±SE Mean ±SE Mean ±SE

Number of total calls 10.0 (±2.1) 21.4 (±10.4) 13.8 (±6.7) 7.3 (±4.5)
Number of non-FM calls 5.8 (±1.5) 10.7 (±4.0) 8.8 (±4.1) 9.6 (±5.0)

Number of FM calls 4.2 (±0.7) 26.5 (±12.3) 7.8 (±3.6) 4.3 (±2.8)
Percentage of FM calls 45.0 (±5.7) 40.5 (±10.0) 55.4 (±12.4) 32.0 (±11.8)

Average call duration (ms) 0.80 (±0.10) 1.06 (±0.22) 1.19 (±0.20) 1.28 (±0.26)

Two-way ANOVA p-values for a main effect of Treatment and Sex are provided for the sexes combined (shown
next to the male data, but applicable to both sexes). Bold text indicates significantly different at p < 0.05 from
DMSO in post hoc pairwise comparisons within each sex, and italicized text indicates a trend (0.05 < p < 0.1). n.s.:
No significant effects, FM: frequency modulated.

In trials where naïve female Harlan Choosers were exposed to F3 experimental
males, linear mixed modeling (LMM) analysis showed that the females’ time spent rearing
(p = 0.044) and time spent contacting the Plexiglas (p = 0.020) were significantly affected
by F0 treatment (Figure 6c). Post hoc analysis revealed that Chooser females preferred
the EB-lineage males more often than they preferred UNT controls (time rearing, trend
p = 0.082; time Plexiglas, p = 0.030).

When naïve male Harlan Choosers were tested, their total time active (p = 0.017), time
spent (p = 0.009) and number (p = 0.022) of rearing bouts, time spent (p = 0.014) and number
(p = 0.026) of bouts contacting the Plexiglas, and number of facial investigation bouts (trend,
p = 0.075) were affected by F0 treatment (Figure 6d). Post hoc analysis demonstrated that
naïve Chooser males avoided EDC-lineage females more frequently than UNT controls
(time active UNT vs. A1221 (trend, p = 0.063) and UNT vs. EB (p = 0.049); rearing number
UNT vs. EB (trend, p = 0.060); rearing time UNT vs. A1221 (p = 0.032) and UNT vs. EB
(p = 0.025); Plexiglas number UNT vs. EB (p = 0.045); Plexiglas time UNT vs. A1221 (trend,
p = 0.056) and UNT vs. EB ((p = 0.032); Figure 6d and Supplemental Table S1).
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Figure 5. Ultrasonic vocalizations (USVs) emitted by F3−generation males and females (P60–120) in
response to an opposite−sex rat. An untreated control group (UNT) was raised across generations
in−house alongside the F3 litters. (a) Timeline of USV experiment; (b) Diagram of experiment on
day 3; (c) example spectrogram of recorded USVs; (d) Boxplots of the total number of USV calls
(frequency modulated [FM] and non−FM) during the first 5 min of recording by sex; (e) Boxplots
of the total number of USV calls with sex combined. Data were analyzed by two−way ANOVA or
Aligned Rank Transformation (ART) for effect of F0 treatment and sex, followed by Holm−Sidak
or ART−C pairwise comparisons. Males: n = 6 UNT, 10 DMSO, 6 EB, 6 A1221; females: n = 5 UNT,
9 DMSO, 6 EB, 8 A1221. + p < 0.07; ** p < 0.01.
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Figure 6. Partner preference (PP) in a mating context by F3-generation males and females (P60–120).
The Chooser was a naïve rat purchased from Harlan, given a choice between two opposite-sex rats:
an in-lab-generated F3 rat (UNT, DMSO, EB, A1221) and a purchased rat. A preference score was
calculated by subtracting time spent with the F3 rat minus time spent with the Harlan rat, in which
positive numbers indicate more time spent near the F3-lineage rat and a negative score indicating
time towards the Harlan rat. (a) Timeline of PP experiment; (b) diagram of experiment on day 3, with
the wire zone shaded in gray; preference scores from the wire zone for (c) naïve female Choosers
with F3-lineage males and (d) naïve male Choosers with F3-lineage females. Data were analyzed
by linear mixed model (LMM) for effect of F0 treatment within each sex followed by Holm–Sidak
pairwise comparisons. LMM estimated marginal means and standard errors are graphed. Males:
n = 5 UNT, 9 DMSO, 7 EB, 8 A1221; females: n = 5 UNT, 10 DMSO, 7 EB, 7 A1221. * = p < 0.05 vs.
UNT; + = p ≤ 0.083 vs. UNT.
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4. Discussion

The current study demonstrates that a transient gestational exposure to estrogenic
EDCs can significantly alter behaviorally relevant endpoints for at least three generations.
Interestingly, this occurred in a sex- and generation-specific manner. We found modest but
significant effects on copulatory behavior in F1 females and F2 males. In the F3 generation,
EDC treatment decreased appetitive 50 kHz ultrasonic vocalizations in response to a rat of
the opposite sex and affected the preference of EDC-lineage males and females for a naïve
conspecific in a mating context. Finally, we found few somatic changes in adulthood. It is
interesting that multigenerational effects of EDCs are preferentially manifested, at least in
this paradigm, in neurobehavioral rather than somatic outcomes, a result that may relate
to the exquisite sensitivity of the brain to developmental hormones and its potential for
epigenetic programming [51]. However, it is possible that other somatic or biochemical
outcomes not examined here are altered by prenatal EDC exposure, as we only measured
a few specific endpoints and only at one timepoint in adulthood. For example, previous
studies on prenatal PCB exposure found delays in the timing of puberty in males [52] and
transgenerational effects on anogenital index and female sex steroid hormone levels at
P60 [36].

A1221 has weakly estrogenic activity but also has other mechanistic actions including
through thyroid and aromatase-mediated pathways [53,54]. Thus, while A1221 can produce
similar effects to EB, it is not a pure estrogen and will often deviate from the EB group
due to its non-estrogenic-mediated actions as shown in this and previous studies [6].
Here, EDC exposure was given on days E16 and E18 of gestation during the period of
germline epigenetic changes and the beginning of brain sexual differentiation in the rat.
Both processes are vulnerable to environmental perturbations and A1221 exposure at this
time can cause epimutations that become embedded in the germline, leading to changes
in somatic gene expression in later generations [24] and lifelong alterations in sex-typical
reproductive physiology and behavior. Studies have found differences in maternal versus
paternal lineage transmission of disease phenotypes as there are many sex differences in
germline de- and re-methylation dynamics [55]. In this study, both maternal and paternal
lineages were investigated in the F2 generation; however, we did not find any significant
lineage effects on our endpoints. Finally, due to experimental constraints we were unable
to perform experiments on every lineage combination in the F3 generation and instead
selected F3 females of maternal, maternal lineage and F3 males of paternal, paternal lineage.
This is an important area of future study.

4.1. Transgenerational Somatic Endpoints

Of the somatic changes monitored in the current study, only a few changes were
observed in adulthood of EDC-lineage rats, mirroring previous results using this treatment
model [36]. Here, we reproduced an increase in body weight at euthanasia in F2-A1221
males. A1221 males had a modest ~7% increase in body weight at euthanasia compared
to controls, all given the same ad libitum diet of low-phytoestrogen rat chow. Whether
this weight increase is due to increased consumption or a difference in metabolism and
energy expenditure between groups should be addressed in future studies. For instance,
additional markers of altered metabolism, such as serum insulin or adipokines, could be
examined. This finding suggests that PCBs may act according to the “obesogen hypothesis,”
in which EDC activity can predispose organisms to obesity and metabolic dysfunction.
Future research should investigate the extent to which the transgenerational effects of
A1221 can synergistically increase weight gain with a high fat diet in adulthood. In the
Mennigen et al. (2018) study [36], both F2 and F3 males with A1221 lineage had increased
body weight; however, this was primarily driven through the maternal line and our study
used only paternal F3 males. Therefore, this discrepancy is likely due to mechanisms of
maternal vs. paternal inheritance.

Increased body weight was also previously found in the female F2- and F3-A1221
littermates [36]; however, there are major differences between these subjects and those
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in the current study. Here, the F2 females carried a litter to term and were euthanized
after weaning, and F3 females were euthanized after the completion of all sociosexual
experiments at P120. This resulted in females whose age and postpartum status were
vastly different from those in the previous study. Similarly, our finding of an increase in
the normalized uterine weight of the F2-A1221 females compared to EB, which was not
seen previously, could be due to an interaction between EDC-lineage and postpartum
status or might be due to differences in cycle status between the groups. Unfortunately,
we did not track the cycle status of the females in the present study, as we presumed that
females would be roughly distributed throughout the estrous cycle, and this precludes our
ability to rule out cycle effects. Finally, our findings agree with previous work showing that
treatment of dams with EDCs on gestational days 16 and 18 do not significantly influence
serum testosterone or estradiol concentrations in the F1 and F2 generations [36].

4.2. F1 and F2 Generation Adult Mating Behavior

Perturbation of the reproductive axis by estrogenic compounds may affect the expres-
sion of sexual behavior in adulthood [56]; thus, we studied the copulatory behavior of the
F1 and F2 generations as they were mated to propagate litters for the transgenerational
experiment. The timing and setup of the mating trials were designed to replicate the
conditions from previous experiments on perinatal EDC treatment in our lab. Therefore,
sexually inexperienced EDC-lineage rats were mated to untreated, Harlan-raised rats under
non-paced mating conditions.

In the F1 generation, prenatal EDC treatment did not alter male copulatory behavior
during their first exposure to sexual experience. While a study using a PCB mixture (PCB
126, 138, 153 and 180) found that prenatal exposure delayed latencies in first and subsequent
testing of F1 males [57] our model used a differing PCB mixture that may have differing
mechanisms of action. On the other hand, our F1-A1221 females significantly delayed
their first lordotic event in response to mounting attempts by a sexually experienced
male compared to DMSO. A delay in receptive behavior may indicate a deficiency in
copulatory motivation. Similarly, using the same A1221 dose, F1 females in a paced mating
paradigm also delayed the pacing of mating encounters and event-return latencies [37]
although, in both cases, female lordosis remained intact. Some studies have found EDC
effects on lordosis and proceptivity using prenatal endocrine active UV filters [58] or
exogenous estradiol [59]. However, other specific PCB mixtures had no influence on female
lordosis [57,60] as we found here.

The F2 generation showed a different pattern of results. F2 females had no effects
of EDCs in their mating behavior; however, F2 males of EB lineage had a decrease in the
mount frequency compared to DMSO. The decrease in the number of mounts did not affect
the average intromission ratio, or copulatory efficiency, in which a higher percentage of
intromissions to mounts may indicate greater ease to achieve an erection [61]. The decrease
is also unlikely to reflect a decreased motivation for sexual activity because the latencies
to mount and intromit, better indices of motivation, were not affected. In any case, F2
male mating behavior was not severely impacted by either EDC treatments, at least when
comparing the initial sexual event. Future studies should address whether reproductive
behavior after repeated sexual experience trials reveals other significant effects.

4.3. F3 Generation Adult Sociosexual Behaviors

Ultrasonic vocalizations are emitted by rodents throughout development and are
thought to represent affective states and possibly facilitate communication. In adulthood,
rat USVs can be characterized by two main types: 22 kHz calls, associated with aversive
stimuli, and those in the 50 kHz or above range, associated with arousal states and positive
affect [62]. Rats produce a high rate of 50 kHz calls during positive social interactions
such as reproductive behavior, juvenile play and tickling by an experimenter. While the
22 kHz calls are emitted by males after ejaculation, the 50 kHz calls are associated with
solicitation and copulatory acts [63]. In this study, we used a well-documented paradigm for
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inducing 50 kHz calls through a brief exposure to a hormonally receptive rat of the opposite
sex [40]. Upon removal of the stimulus animal, rats will reliably produce 50 kHz calls. We
also added an additional negative control group of untreated rats (UNT) bred in-house
alongside our F3 generation. Both negative control groups, UNT and F3-DMSO, behaved
similarly. We found a decrease in 50 kHz USV production with EDC lineage, particularly in
males. Unfortunately, due to a low n per group, our study was underpowered. However,
when sexes were combined, we were able to see statistically significant decreases in both
EB and A1221 groups compared to DMSO control. As 50 kHz calls appear to facilitate
mating interactions by signaling a readiness to mate and orienting the activity of the estrous
female [63,64], a decrease in USV calls may indicate a deficit in reproductive fitness.

The 50 kHz calls often display variation in subtype and can be roughly separated into
frequency-modulated (FM) or non-FM calls. Although the functional implications are not
fully understood for these subtypes, FM calls may signal a dopamine-dependent reward
state and are preferentially increased in anticipation of cocaine and amphetamine [41,65].
In contrast, flat calls appear to help coordinate social behavior as they are evoked after
separation from cage-mates or potential mates and can induce approach behavior in
both mating and non-mating environments [66]. Our findings show a decrease in non-
FM calls, which would include the flat subtype, with EB lineage. This may suggest a
deficit in the coordination of reproductive behavior instead of a decreased motivation to
mate. Interestingly, when F3-A1221 pups were separated from their mother, the rate of
neonatal USVs were also decreased in paternal-lineage pups [29], so this effect appears to
be consistent throughout development.

In this study, we observed notable sex differences in USV calls, with males calling
more frequently and for longer call duration than females. While males are known to emit
more 50 kHz calls during rough-and-tumble play behavior than females [67], the two sexes
generally produce similar call rates during mating encounters [29,68]. Acquisition of sexual
experience and hormonal status of both the experimental and stimulus rats can affect the
number of vocalizations [68–70]. In naturally cycling females, calls are maximized during
proestrus compared to the other cycle states as well as after hormone administration in
ovariectomized females [68,71]. The sexually inexperienced females of this study remained
ovarian-intact but were supplemented with both estradiol and progesterone to induce the
appropriate physiological state. Further, receptivity was confirmed (a lordosis response to
an experienced male’s mount) prior to the experiment. Unfortunately, this setup failed to
induce vocalizations in the females, while males produced calls at a similar rate to that seen
in sexually naïve males in the same paradigm [40]. Future studies should assess female
USV production during the appropriate stage of their estrous cycle to determine if calls are
increased during their natural behavioral estrus. Thus, while the EDC effects appear to be
driven solely by paternal-lineage males, our interpretation of F3 female behavior must take
into account that this floor effect may mask further decreases in females USV production.

Finally, we investigated whether F3 rats inherited indicators of reproductive deficits
from their EDC ancestry. To test this hypothesis, we allowed naïve Chooser rats to select
from an F3 experimental rat or a naïve rat (raised at Harlan), using a partner prefer-
ence paradigm that previously showed a female preference for F3-vehicle males over F3-
vinclozolin males (in that study, males showed no preference for either type of female; [32]).
Here, we made the surprising observation of a distinction between our in-house negative
controls (UNT and F3-DMSO) and the naïve Harlan stimulus rats, especially when males
were choosing between females. While males on average tended to prefer UNT and DMSO
females compared to naïve Harlan females, they tended to avoid F3-EB and F3-A1221
females. These results emphasize the importance of negative controls, as environmental
factors such as rearing environment (in-house vs. Harlan) can affect behavior. Conversely,
when naïve females were Choosers, they showed higher preference scores for F3-EB males
than for the UNT controls. This study did not attempt to determine the basis for the differ-
ences in choice, although this result is particularly interesting in the context of decreased
USV production seen in F3-EB males. Other physical stimuli, such as pheromones, and
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behavioral cues, also play a role in mate choice, and may outweigh any deficits in social
USV calls.

5. Conclusions

These results show that prenatal EDC treatment has distinct effects within each gener-
ation, in a sexually dimorphic manner, showing the complexity of studying inheritance
of EDC exposure. These results extend and complement other data showing transgenera-
tional studies on EDCs as well as other environmental stressors [72] that influence health
and disease.
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Abstract: All individuals are directly exposed to extant environmental endocrine-disrupting chem-
icals (EDCs), and indirectly exposed through transgenerational inheritance from our ancestors.
Although direct and ancestral exposures can each lead to deficits in behaviors, their interactions are
not known. Here we focused on social behaviors based on evidence of their vulnerability to direct or
ancestral exposures, together with their importance in reproduction and survival of a species. Using
a novel “two hits, three generations apart” experimental rat model, we investigated interactions
of two classes of EDCs across six generations. PCBs (a weakly estrogenic mixture Aroclor 1221,
1 mg/kg), Vinclozolin (antiandrogenic, 1 mg/kg) or vehicle (6% DMSO in sesame oil) were admin-
istered to pregnant rat dams (F0) to directly expose the F1 generation, with subsequent breeding
through paternal or maternal lines. A second EDC hit was given to F3 dams, thereby exposing
the F4 generation, with breeding through the F6 generation. Approximately 1200 male and female
rats from F1, F3, F4 and F6 generations were run through tests of sociability and social novelty as
indices of social preference. We leveraged machine learning using DeepLabCut to analyze nuanced
social behaviors such as nose touching with accuracy similar to a human scorer. Surprisingly, social
behaviors were affected in ancestrally exposed but not directly exposed individuals, particularly
females from a paternally exposed breeding lineage. Effects varied by EDC: Vinclozolin affected
aspects of behavior in the F3 generation while PCBs affected both the F3 and F6 generations. Taken
together, our data suggest that specific aspects of behavior are particularly vulnerable to heritable
ancestral exposure of EDC contamination, that there are sex differences, and that lineage is a key
factor in transgenerational outcomes.

Keywords: endocrine-disrupting chemicals (EDC); Aroclor 1221 (A1221); PCBs; vinclozolin; social
behavior; sex differences; transgenerational; epigenetic

1. Introduction

We live in a world that is irreversibly contaminated as a consequence of the chemi-
cal revolution that began in the 1940s. The industrial, agricultural, and pharmaceutical
industries, to name only a few, have produced hundreds of thousands of chemicals, among
which nearly 1000 are now classified as endocrine-disrupting chemicals (EDCs) [1,2]. The
consequences of EDC exposure are manifested as endocrine and neurological disorders in
individuals directly exposed, especially during sensitive life stages such as fetal develop-
ment. Furthermore, exposure can cause disease and dysfunction for multiple generations
without additional exposure due to heritable epigenetic mechanisms [3,4]. Thus, the com-
plex diseases and dysfunctions associated with EDCs represent the interaction of historical
and contemporary exposures. The complexities arising from nearly a century of EDC
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exposure—about five generations in humans and hundreds of generations in rodents —
must be studied in a laboratory setting if there is any hope that we can anticipate similar
issues arising in humans.

Among those phenotypes affected by EDCs are social behaviors. These behaviors
allow individuals to identify and distinguish others in or outside of their species, serve
to establish cohesive social structure and hierarchies, provide cues necessary for parental
and sexual behaviors, and are critical for the survival of a species. Several EDC classes
including polychlorinated biphenyls (PCBs), vinclozolin, bisphenol A (BPA), phthalates,
and chlorpyrifos cause changes in social behaviors in rodents [5–12]. In fact, behaviors,
particularly those that are hormone-sensitive such as social behavior, appear to be among
the most sensitive to EDCs [13,14]. Beyond these studies on direct exposure are those,
although fewer in number, that have demonstrated intergenerational EDC effects on social
behaviors [15–19]. However, there has been no work, to our knowledge, on the interactions
of ancestral and direct exposures, a gap in understanding of the current real-world dilemma.

Neurobehavioral research must be conducted in the context of sex differences and
parental lineage of origin based on strong evidence for sexually dimorphic effects of EDCs,
and the importance of maternal vs. paternal exposure on phenotypic outcomes [20]. How-
ever, the sheer numbers of animals necessitated by multigenerational breeding and testing
of both sexes through parental lineages, and the labor necessary to score nuanced social
behaviors such as nose-to-nose interactions of rodent conspecifics, has made large-scale
social behavioral experiments prohibitive. Yet, it is these difficult-to-observe behaviors that
provide the most salient information about a potential mate that are the most ethologically
important [21]. Advances in computer vision and object classification and recognition
have established the tools necessary for using machine learning to automate the identifica-
tion of complex animal behavior [22,23]. These tools were developed and applied to the
current analysis.

Here, we used two different EDC classes selected for differences in their historical
usage and in their mechanism of action. Polychlorinated biphenyls (PCBs) represent
a legacy group of EDCs that were widely used until their ban in the United States and
elsewhere in the 1970s. The industrial PCB mixture used herein, Aroclor 1221 (A1221),
acts mainly through estrogenic signaling pathways [24]. Vinclozolin (VIN) is in modern
use as a fungicide and is primarily antiandrogenic in its action [25,26]. Both VIN [27] and
PCBs [28] at high dosages induce overt reproductive toxicity, and at lower concentrations,
especially during development, act as EDCs to perturb hormones and their actions [14].
Each has been characterized for its neurobehavioral consequences both for direct and
ancestral exposure [1,6,14,19,29–32] but not for their interactions across generations. This
is a particularly important but untested concept considering the real-world scenario that
humans and animals today were likely exposed to high levels of PCBs 50 years ago, leading
to a potentially heritable “imprint,” and now their descendants are subjected to exposures
to modern classes of EDCs such as VIN.

2. Materials and Methods

2.1. Animals and Treatment

All animal work was conducted using humane procedures that were approved by
the Institutional Animal Care and Use Committee at The University of Texas at Austin in
accordance with NIH guidelines. Three month old male and female Sprague-Dawley rats
were purchased from Envigo (Envigo, Indianapolis, IN, USA) and acclimated to the animal
housing facility and light cycle (14:10 dark:light) for two weeks. All rooms were kept at
a consistent temperature (22 C) and all rats had ad libitum access to filtered tap water and
a low phytoestrogen diet. (Teklad 2019: Envigo, Indianapolis, IN, USA).

The vaginal cytology of virgin breeder females was observed daily the week prior
to mating. On the day of proestrus, females (F0) were paired overnight with a sexually
experienced male rat and observed under red light for copulatory behaviors. If the female
displayed receptive behaviors, the pair was left overnight with food and water. The next
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morning, the presence of sperm in a vaginal smear was used to confirm pregnancy and
marked as embryonic day 1 (E1). Pregnant F0 dams were randomly assigned to one of
three treatment groups (Table 1): vehicle (6% DMSO in sesame oil), Aroclor 1221 (A1221,
1 mg/kg), or Vinclozolin (VIN, 1 mg/kg). The dosages and route were selected to match
previous work and to fall within ranges of human exposures [33–36]. The investigators were
blind to treatments throughout the study, with the code broken only when all experimental
work was completed. Pregnant dams were weighed and injected daily via i.p. injection
from E8–E18 two hours prior to lights out. This age range was selected to encompass a
prenatal period when germline epigenetic marks are established, as well as the beginning
of the critical period of brain sexual differentiation [37,38]. The i.p. route also matched
prior work, although current studies in the lab have switched to feeding EDCs, with similar
results, to better approximate the route of most human exposures. At E18, dams were given
nesting material and left undisturbed until birth (referred to as P0). On the day after birth,
postnatal day 1 (P1), each litter was culled to 5 males and 5 females per litter based on
median anogenital index (anogenital distance divided by the cube root of bodyweight) to
maintain an equivalent sex ratio between all litters. At P21, pups were weaned into separate
cages with 2–3 same-sex littermates per cage. Of the five males and females retained in
each litter, 2–3 of each sex were used for behavioral testing. On P80, one male and one
female from each litter that had not been used for behavioral testing was mated with an
untreated animal to generate the F2 paternal and maternal lineages, respectively. The
breeding protocol is shown in Figure 1.

Table 1. Sample sizes, indicated as # litters/# individual females/# individual males.

F1 F3

First Hit Maternal Paternal

DMSO 10/21/25 11/21/21 10/23/21

A1221 10/28/24 10/18/24 11/22/18

VIN 10/28/24 12/19/23 11/18/21

F4 F6

First Hit/Second Hit Maternal Paternal Maternal Paternal

DMSO/DMSO 13/22/21 12/25/22 12/22/23 12/21/24

A1221/A1221 9/15/18 8/18/15 9/18/20 8/18/20

A1221/VIN 9/18/19 9/17/18 9/22/18 9/20/20

VIN/A1221 12/21/22 11/21/21 11/19/23 11/22/21

VIN/VIN 13/20/22 12/19/20 12/22/22 10/19/22

Note: The total number of litters, individual females, and individual males used in this study are shown, with
treatment, generation, and lineage indicated. On average, 10 litters were used per group and in most cases 2 male
and 2 female individuals from each litter were behaviorally characterized, although those groups with fewer
litters (due to timeline limitations) occasionally included a third individual per sex.

In the resulting F2 generation, one P80 female from each of the maternal litters was
bred with an untreated male to continue the maternal lineage, and one P80 male from each
paternal litter was bred with an untreated female to continue the paternal lineage. All
untreated male and female breeders were purchased from Envigo, delivered to the lab at
P60, and were allowed 2 weeks of habituation before breeding began. This same maternal
and paternal breeding paradigm was used until the sixth (F6) generation.

To ascertain interactions of direct and transgenerational EDC exposures, a subset of F3
females from the maternal lineage was bred with untreated males, and a group of naïve
females purchased from Envigo was bred with a subset of F3 males from the paternal lineage
(Figure 1A). Exposure to EDCs was performed identically as in the F1 generation. Because of
the large number of possible combinations, the two hits across three generations (F1/F4) were
limited to VEH/VEH, A1221/A1221, A1221/VIN, VIN/VIN, and VIN/A1221 (Figure 1A).
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Figure 1. Experimental design and timeline. The experimental design is shown (A) including parental
lineages, generations, and treatment groups used for analysis. EDC exposure was administered via
i.p. injection to F0 and F3 pregnant dams from E8-18. The timeline (B) indicates all experimental
manipulations and measurements taken. AGD: anogenital distance.

A total of 306 litters were used across all treatment groups with an average N~10 litters
per generation/lineage/treatment. The total number of litters used for each generation,
lineage, sex, and treatment are shown in Table 1, with approximately 20 individuals per
generation/lineage/sex/treatment and a total of 1209 behaviorally characterized animals
(Table 1). The litters and resulting behaviorally characterized individuals were spread
across 7 cohorts that spanned 4 years.

2.2. Sociability Apparatus and Behavioral Analysis

Each individual animal was run through a battery of behavioral tests beginning on P90:
Ultrasonic Vocalizations (USV), and Mate Preference (MP), Open Field (OF), Sociability,
Social Novelty, Light/Dark box (LD), Elevated Plus (EP). The order of behavioral tasks
was the same for all animals (as listed above) and each behavioral task was separated
by 48 h and always occurred between 1 and 4 h after lights off under dim red light. All
animals were transported to the behavioral analysis rooms in black-out covered carts as
to prevent light pulse exposure. In the current manuscript, data from the sociability and
social novelty tasks are presented. One week after completing the behavior tests, animals
were euthanized by rapid decapitation (Figure 1B).

A three-chambered sociability chamber (Stoelting, AnyMaze) [39] was used as pub-
lished and according to the methodology previously published by our lab [6,19,31]. The
chamber consists of a 100 cm (wide) × 100 cm (long) Plexiglas square partitioned into
3 equivalent chambers approximately 33 cm (wide) by 100 cm (long), with a door measuring
10 cm × 11 cm leading to the middle chamber (Figure 2). The left and right chambers
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included a cylindrical stimulus animal enclosure in the bottom corners of the arena that was
15 cm wide and had vertical metal rods separated by 1 cm that allowed facial investigation
and nose touching but prevented more extensive interactions.

 

—

— —

’

Figure 2. Sociability apparatus. A diagram of the three-chambered sociability apparatus is shown
where the fill pattern indicates the various sections of the apparatus that were digitally segmented
for analysis. The test occurred in 3 distinct phases. The first (habituation—5 min) occurred with
the experimental rat placed in the center chamber (cross-hatched) with the doors to the left and
right chambers shut such that the experimental animal could not access either side arena. During
the subsequent two stages (sociability—10 min and social novelty—10 min) the doors were opened,
allowing the experimental rat free access to the three chambers. The far corners of the side chambers
each held a cylindrical holding chamber, with or without a rat contained within. For scoring purposes,
the center chamber was scored as social isolation time. Total nonsocial time was calculated by adding
the time spent in the distal left and right chambers (diagonal) with the time spent in the center
chamber. Time spent near either the stimulus/familiar animal (horizontal) or empty cage/novel
animal (vertical) was scored only when the target experimental animal’s center of mass was in close
proximity (less than approximately one body length) to the respective enclosure.

A sociability trial consisted of 3 distinct stages: habituation (5 min), sociability (10 min),
and social novelty (10 min). In the habituation phase, an animal was placed in the center
chamber with the entrances blocked such that the target experimental animal could not
access the left or right chambers. A same sex- and age-matched stimulus animal was placed
in one stimulus enclosure and randomly positioned in either the left- or right-flanking
chamber. An empty stimulus enclosure was placed in the opposite flanking chamber. Doors
were opened at the beginning of the sociability phase, during which the experimental
animal was allowed to freely explore the arena and investigate the stimulus animal or
empty stimulus enclosure. At the end of the sociability phase the target experimental
animal was temporarily removed from the apparatus and a novel stimulus animal was
placed in the empty stimulus enclosure. The placement of the enclosures containing the
familiar and the novel stimulus rats on the left or right was random to avoid direction or
side biases. During the social novelty phase, the target experimental animal was returned
to the center portion of the arena and again allowed to freely explore the arena for 10 min
and investigate the familiar and the novel stimulus animal. At the end of the social novelty
phase, each animal was returned to their respective home cage. Stimulus rats were used in
no more than 3 trials in one day to avoid behavioral changes due to repeated testing. All
female experimental and stimulus animals were used for testing while in diestrus.

All behavioral trials were analyzed in real time with AnyMaze software (Stoelting), as
published [6,19,31]. The testing arena was digitally segmented into left, center, and right
chambers. An additional digital segment was drawn around the stimulus enclosure on
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each side (approximately 33 cm × 33 cm—Figure 2) to indicate proximity of the target
experimental animal to the stimulus enclosures. An animal was considered to enter an area
if 80% of the animal’s area was inside of that area, which is equivalent to an animal having
4 paws within the area.

2.3. Data Exclusion Criteria

Occupancy plots showing animal position across the duration of a trial were extracted
from AnyMaze and visually analyzed for errors in tracking; the latter were marked for
retracking in an attempt to rescue the data. After retracking, the occupancy plots were
analyzed again. Instances that did not show improved tracking were excluded from analy-
sis. Further trials were removed from analysis for various technical reasons (incomplete
habituation period, animals that escaped the arena, and animals that altered the position of
stimulus restraint chambers). Raw data were then extracted from AnyMaze and checked
for obvious anomalies in the distance traveled to indicate poor tracking fidelity. Trials that
had lost more than 20 s of experimental time due to video retracking were also excluded
from analysis. Finally, stage 1 of sociability (Stimulus vs. Empty Chamber) was analyzed
to determine trials in which the experimental animal did not visit each flanking chamber
for at least 10 s. These trials were left as part of the analysis for stage 1 but were removed
from stage 2 (Familiar vs. Novel) of sociability because these experimental rats would not
have had the opportunity to become familiar with the stimulus animal, making a choice
between a “familiar” and a novel rat moot.

2.4. Nose Touch Detection with Machine Learning and DeepLabCut

Facial investigation and nose touches are a critical aspect of rodent social interaction
and investigation [6,32,40] but they are also the most labor-intensive part of the analysis,
as they involve an investigator iteratively viewing and scoring every recorded trial of the
sociability and the social novelty tests from thousands of trials. To automate the detection
of nose touches from recorded behavioral trials we used DeepLabCut (version 2.2b [41])
which employs deep residual neural networks to predict the location of individual body
parts. A total of 16 trial videos and 20 frames from each video (320 total frames) were used
to create a training dataset in which an experimenter manually labeled 8 individual body
parts (nose, left and right ears, left and right flank, body center, tail base, and tail end) of
the target experimental animal and the nose and tail of the stimulus animals (Figure 3).
The manually labeled frames were split into a training set (95%) and test set (5%) and
the network was trained for 250K iterations. The resulting body part position data were
then used to calculate the distance between the nose of the target experimental animal
and the two stimulus animals for every frame of each video. A nose touch was then
marked when the distance between the experimental and stimulus animals’ noses was
below a specified threshold. Nose touch instances and duration were then calculated by
employing run-length encoding, in which consecutive video frames in which a nose touch
was detected were grouped together as a nose touch instance. A second and separate
human-scored validation dataset was then used to optimize the distance between two
noses and the time within that distance that most closely represented human scoring. We
determined that a distance of 7.5 pixels between the experimental and stimulus animal’s
noses and 200 consecutive milliseconds (about 7 video frames) within that distance most
closely matched what a human scorer considered a nose touch. Finally, video frames in
which the machine learning model displayed low certainty (p < 0.90) of the position of
either the experimental animal’s or stimulus animal’s nose were excluded from analysis.

Once validated, the trained model was applied to all behavioral videos, nose-touch
instances were extracted using the parameters determined above, and the results were ana-
lyzed identically to the statistical methods used for the other behavioral metrics described
above. A third and separate validation video set (16 videos) was randomly selected from
all of the videos processed with the final model, again hand-scored by a blind experimenter,
and compared to the machine-learning model to determine the accuracy of the model
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against a dataset that was entirely removed and separate from the optimization process.
This third validation set was used to determine if the model generalized well or was overfit
to the datasets used to train the machine learning model or optimize the detection of
nose touches.

distance of 7.5 pixels between the experimental and stimulus animal’s noses and 200 con-

animal’s or stimulus animal’s nose were excluded from analysis.

 

•

—

– [43]) and homogeneity of variance (Bartlett’s Test 44]) using R’s base 

–

Figure 3. Automated animal tracking for nose-touch detection. Representative images of the training
process produced in DeepLabCut are shown. (A) The 8 user-labeled body parts (nose, left and right
ears, left and right flank, body center, tail base, and tail tip) are indicated on an image (+) used to
train the model to identify each individual body part; (B) a test image showing the difference in
placement between user-labeled body parts (+) and the location of the same body part (•) predicted
by the model; (C) the final pose-estimation model demonstrating the automated body-part tracking
in an experimental video where the noses of two stimulus animals are simultaneously tracked in
relation to the body and nose of the experimental animal.

2.5. Statistics

All statistical analyses were performed in R (version 4.0.2—[42]) with the base stats
package (version 4.0.2). Figures were created with ggplot2 (version 3.3.3), and were edited
only for style with Adobe Illustrator (CS5). Behavioral metrics were checked for normality
(Shapiro–Wilk Test [43]) and homogeneity of variance (Bartlett’s Test [44]) using R’s base
stats package. As is typical of large behavioral datasets, most of the individual metrics
violated these assumptions that are required for the traditional application of paramet-
ric statistics. To determine sex differences the raw data were analyzed with a Kruskal–
Wallis one-way analysis of variance [45] within generation and parental lineage where all
treatments were collapsed into sex. Effect size was calculated for sex differences using
Cohen’s D [46] and reported with each statistic. To determine effects of EDC treatment,
individually optimized Box–Cox power transformations (R—EnvStats version 2.4.0 [47])
were applied to all behavioral metrics separately but equally across all generations, lin-
eages, sexes, and treatments within a metric. As large differences were expected due to sex
differences in behavioral tests, one-way ANOVAs (R—car version 3.0-10 [48]) were applied
within sex to determine effects of treatment (e.g., EDC exposure) and considered significant
if p < 0.05. The effect size, or the amount of variance accounted for by the linear model,
was calculated as partial-eta-squared (R—lsr version 0.5 [49]) for each significant effect and
reported with the corresponding statistic. A partial-eta-squared value of 0.01 is considered
small, 0.09 is considered medium, and 0.25 is considered large. If an ANOVA were deter-
mined significant, Tukey’s Honest Significant Difference [50] pairwise post hoc tests were
applied to determine individual group difference and p-values were appropriately adjusted
for multiple comparisons.
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3. Results

3.1. Sociability

3.1.1. Sex Differences

Given the large sample size due to our experimental design, we were afforded the
unique opportunity to characterize sex differences inherent to the Sociability test with data
collapsed across all other variables (treatment, generation, lineage). Previous studies show
that sex differences are large with a bimodal distribution, leading us to use nonparametric
tests (Kruskal–Wallis H-test) on an N of ~600 per group. The social behavior data are
summarized in Table 2.

Table 2. Sex differences in the sociability and social novelty tests.

Sociability

Females Males

Measure Mean SEM Mean SEM

Distance Traveled (m) * 52.63 0.36 38.58 0.3
Social Preference Score * 0.62 0.01 0.67 0.01

Stimulus Investigation Time (s) * 224.35 2.68 245.90 3.02
Empty Investigation Time (s) * 135.26 2.13 123.31 2.59

Stimulus Animal # Visits * 10.26 0.13 8.68 0.14
Empty Chamber # Visits * 8.42 0.11 6.25 0.09

Stimulus Animal Mean Visit Time (s) * 24.46 0.5 34.76 1.06
Empty Chamber Mean Visit Time (s) * 17.58 0.38 22.78 0.68

Total Nonsocial Time (s) * 240.01 2.79 229.86 2.86
Center Isolation Time (s) * 99.54 1.19 107.72 1.6
Total Nose-Touch Time (s) 20.21 0.40 19.51 0.39

Average Nose-Touch Duration (s) * 0.66 0.01 0.63 0.01
Social Novelty

Females Males

Measure Mean SEM Mean SEM

Distance Traveled (m) * 46.35 0.39 32.44 0.29
Social Novelty Score * 0.62 0.01 0.60 0.01

Familiar Investigation Time (s) * 124.31 2.16 142.47 2.84
Novel Investigation Time (s) 208.61 2.81 215.03 3.17

Familiar Animal # Visits * 8.01 0.11 6.32 0.09
Novel Animal # Visits * 10.09 0.13 7.74 0.11

Familiar Animal Mean Visit Time (s) * 16.89 0.55 24.67 0.6
Novel Animal Mean Visit Time (s) * 22.46 0.44 31.39 0.72

Total Social Time (s) * 332.92 2.96 357.50 3.16
Total Nonsocial Time (s) * 273.37 3.77 249.89 4.04
Center Isolation Time (s) * 125.54 1.78 116.37 1.92
Nose-Touch Novelty Score 0.65 0.01 0.64 0.01

Familiar Animal Nose-Touch Time (s) * 9.33 0.27 8.62 0.30
Novel Animal Nose-Touch Time (s) * 17.77 0.41 15.41 0.38

Note: Sex differences in sociability (top) and social novelty (bottom) are shown for all animals with treatment,
generation, and lineage collapsed. Mean and standard error of the mean (SEM) are shown for females (N = 596)
and males (N = 601). These summary data provide a definitive comparison of sex differences for the most
important measures from the sociability (Top) and social novelty (Bottom) behavioral tasks. Nearly all metrics
observed were sexually dimorphic and are indicated by * where p < 0.001. Of greatest relevance to the individual
tasks, males displayed a stronger social preference score (Top) but females showed a stronger social novelty score
(Bottom). #: number of events.

Females were more active and traveled farther in the 10 min trial than did males
(H(1) = 556.17, p < 0.0001, d = 1.72). Females showed a reduced social preference score
compared to males, (H(1) = 45.15, p < 0.0001, d = 0.31) and spent less time near the stimulus
animal (H(1) = 29.39, p < 0.0001, d = 0.31) and more time near an empty stimulus enclosure
(H(1) = 28.52, p < 0.0001, d = 0.20). Females visited both the stimulus animal (H(1) = 60.7,
p < 0.0001, d = 0.47) and the empty enclosure more often than males (H(1) = 198.53,
p < 0.0001, d = 0.88). However, the females’ average visit time to both the stimulus animal
(H(1) = 83.79, p < 0.0001, d = 0.50) and the empty enclosure were shorter than those in males
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(H(1) = 24.69, p < 0.0001, d = 0.38). Overall, females spent slightly more time in nonsocial
areas of the apparatus (H(1) = 7.11, p = 0.0077, d = 0.15), but males spent more time in the
isolated center chamber than did females (H(1) = 11.15, p < 0.0008, d = 0.24).

3.1.2. Effect of EDC Exposure

Prenatal EDC exposure did not affect locomotion (total distance traveled) in any
generation, breeding lineage, or sex. We calculated a social preference score as the time
spent investigating the stimulus animal divided by the sum of the time spent investigating
both the stimulus animal and an empty enclosure to allow a direct comparison of preference
that encompassed the two choices presented to the target animal. Direct exposure to
prenatal EDCs (F1 generation) did not affect social preference or other more nuanced
behavioral metrics (time spent with the stimulus animal, visits, or nonsocial time). In
the F3 generation, which had only ancestral and not direct EDC exposure, there was a
significant effect of treatment on the social preference score in females of the paternal lineage
(F(2,60) = 3.54, p = 0.04, ηp2 = 0.11—Figure 4), driven by a decrease in social preference
due to ancestral VIN exposure (p = 0.04). Other endpoints were unaffected in the paternal
lineage. In the F3 maternal lineage, the only metric affected was the average time females
spent visiting an empty stimulus chamber (F(2,60) = 3.54, p = 0.04, ηp2 = 0.11—data
not shown).

In the F4 generation, which represents ancestral exposure (first hit) combined with a
second hit of direct fetal exposure three generations later, social preference was not affected
by treatment in either sex or lineage. In females, other behaviors were affected, including
the number of visits to the arena containing a stimulus animal (F(4,95) = 2.94, p = 0.02,
ηp2 = 0.11—Figure 5A). This effect was driven primarily by a decreased number of visits by
the A1221/VIN females (p = 0.009) compared to DMSO vehicle. This seems to have been
compensated for by an increased mean visit time to the stimulus animal (F(4,95) = 3.91,
p = 0.01, ηp2 = 0.14—Figure 5B), again driven by the A1221/VIN group vs. DMSO (p = 0.01).
An effect on the mean visit time to the empty enclosure was also identified (F(4,91) = 2.80,
p = 0.03, ηp2 = 0.1—Figure 5C), in this case driven by an increase in visits by the A1221/A1221
females compared to DMSO vehicle (p < 0.01). The same A1221/A1221 females showed a
decrease in total nonsocial time (F(4,91) = 4.81, p = 0.001, ηp2 = 0.17—Figure 5D) compared
to DMSO (p < 0.01) and VIN/A1221 (p = 0.02).

Males from the F4 paternal lineage showed few effects with the sole exception of
the VIN/VIN treatment group compared to vehicle, as seen for mean visit time to the
stimulus animal (F(4,91) = 2.49, p = 0.05, ηp2 = 0.10—Figure 5B) and the empty enclosure
(F(4,91) = 3.00, p = 0.02, ηp2 = 0.12—Figure 5C) in which the VIN/VIN males showed
increase duration visits to both (p = 0.05 and p = 0.03), respectively compared to DMSO
vehicle. This increase in mean visit time was accompanied by a decrease in total nonsocial
time (F(4,91) = 2.66, p = 0.04, ηp2 = 0.10—Figure 5D) by VIN/VIN compared to vehicle
males (p = 0.02).

A single effect of treatment was identified in the maternal lineage females of the F4
generation, for which total nonsocial time (F(4,91) = 3.76, p = 0.007, ηp2 = 0.14—Figure 5E)
was reduced in the A1221/VIN (p = 0.04), VIN/A1221 (p < 0.01), and VIN/VIN (p = 0.03)
groups compared to DMSO.

Treatment effects on the social preference in the F6 generation, which represents
two cumulative ancestral exposures three generations apart, were exclusive to females
from the paternal lineage (F(4,95) = 3.07, p = 0.02, ηp2 = 0.11—Figure 4). The A1221/VIN
group showed a marginally increased preference for social affiliation compared to controls
(p = 0.08) and this score was significantly greater in A1221/VIN than the VIN/VIN group
(p = 0.04). This effect was accompanied by an inverse relationship in time investigating the
empty enclosure (A1221/VIN < VIN/VIN; (F(4,95) = 3.05, p = 0.02, ηp2 = 0.11—Figure 5F).
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Figure 4. In the sociability test, the social preference score (time spent investigating the stimulus
animal divided by the sum of the time spent investigating both the stimulus animal and an empty
enclosure) for sociability is graphed as box and whisker plots (minimum, 25% quartile, median,
75% quartile, and maximum) shown separately by generation (F1 to F6 from left to right), lineage
(paternal—top and maternal—bottom), and sex (indicated on x-axis). Lineage does not apply to the
F1 generation. The social preference score was calculated as the time spent near the stimulus animal
divided by the time spent near the stimulus animal plus the time spent near the empty enclosure.
Scores above 0.5 indicate a preference for socializing with the stimulus animal. All group means were
above the 0.5 threshold. Significant post hoc tests as determined by Tukey HSD are indicated with
bars connecting the respective groups (* <0.05).

3.2. Social Novelty

3.2.1. Sex Differences

We again leveraged the large sample size from our experiments to establish a definitive
sex differences profile characteristic of social novelty (Table 2). Females traveled a greater
distance in the 10 min trial than males (H(1) = 533.72, p < 0.0001, d = 1.67). Females also
showed a modest increase in social novelty score over males (H(1) = 4.28, p = 0.039, d = 0.14),
spent less time with the familiar stimulus animal (H(1) = 18.04 p < 0.0001, d = 0.29), but there
was no difference in the time spent with the novel stimulus animal (H(1) = 0.70, p = 0.403,
d = 0.09). Females displayed more visits to both the familiar stimulus animal (H(1) = 122.81,
p < 0.0001, d = 0.68) and the novel stimulus animal (H(1) = 164.05, p < 0.0001, d = 0.81) but
spent less average time per visit with the familiar (H(1) = 144.24, p < 0.0001, d = 0.55) and
novel stimulus animals than males (H(1) = 104.46, p < 0.0001, d = 0.61). Overall, females had
less total social time, the time associating with either the novel or familiar stimulus animal
(H(1) = 31.89, p < 0.0001, d = 0.33), more nonsocial time (H(1) = 24.03, p < 0.0001, d = 0.25),
and more time isolated in the center chamber of the apparatus (H(1) = 19.07, p < 0.0001,
d = 0.20).
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Figure 5. Aspects of social interaction dynamics in the test for sociability are graphed as box and
whisker plots (minimum, 25% quartile, median, 75% quartile, and maximum). Main effects of
treatment were determined by a one-way ANOVA within each sex and lineage, and indicated for
p < 0.05. Significant post hoc results as determined by Tukey HSD and appropriately adjusted for
multiple comparisons are indicated with bars connecting the respective groups (* <0.05). Shown are
significant results for the F4 Paternal lineage (A–D), the F4 maternal lineage (E), and the F6 Paternal
Lineage (F).

3.2.2. Effect of EDC Exposure

In the F1 generation there were no effects of EDC exposure on the social novelty
score, defined as the time spent with the novel animal divided by the sum of the time
spent with both the novel and familiar stimulus animals. In the F3 generation, the social
novelty score was affected by ancestral EDC exposure in females from the paternal lineage
(F(2,58) = 3.49, p = 0.04, ηp2 = 0.11—Figure 6), which was largely driven by an increase
in the A1221 group compared to DMSO (p = 0.03). This change was associated with an
effect of treatment in the amount of time spent with the familiar animal (F(2,58) = 4.08,
p = 0.02, ηp2 = 0.12—Figure 7A), attributable to a decrease in the A1221 group vs. DMSO
(p = 0.02). Time spent with the novel animal was unaffected. While the number of entries
to the familiar stimulus animal chamber was not changed, familiar mean visit time was
affected (F(2,58) = 4.38, p = 0.02, ηp2 = 0.13—Figure 7B), with a decrease in the A1221 group
compared to both DMSO (p = 0.03) and VIN (p = 0.04) ancestral exposure. In the maternal
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lineage, social novelty score was unaffected, whereas aspects of social interaction were
changed in both maternal lineage males and females. Treatment affected the number of
visits to the familiar animal in both females (F(2,56) = 4.63, p = 0.01, ηp2 = 0.14—Figure 7C)
and males (F(2,66) = 5.60, p = 0.01, ηp2 = 0.15—Figure 7C). In females this was driven by
a decrease in visits of the A1221 group compared to the VIN group (p = 0.01). In males,
both A1221 (p = 0.05) and VIN (p = 0.01) exposed individuals showed an increase in total
visits to the stimulus animal compared to DMSO males. Mean visit time of males from
the maternal lineage was decreased (F(2,66) = 3.19, p = 0.05, ηp2 = 0.09—Figure 7D) and
driven primarily by a decrease in the VIN group compared to DMSO (p = 0.04). The social
novelty score was not affected in either sex or breeding lineage in the F4 or F6 generations
(Figure 6), nor was there any change in aspects of social interaction.

 

— —
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Figure 6. In the social novelty test, the social novelty score (time spent with the novel animal divided
by the sum of the time spent with both the novel and familiar stimulus animals) is graphed as box and
whisker plots (minimum, 25% quartile, median, 75% quartile, and maximum) shown separately by
generation (F1 to F6 from left to right), lineage (paternal—top and maternal—bottom), and sex (indicated
on x-axis). Lineage does not apply to the F1 generation. The social novelty score was calculated as the
time spent near the novel stimulus animal divided by the time spent near the novel animal plus the time
spent near the familiar stimulus animal. Scores above 0.50 indicate a preference for socializing with the
novel animal. All group means were above the 0.50 threshold. Significant post hoc tests as determined
by Tukey’s HSD are indicated with bars connecting the respective groups (* <0.05).

In F6 paternal lineage males there was an effect of treatment on the number of visits to
the familiar animal in males (F(4,99) = 3.34, p = 0.01, ηp2 = 0.12—Figure 7E). In the F6 mater-
nal lineage, there was an effect on locomotion (distance traveled) in males (F(4,98) = 3.21,
p = 0.02, ηp2 = 0.12—not shown), for which the A1221/VIN treatment group (p = 0.01) was
increased compared to the VIN/VIN group. This was the only effect of EDC exposure on
locomotion in any sex, generation, treatment, or lineage in the social novelty test. In females
from the F6 maternal lineage, the only behavioral metric affected was total social time
(F(4,102) = 2.83, p = 0.03, ηp2 = 0.10—Figure 7F) where the A1221/A1221 group spent more
time associating with either the familiar or novel animal compared to DMSO (p = 0.05) and
VIN/A1221 (p = 0.03).
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Figure 7. Aspects of social interaction dynamics in the test for social novelty are graphed as box
and whisker plots (minimum, 25% quartile, median, 75% quartile, and maximum). Main effects
of treatment within sex and lineage were determined by a one-way ANOVA within each sex and
lineage, and indicated for p < 0.05. Significant post hoc results as determined by Tukey HSD and
appropriately adjusted for multiple comparisons are indicated with bars connecting the respective
groups (* <0.05). Shown are significant effects for the F3 paternal (A,B) and maternal (C,D) lineages,
and F6 paternal (E) and maternal (F) lineages.

3.3. Nose-Touching Behaviors

3.3.1. Validation of Machine Learning Accuracy

Three independent validation datasets were used to train, optimize, and verify the
automated detection of nose-touch instances with machine learning. The first was used
to train the machine learning model to accurately detect and track individual body parts
on the experimental animal and the stimulus animals. The accuracy of the model was
determined by comparing the distance in pixels between the coordinate location of a
manually indicated body part (e.g., a rat’s nose) and the coordinate location of a body
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part predicted by the model (Figure 3B). Our final model showed a root mean squared
error (RMSE) of 6.08 pixels. For comparison, a rat’s nose is approximately 5 pixels long
and 5.5 pixels wide. The second validation dataset was used to optimize the parameters
that determined what should constitute a nose touch. The same dataset was manually
scored for nose touches three separate times by the same blind experimenter and once by
the algorithm used to extract nose-touch instances. The human-variability (RMSE) in the
first two manually scored sets was 4.98 and 3.54 s when compared to the third. Variability
between the third human scored dataset and the final computer model was 4.31 s. Because
this second dataset was itself used to optimize the parameters for which nose touches
were detected, and therefore could be subject to overfitting, we generated a third manually
scored dataset that was also scored by the computer model and compared for accuracy
(RMSE = 3.63 s). We found that our method to automate the detection of nose touches was
as accurate as a human scorer and generalized well to the entire dataset.

3.3.2. Sex Differences in Nose Touching

Nose touch data were analyzed for sex differences in time spent nose touching, average
duration of nose touches, and the longest-duration nose touch (Table 2). A nose touch
score was also calculated for social novelty as the amount of time nose touching with
the novel animal divided by the sum of the time nose touching with both the familiar
and novel stimulus animals. In the Sociability test, males and females spent similar time
nose-touching with a stimulus animal (H(1) = 1.08, p = 0.30, d = 0.07) but the average
duration of nose touches was longer in females than males (H(1) = 9, p = 0.003, d = 0.07). In
social novelty, males and females did not show a difference in nose-touch novelty score
(H(1) = 0.04, p = 0.84, d = 0.04) but females spent more total time nose touching with both
the familiar (H(1) = 8.29, p = 0.004, d = 0.09) and novel (H(1) = 18.71, p < 0.0001, d = 0.22)
stimulus animals.

3.3.3. EDC Effects on Nose Touching

In the Sociability test, none of the metrics analyzed for nose touches were found to
be affected by treatment in either sex or in any of the generations or lineages. In the social
novelty test, the effects identified were exclusive to the F6 paternal lineage. In females,
the only metric affected by treatment was total nose-touch time (F(4,115) = 2.65, p = 0.04,
ηp2 = 0.08—Figure 8A) in which the VIN/VIN group showed an increase compared to
DMSO (p = 0.02). In males, the total amount of time spent nose touching with the novel
animal was affected by treatment (F(4,113) = 3.11, p = 0.02, ηp2 = 0.10—Figure 8B); the
VIN/VIN group was increased compared to A1221/A1221 (p = 0.04) and VIN/A1221
(p = 0.02). A more nuanced metric of nose touching (longest-duration nose touch) was
also affected (F(4,113) = 2.80, p = 0.03, ηp2 = 0.10—Figure 8C) with VIN/VIN higher than
VIN/A1221 (p = 0.01).
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Figure 8. Metrics of nose-touching (NT) in the social novelty test as determined by leveraging
machine learning techniques are graphed as box and whisker plots (minimum, 25% quartile, median,
75% quartile, and maximum). Main effects of treatment were determined by a one-way ANOVA
within each sex and lineage, and indicated for p < 0.05. Significant post hoc results as determined by
Tukey’s HSD and appropriately adjusted for multiple comparisons are indicated with bars connecting
the respective groups (* <0.05). (A) The only nose-touch metric affected in females was identified in
the F6 paternal lineage where a combination of an ancestral and direct exposure of VIN increased total
nose-touch time (the sum of familiar and stimulus NT time). (B,C) The time spent nose-touching with
the novel stimulus animal and the longest nose-touch interaction were both increased in males from
the F6 paternal lineage exposed to an ancestral exposure and a direct exposure of VIN. Taken together,
these data suggest ancestral VIN exposure may influence social identification or discrimination.

4. Discussion

Our model of two hits of EDCs given three generations apart enabled us to begin
to decipher the combinatorial effects of multigenerational exposures to legacy and con-
temporary chemicals for the first time. Built into our design, and evident in the results,
were concepts that are critical to research on EDCs. First, the sexes respond differently
to direct exposures to environmental toxicants, especially during critical developmental
periods when hormone release and actions differ between the sexes. Second, epigenetic
programming of the germline by EDCs is both sex-specific and dependent upon paternal
and maternal lineage. Third, exposures to EDCs within and across generations may have
unexpected outcomes.

Another novel aspect of our study was developing and applying machine learning
with DeepLabCut to analyze nose-touching behavior in rats. This type of endpoint is
important because social recognition happens through species-specific cues that may be
obvious to a conspecific but not to a human observer. In rats, this involves close-in facial
investigation and the assessment of pheromonal and olfactory cues, alterations of which
by EDCs may change the dynamics of social interactions [21,51]. EDCs were observed
to change nose-touch behavior and facial investigation between same sex-conspecifics
in adulthood [6,8].

Finally, independent of any EDC or lineage effects, our massive behavioral dataset
enabled us to thoroughly characterize and directly compare male and female rats with
a sample size of ~600 animals per sex. We verified the well-known increased locomotor
activity of female over male rats. Previous work showing that males spend more time
investigating stimulus animals than females [6,52–54] was confirmed here; our males spent
more time associating with stimulus animals in both the sociability and social novelty
tasks. While males spent more time with a stimulus animal, females made more visits
to each stimulus animal but for shorter duration bouts than males. Despite spending
less time with stimulus rats, females had a stronger preference for social novelty than
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males. These comparisons provide a strong baseline for other studies on sex differences in
social behaviors.

4.1. Direct Developmental Exposure to EDCs (F1 Generation) Have Few Effects on
Social Behaviors

The effects of direct EDC exposure on social behavior have been reported in sev-
eral studies, with outcomes dependent on the compound used, the timing of exposure,
the age at testing, and the endpoints measured. To date, effects of direct EDC exposure
on social behaviors have been reported for PCBs [5,6], BPA [7,8], atrazine [7], phtha-
lates [9,10], chlorpyrifos [11], and vinclozolin [12,55]. These experiments show that EDC
exposures alter subsets of behavior, and that expected sexual dimorphisms of behavior are
sometimes diminished [14].

Our current study did not find any effects of direct A1221 or VIN exposure on social
behaviors in the F1 generation. These results were surprising based on this prior literature,
but the timing and doses of treatment used here differed from previous work. EDCs often
exert nonmonotonic dose-response curves [56], and these effects are further influenced
by the developmental stage. The fact that we did not observe direct EDC effects on
social behaviors, but that effects were found in subsequent generations, suggests that the
selected doses and timing may not be adequate to causes direct developmental changes
but were still able to induce heritable epigenetic profiles through actions on the germline,
as demonstrated previously [57] with the same dose and exposure paradigm used here.

4.2. EDCs Affect Social Behavior in Ancestrally Exposed Individuals

Studies on effects of ancestral exposure to EDCs on social behavior have demonstrated
perturbations in the F3 generation. Transgenerational BPA increased social behavior and
impaired dishabituation of social novelty in females [15,16]. Transgenerational exposure to
antiandrogenic EDCs such as phthalates [17,18] and VIN [19] reduced social behaviors in
males. In all of these studies, different doses and behavioral paradigms makes comparing
the results between them and discerning the differential impact of EDC classes difficult.
However, it is particularly noteworthy that the doses used here (1 mg/kg/day A1221 or
VIN) are much lower than our previous work (e.g., 100 mg/kg [19,31]), better represent
real-world exposures, and still produce robust heritable transgenerational phenotypes.
Here, we directly compared two different classes of EDCs, and their combination, across
generations to determine how social behavior was affected.

4.2.1. The Paternal Lineage Females Are Most Vulnerable to Ancestral Exposure

It has been proposed the male germline is particularly susceptible to environmental
input and insult [58] and there are numerous demonstrations that the male germline is
directly affected by EDC exposure (reviewed in [4]). Evidence for the female germline
is more limited, probably due to the much greater ease in isolating and purifying sperm
compared to ova. This has led to bias in work considering transgenerational endpoints in
paternal descendants compared to studies on the maternal lineage. Our current study is the
most comprehensive in its consideration of lineage of origin and sex due to EDC exposure.
We found that ancestral EDC exposure effects on social behavior were more frequent in the
paternal lineage, but there were also some maternal lineage effects.

Among the behaviors we analyzed, rats’ preference for a conspecific over an empty
cage (Sociability), and the preference for a novel over a familiar rat (social novelty), are
most relevant to social decision-making in rodents and are discussed here. We found a main
effect of treatment in three comparisons, all of which were in females from the paternal
lineage: ancestral VIN exposure decreased sociability in the F3 and F6 generations while
ancestral A1221 exposure increased the preference for social novelty in the F3 generation.
There are three primary points to take away from these results. First, female social behavior
is particularly susceptible to EDC exposure, with EDC class (estrogenic vs. antiandrogenic)
playing a role. Second, altered social behavior emerges in the F3 generation, presumably
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due to direct exposure of the F2 germline. Finally, the paternal germline is more susceptible
than the maternal to EDC exposure in the context of social behavior, although we emphasize
that this result should not be extrapolated to other endpoints affected by EDCs.

It is notable that those rats of the F4 generation receiving a second hit of the same EDC
(i.e., A1221/A1221 or VIN/VIN) differed in their behaviors from those receiving a single
hit. There are several possible interpretations, including that germline perturbations are
corrected or diminished, or that there is an interaction between ancestral exposure and
direct exposure whereby one mitigates the other. This remains to be determined. There
were, however, aspects of social interaction dynamics altered in F4 rats, in which A1221
decreased the number of visits to an animal but increased the duration of those visits in the
paternal lineage.

4.2.2. PCBs Are an Underappreciated Agent of Transgenerational Perturbations

A recent review on the transgenerational impact of EDC exposure on transgenerational
endpoints included 43 primary research articles, of which 17 were focused on VIN and
only one (from our research group) reported results on PCBs [4]. Our lab subsequently
published a second article on transgenerational A1221 effects [59]. PCBs are well described
for their endocrine disrupting actions when exposure occurs during development [1] but
the literature on the transgenerational effects of PCBs on behavioral or molecular endpoints
is limited. We previously showed that A1221 induced heritable epimutations in both F3
sperm and brain [57]; increased body weight, circulating progesterone, and estradiol [60],
and caused aberrant gene expression in the hypothalamus in the F3 generation [59]. The
current study adds to the transgenerational literature with results showing that A1221
increased preference for social novelty in paternal F3 females, an effect that was not present
in the F1 generation, nor did it persist to the F4 or F6 generations after an additional hit of
A1221. Two hits of A1221 also did not change the overall preference for social novelty but
induced changes in social interaction dynamics (nonsocial time and average visit time) in
the F4 generation. These effects again did not persist to the F6 generation; they also did
not occur in groups where the first hit or the second hit were different EDCs. These effects
demonstrate that A1221 is an agent of heritable behavioral change, at least in the context of
social behavior.

4.2.3. The Order of EDC Exposure Is Important

A1221 represents an EDC class (PCBs) that is no longer manufactured, but persists
in our environment. VIN represents an EDC that was introduced about five decades
after A1221 and is still in agricultural use. Based on evidence that A1221 and VIN alter
unique subsets of differentially methylated regions in F3 sperm [57] we hypothesized that
associated behavioral phenotypes would differ. The present data confirm that hypothesis.
A number of effects were dependent on the order of the EDC exposure; for example,
A1221/VIN females from the paternal F6 generation had increased preference for social
affiliation when compared to VIN/VIN females. While neither of these groups were
determined to be different from the control group, these data show that the changes caused
by specific EDCs can set a trajectory that can either amplify or diminish further exposures.

We are not aware of any experimental precedence to these findings, so putting these
results into context is difficult. However, we strongly believe that future experiments con-
sidering heritable transgenerational phenotypes should try to include historically relevant
exposure models that might also include complex EDC mixtures so that we can more
realistically model human and wildlife exposures.
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Abstract: Selective serotonin reuptake inhibitors (SSRI) are the most common antidepressant used
by pregnant women; however, they have been associated with adverse pregnancy outcomes and
perinatal morbidity in pregnant women and animal models. We investigated the effects of two SSRI,
fluoxetine and sertraline, on pregnancy and neonatal outcomes in mice. Wild-type mice were treated
daily with low and high doses of fluoxetine (2 and 20 mg/kg) and sertraline (10 and 20 mg/kg) from
the day of detection of a vaginal plug until the end of lactation (21 days postpartum). Pregnancy rate
was decreased only in the high dose of fluoxetine group. Maternal weight gain was reduced in the
groups receiving the high dose of each drug. Number of pups born was decreased in the high dose of
fluoxetine and low and high doses of sertraline while the number of pups weaned was decreased
in all SSRI-treated groups corresponding to increased neonatal mortality in all SSRI-treated groups.
In conclusion, there was a dose-dependent effect of SSRI on pregnancy and neonatal outcomes in
a non-depressed mouse model. However, the distinct placental transfer of each drug suggests that
the effects of SSRI on pup mortality may be mediated by SSRI-induced placental insufficiency rather
than a direct toxic effect on neonatal development and mortality.

Keywords: selective serotonin reuptake inhibitor; perinatal mortality; neonatal morbidity; fluoxe-
tine; sertraline

1. Introduction

Psychotropic medications that are taken during pregnancy can pose risks of toxic
effects to both mother and fetus [1,2]. About 8–12% of pregnant women take antidepres-
sants [2–4] and selective serotonin reuptake inhibitors (SSRI) are the most commonly used
antidepressant [4,5]. Among SSRI, fluoxetine was the first clinically available and remains
one of the most popular while sertraline is currently the most prescribed SSRI to pregnant
women [6]. Although teratogenic effects of some SSRI (i.e., paroxetine) are well recog-
nized [7], other SSRI (sertraline, citalopram, fluoxetine) continue to be commonly prescribed
to pregnant women [6]. Nevertheless, in the past decades multiple studies highlighted the
association between SSRI use during gestation and adverse maternal, fetal, and neonatal
health outcomes including decreased birthweight, preterm birth, and increased perinatal
morbidity and mortality [3,6,8,9].

In addition to its role as a neurotransmitter, serotonin is a hormone with vasoactive
properties [10] so that increased serotonin signaling selectively increases vascular resistance
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in the uterus causing reduced uterine vascular perfusion [11]. SSRI increase free (plasma)
serotonin content by inhibiting serotonin uptake into platelets [12], thereby also decreasing
uterine vascular perfusion [13]. Reduced uteroplacental blood flow leads to placental
dysfunction/insufficiency, the main cause of fetal growth restriction [14,15]. The role of
serotonin and SSRI on fetal growth restriction have been reviewed [10,15–18]. Fetal growth
restriction is an important cause of prematurity, perinatal morbidity, and lifelong health
impairment in addition to being the second leading cause of perinatal mortality [19,20].

Although fluoxetine and sertraline inhibit the serotonin transporter (SERT), their
pharmacokinetics differ quite markedly [21]. Following oral ingestion, fluoxetine exhibits
greater bioavailability compared to sertraline (80% vs. 44%, respectively) [21]. Plasma
concentrations of sertraline follow linear kinetics (increased dose promotes proportional
increase in systemic concentrations of the drug) [22]. However, fluoxetine follows nonlin-
ear kinetics resulting in a disproportional increase in systemic concentrations after dose
augmentation. Additionally, while sertraline has a half-life of 22 to 36 h, fluoxetine has a
half-life of 1–6 days [22]. Furthermore, fluoxetine metabolism produces an active metabo-
lite, norfluoxetine, which has a longer half-life than fluoxetine itself (8–15 days) while
sertraline’s metabolites are essentially inactive. Lastly, placental transfer of fluoxetine
is greater compared to sertraline (70% vs. 25%) [23,24]. It is unclear whether these two
popular SSRI with distinct kinetics similarly affect pregnancy outcomes and neonatal
morbidity/mortality, particularly given their distinct placental transfer.

Because of the widespread use of SSRI during gestation and their possible detrimental
effects on pregnancy and neonatal outcomes, we aimed to compare the effects of low and
high doses of fluoxetine and sertraline on pregnancy and neonatal outcomes. Pregnant
mice were treated with SSRI during the second half to pregnancy. Altogether, both low
and high doses of sertraline and fluoxetine adversely affected neonatal outcomes; however,
only the high dose of fluoxetine resulted in decreased pregnancy rate.

2. Materials and Methods

2.1. Animals

All experiments were approved by the Research Animal Care and Use Committee
at the University of Wisconsin-Madison and were performed under protocol number
A005789-A01. Mice were housed in a controlled environmental facility for biological
research in the Biochemistry Department vivarium (fluoxetine study) and the Animal and
Dairy Sciences Department vivarium (sertraline study) at the University of Wisconsin-
Madison. Animal facilities were maintained at a temperature of 25 ◦C and a humidity
of 50% to 60%, with a 12:12 h light-dark cycle with ad libitum water and food (LabDiet
5015, TestDiet, Richmond, IN, USA). Wild-type C57BL/6J mice were obtained from Jackson
Laboratories (stock # 000664, Jackson Laboratories, Bar Harbor, ME, USA). Females included
in our study either originated from Jackson Laboratories or were F1 offspring from our
breeding colony. Beginning at 6 weeks of age, female mice were bred with a male overnight.

2.2. Experimental Design

After detection of a vaginal plug (day post coitum [DPC] 0.5), dams were individually
housed and randomly assigned to treatment groups. All mice received a daily intraperi-
toneal injection between the hours of 0800 and 0900 of either vehicle, low and high dose
of SSRI (either fluoxetine or sertraline) from DPC 0.5 until the end of lactation (21 days
postpartum). Virgin females (unmated; 2–6 per group) were treated with vehicle, low and
high dose of SSRI (either of fluoxetine or sertraline) for evaluation of the effect of SSRI on
weight in nonpregnant mice. Virgin mice received seven treatments, equivalent to pregnant
dams treated from DPC0.5 to 6.5. All mice were weighed daily at time of injection. A
successful pregnancy was determined by weight gain between DPC 0.5 and 7.5 [25] and
confirmed by parturition. Pregnancy length and number of pups born were recorded on
the day of parturition. The number of live pups was recorded daily during lactation. Litters
were not standardized.
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For the fluoxetine study, fluoxetine hydrochloride (F312; Sigma-Aldrich, St. Louis,
MO, USA) was reconstituted in saline. Mice were treated with vehicle (saline; n = 28), low
dose of fluoxetine (2 mg/kg; n = 32), or high dose of fluoxetine (20 mg/kg; n = 127).

For the sertraline study, sertraline hydrochloride (S6319; Sigma-Aldrich, St. Louis,
MO, USA) was reconstituted in 8.3% dimethyl sulfoxide (DMSO) diluted in saline for the
low dose group (10 mg/kg; n = 32) and in 15% DMSO diluted in saline for the high dose
group (20 mg/kg; n = 16). To account for the different concentrations of DMSO, we had
two vehicle groups: 8.3% DMSO diluted in saline (vehicle group for the low dose sertraline;
n = 32) and in 15% DMSO diluted in saline (vehicle group for the high dose sertraline;
n = 11).

The high dose of fluoxetine (20 mg/kg) has been extensively used in rodent stud-
ies [26,27], including reports from our laboratory [28]. However, the systemic concentra-
tions of the drug in mice from previous studies from our laboratory were higher than
in humans. Therefore, we selected a low dose (2 mg/kg) that we anticipated would be
within expected systemic concentrations of fluoxetine in humans. The low dose of sertraline
(10 mg/kg) was based on other reports and is expected to be within normal range of human
systemic concentrations [29]. However, we had issues with drug solubility to develop a
model with the higher dose of sertraline. Because we did not want to dramatically increase
DMSO concentrations nor alter injection volume between studies, we were only able to
treat mice at 20 mg/kg.

2.3. Blood Collection and Fluoxetine Assay

Blood samples were collected from the dams on DPC 0.75 and DPC 17.75. Mice were
fasted for 6–8 h after the morning treatment until blood collection. Blood was collected from
the submandibular vein using a 5.5 mm lancet, placed on ice for 20 min, and centrifuged at
846 g for 20 min at 4 ◦C; serum was stored at −80 ◦C until assayed. Serum fluoxetine and
norfluoxetine concentrations were measured with a forensic fluoxetine ELISA kit (catalog
no. 107619; Neogen, Lexington, KY, USA) according to manufacturer’s instructions, samples
were diluted 1:100. A displacement curve was prepared from fluoxetine hydrochloride
(S6319; Sigma-Aldrich, St. Louis, MO, USA) to create a standard curve for quantification.
The cross-reactivity is 100% for fluoxetine and 67% for norfluoxetine; therefore, data is
presented as fluoxetine plus norfluoxetine concentrations.

2.4. Statistical Analysis

All statistical analyses were performed on SAS (version 9.4; SAS Institute Inc., Cary,
NC, USA). Data were analyzed with PROC MIXED procedure using one-way ANOVA and
two-way ANOVA for repeated measures. Tukey HSH was used for post hoc comparisons.
Studentized residuals with deviations from assumptions of normality and/or homogeneity
of variance were transformed into square root, logarithms, or ranks. Survival analysis was
done with PROC LIFETEST using Wilcoxon test. For the fluoxetine study, comparisons
were performed among all groups. For the sertraline studies, comparisons between vehicle
and treated group were performed separately for the low and high dose. A probability
of ≤0.05 indicated a difference was significant and a probability between >0.05 and ≤0.1
indicated significance was approached. Data are presented as the mean ± standard error
of mean (SEM).

3. Results

3.1. Systemic Fluoxetine Concentrations

Fluoxetine was undetected in vehicle-treated mice (Table 1). In fluoxetine-treated mice,
there was a dose-dependent effect of treatment on systemic concentrations of fluoxetine. At
6 h after the first treatment, fluoxetine concentrations were 24-fold greater in mice treated
with the high than low dose. At 6 h after the 18th treatment, fluoxetine concentrations had
increased 2.4-fold with the low dose and 4.2-fold with the high dose, producing a 43-fold
greater fluoxetine in the high than low dose animals.
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Table 1. Serum concentrations of fluoxetine + norfluoxetine in pregnant mice on DPC 0.75 and 17.75
(6 h after the first and 18th treatments, respectively).

Vehicle Low Dose High Dose p Value

DPC 0.75, ng/mL
(range)

0
Undetectable

195.4 ± 14.6 b

(169.5−219.9)
4724.7 ± 354.0 a

(2756.3–5828.4) <0.0001

DPC 17.75, ng/mL
(range)

0
Undetectable

466.8 ± 61.6 b

(336.8–746.6)
20,059.2 ± 2176.5 a

(13,477.8–29,815.6) <0.0001

a,b indicate significant differences among groups.

3.2. Maternal Weight

Weight gain after the onset of treatment was evaluated between DPC 0.5 to 6.5 and
DPC 7.5 to 18.5. Until DPC 6.5 there is little to no effect of embryonic weight on total
maternal weight [25]; therefore, pregnant, nonpregnant, and virgin mice were included in
the analysis for more robust analysis of the effect of SSRI on mouse weight. In the fluoxetine
study, overall weight gain during DPC 0.5 to 6.5 was decreased in the high dose group
(Figure 1). Although all groups in the fluoxetine study lost weight after the first day of
treatment, the high dose of fluoxetine caused greater weight loss after a single treatment
compared to vehicle and low dose. Additionally, the group receiving the high dose of
fluoxetine did not recuperate weight to pretreatment levels until DPC 6.5 while the vehicle
and low dose groups reached pretreatment weight on DPC 2.5. Maternal weight gain
was overall reduced in the high dose of fluoxetine from DPC 7.5 to 18.5. Maternal weight
on the day before parturition was greatest (p = 0.005) in the vehicle group (32.7 ± 0.5 g),
intermediate in the low dose (32.1 ± 0.7 g), and lowest in the high dose group (30.5 ± 0.4 g).

In the sertraline study, the high dose group had greater weight loss after onset of
treatment and overall weight gain between DPC 0.5 and 6.5 and between DPC 7.5 and
18.5 was lower in the high dose group than vehicle. However, maternal weight on the day
before parturition was not different between groups (p = 0.2, 32.8 ± 0.8 vs. 31.6 ± 0.7 g for
the low dose; p = 0.6, 34.2 ± 0.5 vs. 33.5 ± 1.1 g for the high dose).

3.3. Pregnancy Establishment and Maintenance

In the fluoxetine study, the high dose significantly reduced pregnancy establishment
(pregnancy per plug; Table 2). Sertraline treatment (low and high doses) had no significant
effect on the number of pregnant mice. Gestation length was not affected by fluoxetine
treatment, but sertraline extended the mean gestation length.

Table 2. Effect of low and high doses of fluoxetine and sertraline on pregnancy outcomes.

Vehicle Low Dose High Dose p Value

Fluoxetine
Vaginal plug, n 28 32 127 -

Pregnant dams, n 24 25 24 -
Pregnancy per plug, % 85.7 a 78.1 a 18.9 b <0.0001
Gestation length, day 19.1 ± 0.1 19.1 ± 0.1 18.9 ± 0.1 0.17

Sertraline low dose
Vaginal plug, n 32 32 N/A -

Pregnant dams, n 22 23 N/A -
Pregnancy per plug, % 68.8 71.9 N/A 0.99
Gestation length, day 18.8 ± 0.1 B 19.0 ± 0.1 A N/A 0.096

Sertraline high dose
Vaginal plug, n 11 N/A 16 -

Pregnant dams, n 7 N/A 11 -
Pregnancy per plug, % 63.6 N/A 68.7 0.9
Gestation length, day 18.9 ± 0.3 b N/A 19.6 ± 0.2 a 0.01

a,b Indicate significant difference among groups. A,B Indicate significance was approached.
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Figure 1. Effect of fluoxetine (a,b) and sertraline (c–f) on maternal weight gain between days post
coitum (DPC) 0.5 to 6.5 (a,c,e) using data from pregnant (before the effect of fetal weight on maternal
weight), nonpregnant, and virgin mice. Maternal weight gain (b,d,f) during entire gestation (DPC
0.5 to 18.5) used data from only pregnant mice with data analyzed for DPC 7.5 to 18.5. * Indicates
significantly decreased weight in the high dose of fluoxetine group.

3.4. Neonatal Outcomes and Pup Survival

The low dose of fluoxetine did not significantly affect the number of pups born
compared to the vehicle; however, the low dose of sertraline and the high dose of both
fluoxetine and sertraline caused a reduction in the number of pups born (Figure 2).

In the fluoxetine study, there was a dose-dependent increase in pup mortality during
the 21 days postpartum resulting in less pups weaned per litter (Figure 2). The percentage
of litters in which all pups died was greater (p = 0.0008) for the high dose fluoxetine group
(62.5%) compared to the control (20.8%) and low dose (16.0%) groups. The mean number
of pups weaned per litter was also reduced by sertraline treatment (low and high doses).
However, the number of litters in which all pups died were not different between groups
(p = 0.6, 5.9 vs. 13.6% for the low dose; p = 0.6, 28.6 vs. 72.7% for the high dose).
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Figure 2. Effect of fluoxetine (a–c) and sertraline (d–i) on neonatal outcomes: Number of pups born
per litter (a,d,g); number of pups weaned per litter (b,e,h). Survival analysis of pup mortality (c,f,i)
during lactation (days postpartum 0.5 to 21.5).

To further investigate the effect of in utero SSRI exposure on neonatal mortality, we
analyzed pup mortality using survival curves. Besides a clear effect of SSRI on neonatal sur-
vival, pup mortality occurred primarily before DPP 4.5 independent of treatment (vehicle
vs. SSRI) and dose.

3.5. Pregnancy Complications

Some of the SSRI-treated dams that gave birth to an unusually reduced number of
pups appeared to still have unborn pups due to visually large abdominal size. A similar
finding was not observed in vehicle-treated dams. Four SSRI-treated dams that had all
pups die a few days postpartum were euthanized for necropsy on postpartum days 2.5
to 5.5. These dams had 3 to 5 fully developed dead pups still in the uterus. Additionally,
one dam from the high dose sertraline group euthanized on postpartum day 21.5 had
3 dead pups in the uterus that appeared to be mummified. Because our experimental
design did not anticipate these issues, only a few (4) dams were euthanized and inspected
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for unborn pups. Consequently, precise quantification of this finding was not possible.
However, reporting this finding is important for designing future studies. To gain insight
into the incidence of unborn pups in SSRI-treated dams in the present study we examined
the maternal weight change between the day before and the day of parturition (Figure 3).
Because maternal weight was not different between groups on the day before parturition
(except for high dose fluoxetine), a reduced weight loss suggests that fewer pups were
born and is indicative of unborn pups. The high dose of both fluoxetine and sertraline had
overall less mean weight loss between the last day of pregnancy and the day of parturition.
Based on individual maternal weight loss, it seems likely that other SSRI-treated dams with
unusually small litter sizes that were not necropsied also had unborn pups after parturition.

 

Figure 3. Maternal weight change between the last day of pregnancy and the day of parturition in
the fluoxetine (a) and sertraline (b,c) studies. * Denotes dams that were euthanized after parturition
and had fully developed dead pups in the uterus.

4. Discussion

Understanding the effects of maternal medication on pregnancy complications and
neonatal outcomes is vital to comprehensively assess the risk of perinatal exposure to
psychotropic medication on maternal and newborn wellbeing. Herein, we report the effects
of two popular antidepressants on pregnancy and neonatal outcomes in a mouse model
highlighting a dose-dependent effect of SSRI, particularly fluoxetine, on neonatal outcomes.
Interestingly, fluoxetine and sertraline caused comparable reductions in the number of
pups born and pup survival despite the distinct placental transfer of each drug; therefore,
exposing fetuses to distinct amounts of each drug. This suggests that these adverse neonatal
outcomes are likely to be related to the effect of SSRI on the dam and placenta rather than a
direct toxic effect of each drug on pup development.

Because SSRI treatments began on DPC 0.5 in the present study, ovulation and fertiliza-
tion were expected to take place before the onset of treatments and, therefore, to be similar
among vehicle and SSRI-treated groups. Additionally, fluoxetine has little to no effect on
embryo development in vitro [30] so a direct effect of fluoxetine on embryo development is
unlikely. Therefore, the decreased pregnancy per plug in the high dose fluoxetine group
(initially observed on DPC 7.5) is likely due to implantation failure. The high dose of fluox-
etine could cause implantation failure via multiple mechanisms including: (1) Induction of
maternal weight loss that could alter ovarian function [31] disrupting the endocrine envi-
ronment required for embryo implantation; (2) direct or indirect modulation of estrogen
signaling [32–34] with consequent disruption of uterine receptivity; or (3) decreased uterine
vascular perfusion [10,11,13,18] disrupting uterine vascular remodeling [35]. Previous
studies have also indicated an effect of SSRI on embryo implantation and early pregnancy
loss in humans [36,37] and animal models [38,39], although the mechanism remains to be
elucidated. Since none of the other doses of SSRI had an effect on embryo implantation,
the decreased pregnancy rate in the group receiving the high dose of fluoxetine in the
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present study may be related to a toxic effect of fluoxetine, as discussed later, rather than
an expected effect of the drug at therapeutic concentrations in humans. Further studies
are needed to confirm this finding and to define the mechanisms and critical period of
fluoxetine exposure on impaired embryo implantation to establish the safety of fluoxetine
in early pregnancy development.

The reduced maternal weight gain after DPC 7.5 in the high dose of fluoxetine and
sertraline-treated groups suggests smaller litter size, reduced embryonic/fetal growth, or
both. Indeed, maternal SSRI treatment during gestation has been linked to intrauterine
growth restriction in humans [3,6,8,17] and in animal models [38,40]. The mechanisms
of SSRI-induced fetal growth restriction have been a prominent area of research world-
wide [10]. The SSRI-induced increase in serotonin signaling has been associated with
decreased uterine vascular perfusion [13] and vascular lesions on the maternal and fetal
sides of the placenta in women [18]. Therefore, maternal exposure to SSRI may compromise
placenta function leading to inadequate nutrient exchange between mother and fetus which
can result in fetal growth restriction [10]. On the other hand, the number of pups born was
reduced in dams exposed to the high dose of fluoxetine and the low and high doses of
sertraline suggesting a role for SSRI on embryo implantation and embryonic/fetal survival.
However, the unexpected finding of fully developed dead pups still in the uterus days
after parturition in SSRI-treated mice further clouds our interpretation of the effects of SSRI
on pregnancy establishment and fetal survival. Furthermore, it is not known whether the
intrauterine pup death was a cause or a consequence of fetal retention. Although dystocia
has not been reported in women taking SSRI during gestation and fluoxetine does not
affect uterine contractions [41], it was an unexpected but critical finding in our study and
warrants further investigation. In light of this finding, reduced litter size in rodent models
treated with SSRI in previous reports and future studies should be interpreted with caution.

Neonatal mortality, primarily during early postnatal period, was increased in all
groups exposed to SSRI in the present study. Previous rodent studies have also shown
that fluoxetine and sertraline exposure during the perinatal period increase neonatal mor-
tality [23,40,42]. Fetal developmental malformations (primarily cardiac, respiratory, and
neurodevelopmental disorders) have been reported as possible causes of neonatal mortality
associated with perinatal SSRI exposure [3,23,43–45]. However, neonatal mortality may
be due to placental insufficiency caused by SSRI disruption of uterine/placental vascular
perfusion and structure [3,10,13,18] rather than a direct effect of SSRI on fetal development.
Placental insufficiency is generally regarded as the major cause of fetal growth restriction
which is associated with perinatal morbidity and mortality. Fetal growth restriction (unre-
lated to SSRI exposure) leads to several fetal adaptations to restricted nutrient availability
including morphological heart changes, increased cardiac workload, and cardiac function
issues resembling dilated cardiomyopathy [14]. Interestingly, rodents exposed to SSRI peri-
natally have altered cardiac morphology [43,46] and dilated cardiomyopathy [23]. Because
both drugs promote comparable neonatal mortality and increase serotonin concentrations
in the maternal side of the placenta altering placental homeostasis [18,47] but have distinct
placental transfer (70% fluoxetine [23] vs. 25% sertraline [24]), placental insufficiency is
likely to be the underlying mechanism of SSRI-related pup mortality rather than a direct
toxic effect of SSRI on fetal development. Nevertheless, these results do not exclude a direct
role of fluoxetine (highest placental transfer) on fetal organogenesis.

The placenta regulates maternal and fetal serotonin homeostasis during
gestation [3,48–50]. Since embryonic production of sertonin is limited until day 14.5 of
gestation in mice, extraembryonic sources of serotonin are required to maintain fetal brain
development [48]. SERT located on the apical region of syncytiotrophoblast (maternal side
of the placenta) transports maternal-derived serotonin into the placenta during early and
mid gestation regulating serotonin content (signaling) on the maternal side of the placenta
and providing maternal-derived serotonin needed for fetal development [48,49]. However,
during late pregnany serotonin is no longer transported from mother to fetus; instead,
organic cation transporter 3 (OCT3) located on the fetal side of the placenta transports
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fetal serotonin into trophoblasts for degradation [47,49,50]. SSRI inhibition of placental
SERT prevents the transport of maternal serotonin into the placenta increasing serotonin
signaling on the maternal side of the placenta [47]. Interestingly, OCT3 is inhbited by glu-
cocorticoids [51] and exogenous drugs such as SSRI [47,50]. However, fluoxetine, but not
sertraline, decreases the capacity of OCT3 to transport serotonin from fetal circulation into
the placenta in an in situ model [47]. Therefore, added to the decreased placental transfer
of sertraline [23,24] resulting in lower concentrations of the drug in the fetal circulation, it
seems likely that the similar effects of the two drugs on neonatal outcomes are mediated by
their common capacity to inhibit SERT on the maternal side of the placenta [47]. This likely
leads to increased serotonin signaling with a consequent compromise of placental vascular
perfusion and function [11,15].

Systemic concentrations of fluoxetine + norfluoxetine increase after onset of treatment
ranging from 160 to 560 ng/mL in humans [21]. In overdosed patients, fluoxetine + norflu-
oxetine concentrations may reach 1490 ng/mL [52]. In rodent models, although the dose
and route of administration of fluoxetine vary among studies, the dose of 20 mg/kg/day
via intraperitoneal injection has been widely used [26,27]. Our results clearly demonstrate
that this dose produces systemic concentrations that are many fold greater than clinically
relevant doses in humans. On the contrary, the low dose of fluoxetine used in our experi-
ment (2 mg/kg/day) resulted in systemic concentrations similar to expected concentrations
in humans. Unfortunately, we were unable to measure the sertraline concentration in our
study. The overall effects of sertraline (low and high doses) were intermediate compared
to the low and high doses of fluoxetine. However, the limitation of sertraline solubility
that required increased DMSO concentration and the lack of systemic drug concentrations
clouded our full interpretation of the effects of the high dose of sertraline on pregnancy
and neonatal outcomes. Although we recognize that extreme dosage treatments are often
important for delineating physiologic pathways and investigating possible toxic effects of
drugs in animal models, our study highlights the importance of using therapeutic dosages
to more accurately evaluate the risk of maternal drug exposure on pregnancy and neonatal
outcomes, particularly in translational studies for more direct relevance to human medicine.

Most mice (vehicle and SSRI-treated) in our studies lost weight in the first 24 h after
the first treatment. This is expected due to the stress of handling and changing cages for
mating, individual housing, and initiation of treatments. However, mice exposed to the
high dose of each drug experienced greater weight loss. Nevertheless, mice receiving the
high dose of sertraline and low dose of fluoxetine reestablished pretreatment weight by
day 2 of treatment (similar to vehicle) while mice receiving the high dose of fluoxetine took
6 days to reestablish pretreatment weight. In animal models, SSRI-induced weight loss has
been reported [31,39,40,53]. In humans, short-term fluoxetine treatment is also known to
cause weight loss [54]. However, with prolonged treatment, weight gain is most commonly
observed. Although the SSRI-induced weight loss in mice may resemble the weight loss
observed in short-term fluoxetine treatment in humans, the weight loss in rodents exposed
to high doses of SSRI seems to be due to drug overdose because it has been associated with
amenorrhea [31], digestive disorders, and death [39,53].

5. Conclusions

Overall, our results demonstrate a dose-dependent effect of SSRI exposure during
gestation and lactation on pregnancy outcomes and perinatal pup mortality. The compara-
ble neonatal outcomes during treatment with these two drugs that have distinct placental
transfer properties make it likely that SSRI-induced placental insufficiency and fetal growth
restriction lead to the observed neonatal morbidity/mortality rather than a direct toxic ef-
fect of each drug on perinatal mortality. Lastly, we highlight that some effects of treatments
with excessive doses of psychotropic medication in animal models (as for the highest dose
of fluoxetine in the present study) may not reflect expected effects in humans due to extreme
systemic concentrations of the drug, and therefore, should be interpreted with caution.
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Abstract: New bronchopulmonary dysplasia is a developmental lung disease associated with pla-
cental dysfunction and impaired alveolarization. Risk factors for new BPD include prematurity,
delayed postnatal growth, the dysregulation of epithelial-to-mesenchymal transition (EMT), and
parental exposure to toxicants. Our group previously reported that a history of paternal toxicant
exposure increased the risk of prematurity and low birth weight in offspring. A history of paternal
toxicant exposure also increased the offspring’s risk of new BPD and disease severity was increased in
offspring who additionally received a supplemental formula diet, which has also been linked to poor
lung development. Risk factors associated with new BPD are well-defined, but it is unclear whether
the disease can be prevented. Herein, we assessed whether a paternal fish oil diet could attenuate
the development of new BPD in the offspring of toxicant exposed mice, with and without neonatal
formula feeding. We investigated the impact of a paternal fish oil diet preconception because we
previously reported that this intervention reduces the risk of TCDD associated placental dysfunction,
prematurity, and low birth weight. We found that a paternal fish oil diet significantly reduced the risk
of new BPD in neonatal mice with a history of paternal toxicant exposure regardless of neonatal diet.
Furthermore, our evidence suggests that the protective effects of a paternal fish oil diet are mediated
in part by the modulation of small molecules involved in EMT.

Keywords: multigenerational; toxicants; bronchopulmonary dysplasia; therapeutics; lung development

1. Introduction

The Developmental Origin of Health and Disease (DOHaD) concept was first pro-
posed by Dr. David Barker who originally recognized the relationship between maternal
malnutrition and the risk of metabolic syndrome in their adult children [1,2]. In recent
years, the DOHaD concept has expanded and now recognizes a wide variety of factors that
impact (positively or negatively) the fetal environment and, by extension, the child’s adult
health [3–5]. Although originally focused on maternal factors relevant to the current study
(diet, stress, environmental exposures), it now recognizes that the health of the paternal
parent can also significantly impact the fetal environment and offspring health.

The father’s biological contribution to pregnancy is contained within his seminal fluid
at the time of copulation. In addition to the spermatozoa, seminal fluid contains a variety

203



Toxics 2022, 10, 7

of nutrients (fructose, citric acid), microbes, and proteolytic enzymes that are necessary for
sperm survival and the successful fertilization of the oocyte [6–8]. Numerous studies have
demonstrated that the quality of the seminal fluid can influence embryonic implantation,
the microbial composition of the intrauterine environment, and placental function [9–13].
Importantly, the placenta is largely a paternally derived organ and is critical for pregnancy
maintenance and fetal development [14]. For this reason, poor seminal fluid quality has
the potential to not only negatively impact the development and function of the placenta
but also to negatively impact fetal development and long-term child health.

Smoking and exposure to pollution are factors that reduce the quality of the seminal
fluid and contribute to the DOHaD. Our laboratory previously reported that in utero
exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)—a byproduct of smoke and a
contributor to pollution—subsequently reduced the number and quality of sperm in male
mice of reproductive age [10]. Furthermore, the offspring of these mice were susceptible to
premature birth and intrauterine growth restriction (IUGR) [15,16]. We later demonstrated
that these complications were associated with TCDD associated placental dysfunction
that is characterized by alterations in the size of the placenta as well as the expression of
placental progesterone receptor and toll-like receptor-4, which each play integral roles in
placental function and pregnancy outcomes [10].

Paternal diet has also been shown to influence the DOHaD by modulating the quality
of seminal fluid [17]. Our group and others have reported that a paternal fish oil diet im-
proves the quality of seminal fluid. We found that providing a preconception supplemental
fish oil diet to male mice that were exposed to TCDD in utero markedly improved both
sperm density and motility and was associated with a significant increase in fertility. The
improvement in sperm quality also translated to enhanced placental function, marked by
a reduced expression of toll-like receptor 4 and increased expression of the progesterone
receptor. Intervening with a paternal fish oil diet also reduced the risk of premature birth
and eliminated the incidence of offspring IUGR [18].

In human neonates, premature birth and IUGR are each associated with an increased
risk of developing new BPD, a developmental lung disease that is characterized by im-
paired alveolarization [19,20]. Several studies have suggested that placental dysfunction
precedes (and contributes to) the development of new BPD [21–24]. The onset and severity
of developmental lung diseases, such as new BPD, have also been linked to exposure to
pollution in humans and experimental animal models [25–29]. Our laboratory found that
the offspring of male mice that were exposed to TCDD in utero were also susceptible to
new BPD [29]. Herein, we examined the efficacy of a paternal fish oil diet to prevent this
potentially fatal neonatal disease. Our study revealed markedly improved lung develop-
ment and reduced incidence of new BPD in offspring sired by a father with a history of
TCDD exposure that was also provided a fish oil diet preconception.

Finally, exposure to components of fish oil and TCDD have been found to influence
proteins that help to regulate epithelial-to-mesenchymal transition (EMT) within the lung;
a process that is linked to the development of new BPD [30–33]. Therefore, we investigated
whether a paternal fish oil diet attenuated the development of new BPD by modulating
the small molecules involved in EMT. We also observed how neonatal diet impacted these
parameters because maternal milk is associated with better infant health outcomes than
formula feeding, which has been linked to poor postnatal lung development [34,35]. We
found that the reduced risk of new BPD in the offspring of fish oil-supplemented males was
associated with significantly reduced beta-catenin gene expression—a molecule involved
in EMT and the development of new BPD [36–39].

2. Materials and Methods

2.1. Animals

Adult (10–12 weeks) and neonatal C57BL/6 mice were used in this study. Adult
mice were obtained from Envigo (Indianapolis, IN, USA) or born in-house. All neonatal
mice were born in-house. The animals were housed in the Barrier Animal Care Facility at
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the Vanderbilt University Medical Center, which is free from common mouse pathogens.
Adult mice were provided food and water ad libitum. Animal room temperatures were
maintained between 22–24 ◦C with a relative humidity of 40–50% on a 12-h light–dark
schedule. Experiments described in this study were approved by Vanderbilt University’s
Institutional Animal Care and Use Committee (IACUC) as per the Animal Welfare Act
protocol #M2000098. Approval date: 1 December 2019.

2.2. Chemicals

TCDD (99% in nonane #ED-908) was purchased from Cambridge Isotope Laboratories
(Andover, MA, USA). Esbilac Puppy Milk Replacer Powder was purchased from Pet-Ag,
Inc (Hampshire, IL, USA). All other chemicals were obtained from Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise stated.

2.3. TCDD Exposure and Mating Scheme

Virgin 10- to 12-week-old C57BL/6 females were mated with intact males of a similar
age. The females were weighed daily and monitored for the presence of a vaginal semen
plug, denoting that copulation had occurred. The morning a vaginal plug was identified,
the dam was considered pregnant (denoted as embryonic day 100.5 and moved to a new
cage. Following the confirmation of pregnancy, dams were exposed to TCDD (10 µg/kg) in
corn oil or corn oil vehicle alone by gavage on 1015.5 at 1100 h CST. The dams provided with
vehicle only were used as unexposed controls while dams receiving TCDD were designated
F0 mice (the founding generation).

Although the selected dose of TCDD is higher than typical human exposures, this
dose reflects the more rapid clearance of this toxicant in mice compared to humans. This
dose is well below the LD50 for adult C57BL/6 mice (230 µg/kg) [40] and is not overtly
teratogenic or abortogenic. In our hands, parturition typically occurred on E20 for both
control and F0 pregnancies. Finally, since the half-life of TCDD is 11 days in C57BL/6 mice,
the offspring of the F0 dams (F1 pups) were directly exposed to TCDD in utero and during
lactation [40]. Germ cells present within F1 fetuses were also directly exposed to TCDD,
and these cells had the potential to become the F2 generation.

2.4. Diet and Mating Scheme for the F1 Generation

Purina Mills (TestDiet division) provided the 5% Menhaden fish oil diet, which also
contained 1.5% corn oil to prevent the depletion of omega-6 fatty acids. Menhaden fish oil,
(OmegaProtein, Houston, TX, USA) has an established fatty acid profile (~40% omega-3
fatty acids) and was processed by the manufacturer to remove dioxins and polychlorinated
biphenyls. The fish oil diet is a modification of Purina’s low phytoestrogen rodent chow
5VR5, which was used as the control (standard) diet. Protein, total fat, and energy content
was the same for each diet. The fish oil diet was maintained in vacuum-sealed bags at
−20 ◦C until use and once provided to mice, it was replaced every 3 days.

After weaning, F1 and control males were maintained on a standard or fish oil diet
for at least 7 weeks (one full cycle of spermatogenesis) and mated at 10–12 weeks of age
with age-matched unexposed C57BL/6 females. Once a vaginal semen plug was identified,
dams were singly housed until parturition. Offspring sired by control males were denoted
as CT whereas the offspring of F1 males were denoted F2TCDD.

2.5. Formula Feeding

Beginning on postnatal day 7 (PND7), CT and F2TCDD pups were sexed, weighed,
and randomized to a strict maternal milk diet or a supplemental formula diet. Pups were
bottle-fed 30 µL of formula three times a day over the course of four days using a small
nipple attached to a 1ml syringe (Miracle Nipple Mini for Pets and Wildlife). Each 30 µL
dose was provided in two aliquots of 15 µL, each 10 min apart. All pups remained with
dams for the duration of the study and were allowed to nurse ad libitum. Pups were
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weighed daily and monitored for macroscopic signs of new BPD (e.g., labored breathing
and difficulty feeding) from PND 7–10.

2.6. Euthanasia and Collection of Tissue

To assess the development of new BPD, we performed necropsies on PND 11 as our
previous studies revealed that the disease was prevalent by this time in F2TCDD pups [29].
On PND 11 at 1100 h local time, CT and F2TCDD pups were weighed and observed for
external signs of new BPD (labored breathing and/or delayed growth), then euthanized by
decapitation performed under deep anesthesia as per the AAALAC guidelines. Following
euthanasia, the peritoneal cavity and rib cage were opened, and the lungs and trachea
were isolated and weighed. The lungs were perfused and inflated using an intratracheal
injection of 1× phosphate buffered saline (PBS) as previously described [41,42]. A 1mL
syringe filled with PBS was inserted into the trachea and used to inflate the left lobe of the
lung. A small string was tied around the right lobe to prevent inflation. The non-inflated
lobe was stored at −80 ◦C for qPCR and immunoblot analyses and the inflated lobe was
fixed in 10% buffered formalin. The fixed tissues were processed and paraffin-embedded,
and slides containing 4 µm sections were prepared by Vanderbilt University’s Translational
Pathology Shared Resource Center (TPSR).

2.7. Hematoxylin and Eosin (H and E) Staining

Formalin-fixed, paraffin-embedded tissue sections were mounted on slides, then deparaf-
finized in xylene and rehydrated in ethanol. Slides were then incubated in Hematoxylin, washed,
and incubated in Eosin. The slides were dehydrated in ethanol and xylene, then coverslipped
using Cytoseal XYL (Thermo Scientific, Waltham, MA, USA; Cat# 8312-4).

2.8. Alveolus Diameter and Radial Alveoli Count

The measurements of alveoli diameter and radial alveolar count were conducted as
previously described by others [43–45]. The linear ruler on Image J was used to assess the
horizontal length of the individual alveoli that developed in the alveolar space of each
group. Measurements were taken using the horizontal length of the alveoli to account
for irregularities in alveolar shape/branching. H and E-stained slides from at least six
pups from six separate litters were used to determine the average alveolus diameter for
each group. At least 10 measurements were taken per 100× image to obtain the average
alveolus diameter per pup. The manual measurements of the pulmonary alveolar space
were confirmed using the mean linear intercept, a semi-quantitative method for lung
morphology that has been used previously [46]. For the radial alveolar count, a line was
drawn from the surface epithelium to the nearest bronchiole. Alveoli that intersected
the line were counted and the average was taken for each group in the same manner as
described above.

2.9. Histological Determination of BPD

We developed an unbiased lung scoring system to identify mice that did or did not
have new BPD. The diagnosis of new BPD was determined using a lung injury scale that
accounted for alveoli diameter, radial alveolar count, and the presence of red blood cells
(RBCs) in the lung. We measured these parameters because reduced alveolus diameter and
radial alveolar count are established markers for reduced lung alveolarization and impaired
lung function [47]. Furthermore, the altered distribution of RBCs in the lung is related to
respiratory distress and hypertension, which are associated with new BPD [48–51]. We carefully
assessed multiple sections from 10 non-littermate CT pups to determine the normal range
of these parameters.

Healthy pups had an average alveolus diameter of 25 ± 5 µM and an average radial
alveolar count of 5–7. Healthy pups also exhibited little to no RBCs infiltrating the alveolar
space. A lung injury score of 1–4 was indicative of a healthy lung, marked by the formation
of distinct alveoli. Pups were considered to have mild BPD when they exhibited an average
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alveolus diameter of 20 ± 4 µM, an average radial alveolar count of 3–4, and the presence
of RBCs in 20–50% of the alveolar space. Pups with mild BPD received a lung injury score
of 5–7. Pups diagnosed with severe BPD exhibited an average alveolus diameter of 16 µM
or less, an average radial alveolar count of 3 or less, and the presence of RBCs in more than
50% of the alveolar space. Pups with severe BPD were given a lung injury score of 8 or 9.
To date, pups have not exhibited overlapping pulmonary phenotypes.

2.10. qRT-PCR

Lung tissue was lysed using the Trizol reagent (Invitrogen, Carlsbad, CA, USA) and
the total RNA was purified from tissue lysates using the RNeasy Mini Kit (Qiagen, Valencia,
CA, USA). An iScript cDNA synthesis kit was used to generate cDNA from 1 µg of the
total RNA (Bio-Rad) using random decamer primers. The same thermal cycling program
was applied to all primers: 95 ◦C for 30 s, 40 cycles of 95 ◦C for 5 s, and 60 ◦C for 5 s using a
Bio-Rad CFX96 real-time thermocycler. The melting curve was analyzed to confirm product
purity. All reactions were performed in triplicate. A Ribosomal 18s transcript was used as
a housekeeping gene to normalize the transcript levels of E-cadherin and β-catenin for
all samples. The results were evaluated using the delta-delta Ct method as previously
described [15,18]

2.11. Immunoblot Assays

Lung tissue was homogenized in a RIPA buffer (Life Technologies, cat# R0278; CA,
USA), containing a protease inhibitor cocktail set III at 1:100 (Calbiochem, Gibbstown, NJ,
USA) and phosphatase inhibitor cocktails 2 and 3 at 1:100 each (Sigma Aldrich, St. Louis,
MO, USA), and using a Tissue Tearor (United Lab Plastics, St. Louis, MO, USA). Lysates
(20 µg/well) were separated by SDS-PAGE using 4–15% gradient polyacrylamide gels and
transferred onto nitrocellulose membranes (Life Technologies, Carlsbad, CA, USA). The
membranes were blocked in Intercept TBS Blocking Buffer (LI-COR Biosciences, Lincoln,
NE, USA) and then incubated with an appropriate primary antibody diluted at 1:1000
in the blocking buffer at 4 ◦C overnight on a shaker: rabbit anti-beta-Catenin antibody
(Cell Signaling Technology, Danvers, MA, USA; Cat# 8480); mouse anti-e-cadherin (Cell
Signaling Technology, Danvers, MA, USA; Cat# 3195). Blots were incubated in a mouse
anti-beta-actin monoclonal antibody (Sigma Aldrich, MO, USA; Cat# C7207) for 1 h at
room temperature. The blots were washed and incubated with the IRDye 680RD Donkey
anti-Mouse or IRDye 800 CW Goat anti-Rabbit (Licor, Lincoln, NE; cat# 926-68072 and
925-3221) secondary antibody in the blocking buffer containing 0.01% Tween 20 for 1 h at
room temperature. The blots were washed with 1X TBS 0.01% Tween 20 and the bound
antibody bands were scanned using the infrared fluorescence detection Odyssey Imaging
System (LI-COR Biosciences). The housekeeping beta-actin signal was used for the nor-
malization of the data. Each experiment was conducted in biological triplicates and the
quantitation of band intensity was performed by densitometry using Image J.

2.12. Statistical Analysis

The alveolar measurements, qRT-PCR, and immunoblot data were analyzed using
GraphPad Prism’s one-way ANOVA and the Tukey post-hoc test. For all experiments, six
non-littermates were used to obtain the average for each group. The presented images are
representative of each group. The data are represented as the mean ± standard deviation.
p < 0.05 were considered significant. Significance was determined by comparing each
treatment group to maternal milk-fed CT pups. All experiments were repeated twice using
different non-littermates. In each group, approximately half of the pups were male and the
other half were female. The majority of the pups were male in groups with uneven samples
sizes.
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3. Results

3.1. A Paternal Fish Oil Diet Preconception Improves Postnatal Growth in Pups with a History of
TCDD Exposure

Infants diagnosed with new bronchopulmonary dysplasia (BPD) typically exhibit
low birth weight, delayed postnatal growth, and lung hypoplasia [52–54]. To determine
the efficacy of a preconception paternal fish oil diet intervention in eliminating factors
associated with new BPD, we monitored pup growth from postnatal day (PND) 7–10 and
assessed lung-to-body weight ratios on PND 11. Control (CT) pups had an average body
weight of 3.3 g by PND 7, which increased to an average of 5.3 g by PND 10. Seven-day-old
pups sired by fathers exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin in utero (F2TCDD
pups) who were maintained on a standard diet preconception had a similar average body
weight to CT pups. By PND 7, F2TCDD pups on a maternal milk diet had an average body
weight of 3.3 g, which was reduced by 0.3 g in formula-supplemented pups. The average
body weight of F2TCDD pups receiving maternal milk plateaued at 4 g by PND 8, but the
average body weight of pups who received supplemental formula gradually increased to
5 g by PND 10. Regardless of their postnatal diet, F2TCDD pups sired by a father on a fish
oil diet had an average body weight of 4.5 g by PND 7, which gradually increased to 6 g by
PND 10. However, these trends in postnatal growth did not reach statistical significance
(Figure 1A), as demonstrated in Table S1.

Figure 1. A dietary fish oil intervention improves postnatal development in pups: CT and F2TCDD
pup body weight was monitored from postnatal day 7–10 (A), lung hypoplasia was determined by
measuring lung-to-body weight ratios in CT and F2TCDD pups (B). Growth curve data represents
the mean value of 4–5 non-littermate pups. Lung-to-body weight ratio data represents individual
values of 4–5 non-littermate pups. Standard deviation is shown. *** p ≤ 0.001.
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Lung hypoplasia manifests as a lung-to-body weight ratio of 0.0115, or 1.15%, or
less [55,56]. On PND 11, CT pups displayed an average lung-to-body weight ratio of
0.022 g, or 2.2%. F2TCDD pups sired by a standard diet father exhibited an average
lung-to-body weight ratio of 0.018, or 1.8%, when they received a strict maternal milk diet
and 0.017, or 1.7%, when they received supplemental formula. F2TCDD pups were not
diagnosed with lung hypoplasia, but they displayed a significant reduction in lung-to-
body weight ratios compared to CT pups (p < 0.0005). Intervening with a paternal fish
oil diet preconception normalized lung-to-body weight ratios to 0.020, or 2%, in maternal
milk-fed and 0.021, or 2.1%, in formula-supplemented F2TCDD pups (Figure 1B). These
results confirm our previous finding that a paternal fish oil diet intervention influences the
offspring’s postnatal development [18]. Herein, we demonstrated that a paternal fish oil
diet intervention improved postnatal growth rates and lung-to-body weight ratios in pups
with a history of paternal TCDD exposure, regardless of their postnatal diet.

3.2. A Paternal Fish Oil Diet Mitigates Delayed Lung Development in Pups with a History of
TCDD Exposure

To confirm that a paternal fish oil diet preconception improves lung development in
pups, we observed pulmonary histology using hematoxylin- and eosin-stained (H and E)
lung slides. CT pups exhibited normal lung development and alveolarization, marked
by the distinct formation of alveoli (Figure 2A,E). Supplementing the CT pup diet with
formula led to a visible reduction in alveolar space and the thickening of alveolar walls
(Figure 2B,F). CT pups sired by a father who received a fish oil diet preconception exhibited
improved lung alveolarization, regardless of their postnatal diet (Figure 2C,D,G,H).

Figure 2. A paternal dietary fish oil intervention improves lung development in pups: Representative
images of Hematoxylin- and Eosin-stained perfused lung tissue of PND11 CT pups sired by a standard
or fish oil diet father following a maternal milk diet or supplemental formula at a magnification of
100× (A–D) and 400× (E–H); F2TCDD pups sired by a standard or fish oil diet father following a
maternal milk diet or formula supplementation at a magnification of 100× (I–L) and 400× (M–P).
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Lung H and Es confirmed that F2TCDD pups sired by fathers on a standard diet
exhibited an impaired development of distinct alveoli and thickening of alveolar walls
(Figure 2I,M). When provided supplemental formula, many F2TCDD pups experienced
interalveolar red blood cell (RBC) infiltration (Figure 2J,N). A paternal fish oil diet precon-
ception improved lung alveolarization and reduced the risk of interalveolar RBC infiltration
in F2TCDD pups, regardless of postnatal diet (Figure 2K,L,O,P).

H- and E-stained slides were used to assess lung morphology by manually measuring
the pulmonary space and radial alveoli count as previously described [43,45]. The pul-
monary alveolar space measurements were verified using mean line intercept (MLI), an
automated semi-quantitative lung morphology analysis [46]. CT pups sired by a father
on a standard diet preconception had an average alveolar diameter of 25 ± 5 µm. Sup-
plementing CT pups with formula led to a significant reduction in the average alveolar
diameter (p = 0.0027). A paternal fish oil diet intervention normalized the average alveolar
diameter of formula-supplemented CT pups. F2TCDD pups sired by a standard diet father
also exhibited a significant reduction in the diameter of their alveolar space, regardless
of postnatal diet (p < 0.0001). Intervening with a paternal fish oil diet in F2TCDD pups
normalized their alveolar diameter to that of CT pups (Figure 3A).

We confirmed that formula-fed CT pups sired by a standard diet father also exhibited
a significant decrease in lung MLI (p < 0.0228). F2TCDD pups also exhibited a significant
reduction in lung MLI, independent of postnatal diet (p = 0.0001) (Figure 3B). All CT
pups exhibited an average number of alveoli of 6 ± 1, independent of their postnatal diet.
F2TCDD pups sired by a father on a standard diet displayed a significant reduction in
their average number of alveoli compared to CT pups (p < 0.0001). Intervening with a
paternal fish oil diet preconception in F2TCDD pups normalized their average number
of alveoli to that of CT pups (Figure 3C). Our results confirm formula-fed CT pups and
formula-fed/maternal milk-fed F2TCDD pups exhibit poor postnatal lung development,
marked by a reduction in alveolar diameter, lung MLI, and radial alveolar count. We also
confirmed the hypothesis that intervening with a paternal fish oil diet preconception in
these groups improves lung development by increasing the average diameter of alveolar
space, lung MLI, and number of alveoli in the offspring.

3.3. A Paternal Fish Oil Diet Reduces the Incidence of New BPD in Pups with a History of TCDD
Exposure

To determine the incidence of new BPD among pups, we used a scoring system based
on relevant histologic markers, as detailed in the methods and demonstrated in Figure 4B–G.
Regardless of their postnatal diet, F2TCDD pups sired by a father receiving a standard diet
preconception displayed a significant increase in the incidence of new BPD compared to all
CT pups (p < 0.0001) (Figure 4A). This translated to 85% of maternal milk-fed and 71% of
formula-supplemented F2TCDD pups developing new BPD. Intervening with a paternal
fish oil diet preconception reduced the incidence of new BPD to 25% in maternal milk-fed
and 10% in formula-supplemented F2TCDD pups (Table 1). These findings support our
hypothesis that a paternal fish oil diet preconception mitigates the development of new
BPD in pups with a history of paternal TCDD exposure.
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Figure 3. A paternal dietary fish oil intervention improves the alveolarization of pup lungs: Pul-
monary alveolar space (A), mean linear intercept (B), and radial alveolar count (C) of CT and F2TCDD
pups ± a fish oil intervention and/or supplemental formula was measured on PND11. Groups used
for manual determination of pulmonary alveolar space and radial alveolar count contained 6–10
non-littermates. Data points represent the mean values from individual pups. Standard deviation is
shown. Groups used for automated mean linear intercept contained 3–4 non-littermates.* p ≤ 0.05;
** p ≤ 0.01;*** p ≤ 0.001;**** p ≤ 0.0001.
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Figure 4. A dietary fish oil intervention reduces the incidence of BPD in TCDD-exposed pups:
Incidence of BPD was determined in CT and F2TCDD pups ± a fish oil intervention and/or formula
supplementation (A), the incidence of BPD was determined using a novel scale based on lung
histology (B–G). Data points represent the individual lung injury scores of 6–10 non-littermates from
each group. Standard deviation is shown. **** p ≤ 0.0001.

Table 1. Incidence of pups with BPD across all groups. CT, control; FO, fish oil.

Exposure Group Incidence of New BPD Average Lung Injury Score

CT 0/7 = 0% 1
CT + FO 0/7 = 0% 1

CT + FORMULA 1/16 = 16% 3
CT + FO + FORMULA 1/6 = 16% 2

F2TCDD 6/7 = 85% 6
F2TCDD + FO 2/8 = 25% 3

F2TCDD + FORMULA 5/7 = 71% 7
F2TCDD + FO + FORMULA 1/10 = 10% 3

3.4. Diet and History of TCDD Exposure Influences Pup Pulmonary Beta-Catenin and E-Cadherin
Expression

The small molecules beta-catenin and E-cadherin play integral roles in lung devel-
opment. These proteins are involved in epithelial-to-mesenchymal transition (EMT)—a
process that is dysregulated during the development and progression of new BPD [30].
Since EMT contributes to normal lung development and the development of lung diseases,
we aimed to determine whether a paternal fish oil diet reduced the incidence of new BPD in
offspring by modulating the small molecules associated with EMT. We examined pup beta-
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catenin and E-cadherin expression to observe whether a paternal fish oil diet intervention
improves new BPD outcomes by influencing these small molecules.

CT pups displayed no differences in their expression of beta-catenin at the transcript
level, regardless of paternal and postnatal diet. F2TCDD pups on a maternal milk diet
(p = 0.0234) and supplemental formula diet (p = 0.0091) displayed a significant increase
in beta-catenin gene expression when their father received a standard diet preconception.
Intervening with a paternal fish oil diet preconception reduced beta-catenin gene expression
in F2TCDD pups, regardless of postnatal diet (Figure 5A).

Figure 5. Diet and history of TCDD exposure influence beta-catenin and E-cadherin expression: RNA
isolated from the lungs of PND 11 CT and F2TCDD pups ± a fish oil intervention and/or supple-
mental formula was used to quantify the expression of beta-catenin and E-cadherin gene expression
(A,B), beta-catenin and E-cadherin protein expression were measured through immunoblotting (C),
and quantified using densitometry (D,E). * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.
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Significantly, compared to CT pups sired by a standard diet father and only provided
maternal milk, E-cadherin gene expression was increased in CT pups receiving supplemen-
tal formula who were sired by fathers on a standard diet preconception (p = 0.0017). A
paternal fish oil diet further increased E-cadherin gene expression in formula-supplemented
CT pups (p = 0.0006). F2TCDD pups sired by standard diet fathers exhibited significant
increases in E-cadherin gene expression, independent of postnatal diet (p < 0.0001). A
paternal fish oil diet intervention in maternal milk-fed (p = 0.0044) and formula-supplemented
F2TCDD pups (p < 0.0001) also significantly increased E-cadherin gene expression (Figure 5B).

We also quantified the protein expression of pulmonary beta-catenin and E-cadherin
in pups through immunoblotting (Figure 5C and Figure S1). A paternal fish oil diet
intervention significantly decreased beta-catenin protein expression in CT pups (p = 0.0020).
Beta-catenin protein expression was further reduced in CT pups receiving supplemental
formula, regardless of paternal diet preconception (p < 0.0001). Independent of paternal diet
preconception, beta-catenin protein expression in F2TCDD pups was similar to maternal
milk-fed CT pups sired by standard diet fathers. The formula supplementation of F2TCDD
pups significantly reduced beta-catenin protein expression, regardless of paternal diet
(p < 0.0001) (Figure 5D).

Significantly, CT pups sired by a father on a fish oil diet preconception exhibited a
reduction in E-cadherin protein expression following a strict maternal milk diet (p = 0.0108)
and a supplemental formula diet (p < 0.0001). F2TCDD pups sired by a standard diet father
expressed similar levels of E-cadherin protein expression to maternal milk-fed CT pups
sired by a standard diet father. Regardless of offspring postnatal diet, a paternal fish oil diet
intervention in F2TCDD pups led to increased E-cadherin protein expression (p < 0.0001).
The formula supplementation of F2TCDD pups sired by standard diet fathers also led to a
significant increase in E-cadherin protein expression (p < 0.0001) (Figure 5E).

4. Discussion

We previously reported that a paternal history of TCDD exposure increased the
offspring’s risk of premature birth and IUGR due to impaired placental function [18]. A
paternal history of TCDD exposure also increased the offspring’s risk of new BPD, a disease
previously associated with prematurity, IUGR, and placental dysfunction [19,21,22,57].
The severity of new BPD worsened in neonatal mice that received supplemental formula,
although this dietary intervention is commonly provided to premature human infants to
enhance their nutritional intake and promote lung development [29,58,59]. Intervening
with a paternal fish oil diet preconception, following his own in utero TCDD exposure,
reduced the risk of premature birth and IUGR in offspring in association with improved
placental function [18]. Herein, we investigated the efficacy of a paternal fish oil diet
preconception in preventing the development of new BPD in offspring with a history of
paternal TCDD exposure. We also observed whether the protection offered by a paternal
fish oil diet persisted independently of the offspring’s postnatal diet (maternal milk vs.
supplemental formula).

Herein we confirmed that a paternal history of TCDD exposure impaired postnatal
growth in offspring from PND 7 to 10. A paternal fish oil diet preconception improved
offspring growth independent of postnatal diet; however, this trend did not reach sig-
nificance (Figure 1A and Table S1). As demonstrated by Figure 1B, a history of paternal
TCDD exposure also impaired lung development, denoted by an increased risk of lung
hypoplasia, which is associated with poor lung health outcomes [60]. Intervening with
a paternal fish oil diet preconception in males with a history of in utero TCDD exposure
reduced the offspring’s risk of lung hypoplasia, independent of postnatal diet.

We also observed the lung histology of pups from each group and found that CT pups
exhibited normal alveolarization when they received a postnatal maternal milk diet (Fig-
ure 2A,E). Our results confirmed that postnatal formula supplementation may be associated
with impaired lung development [34,61], marked by the thickening of the alveolar walls in
CT pups who received postnatal formula supplementation (Figure 2B,F). A paternal fish oil
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diet preconception also improved lung histology in CT pups provided with supplemental
formula. The paternal history of TCDD exposure preceding a standard diet preconception
impaired lung development in pups who received a maternal milk diet (Figure 2I,M) and
a supplemental formula diet (Figure 2J,N). Additionally, formula supplementation led to
interalveolar RBC infiltration—a sign of pulmonary hypertension, which is associated with
the development of new BPD in human neonates [62,63]. Intervening with a paternal fish
oil diet preconception in males with a history of TCDD exposure improved lung develop-
ment in their offspring, independent of postnatal diet (Figure 2K–P). This intervention also
reduced the risk of interalveolar RBC infiltration in formula-supplemented F2TCDD pups.

We used the previously described methods to assess pulmonary alveolar space, lung
MLI, and radial alveolar count, which are altered in developmental lung diseases [64]. We
confirmed that formula supplementation has a negative effect on the diameter of pulmonary
alveolar space, as it was significantly reduced in CT pups who received supplemental
formula (Figure 3A). We also observed that a history of paternal TCDD exposure reduced
pulmonary alveolar space in offspring, regardless of their postnatal diet; however, a paternal
fish oil diet normalized the pulmonary alveolar space of these pups (Figure 3A).

We used lung MLI to confirm that postnatal formula supplementation and paternal
history of TCDD exposure independently reduced alveolar space. Formula-fed CT pups
sired by standard diet fathers displayed a significant decrease in lung MLI; this trend
persisted in maternal milk- and formula-fed F2TCDD pups sired by standard diet fathers
(Figure 3B). CT pups did not exhibit significant changes in radial alveolar count. However,
a paternal history of TCDD exposure led to a significant reduction in the radial alveolar
count, which was normalized in pups whose father received a supplemental fish oil diet
preconception (Figure 3C). These results confirm that historical exposure to pollution
negatively impacts lung development, however, components of fish oil may mitigate this
effect [65,66].

Using a novel lung injury score system, we confirmed our previous report that a
history of paternal TCDD exposure increased the offspring’s risk of new BPD and that
formula supplementation increased disease severity (Figure 4). These data support our
hypothesis that a paternal fish oil diet preconception can reduce the risk of new BPD in
offspring with a history of ancestral TCDD exposure. Our results also show that postnatal
formula supplementation is associated with poor lung health outcomes [67] and a non-
significant increase in the incidence of new BPD in CT mice (Figure 4A). Overall, our results
support the theory that formula supplementation and paternal history of toxicant exposure
are independent risk factors for the development and severity of new BPD (Table 1).

Studies have suggested that the pathophysiology of new BPD involves EMT. Therefore,
to explore the potential mechanisms associated with the protective effects of fish oil against
the development of new BPD, we examined E-cadherin and beta-catenin expression. These
small molecules are influenced by TCDD and components of fish oil [32,33] and have each
been shown to be involved in EMT. Additionally, aberrant expression of beta-catenin has
been linked to new BPD [36,68,69]. Therefore, we investigated the efficacy of a paternal fish
oil diet preconception in attenuating the development of new BPD by modulating the small
molecules involved in EMT. We confirmed that maternal milk- and formula-fed pups with
a history of paternal TCDD exposure exhibited an increased gene expression of beta-catenin
(Figure 5A). We found that formula supplementation increased the gene expression of E-
cadherin, independent of a paternal history of TCDD exposure. However, a paternal fish oil
diet insignificantly reduced the gene expression of E-cadherin in offspring with a history of
TCDD exposure (Figure 5B). Pups with a history of TCDD exposure displayed a significant
increase in the co-expression of beta-catenin and E-cadherin at the gene level—a potential
marker for EMT [70,71]. However, beta-catenin and E-cadherin protein expression were
aberrant between groups (Figure 5D,E). Our results suggest that new BPD in offspring with
a history of TCDD exposure may be associated with increased beta-catenin gene expression,
supporting previous findings by others that this small molecule is dysregulated in new
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BPD. Surprisingly, our results also suggest that the protein expression of beta-catenin and
E-cadherin may play a less significant role in the attenuation of new BPD.

Overall, our study suggests that a preconception fish oil diet in males, following
in utero TCDD exposure, reduces the offspring’s risk of developing new BPD and that
this effect is mediated in part through the modulation of beta-catenin gene expression,
a small molecule involved in EMT. Although E-cadherin is also involved in EMT, its
aberrant expression between groups suggests that it does not play a major role in new BPD
outcomes. We theorize that a paternal fish oil diet preconception reduces the risk of new
BPD in offspring with a history of TCDD exposure by improving placental function, which
eliminates the risk of delayed postnatal growth in offspring and subsequently improves
lung development. It is also likely that a paternal fish oil diet increases the levels of fish
oil components (e.g., Docosahexaenoic acid (DHA) and Eicosapentaenoic acid (EPA)) in
seminal fluid [72], which may, in turn, contribute to the fatty acids present in the intrauterine
environment. DHA and EPA are critical to infant health and the development of lungs
and other organs; however, PUFA stores are often depleted after birth following changes
in the nutritional content of an infant’s postnatal diet [73,74]. Relevant to public health,
this study suggests that a paternal fish oil diet may be an efficacious preventative measure
in attenuating the risk of new BPD in the offspring of fathers who have been exposed to
toxicants via smoking or as a consequence of their occupation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxics10010007/s1: Figure S1, Full immunoblot. Table S1, p-values representing differences in
growth curve measurements between groups. CT, Control; FO, Fish oil.
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Abstract: Bladder inflammation is associated with several lower urinary tract symptoms that greatly
reduce quality of life, yet contributing factors are not completely understood. Environmental
chemicals are plausible mediators of inflammatory reactions within the bladder. Here, we examine
whether developmental exposure to polychlorinated biphenyls (PCBs) leads to changes in immune
cells within the bladder of young mice. Female mice were exposed to an environmentally relevant
mixture of PCBs through gestation and lactation, and bladders were collected from offspring at
postnatal day (P) 28–31. We identify several dose- and sex-dependent PCB effects in the bladder.
The lowest concentration of PCB (0.1 mg/kg/d) increased CD45+ hematolymphoid immune cells in
both sexes. While PCBs had no effect on CD79b+ B cells or CD3+ T cells, PCBs (0.1 mg/kg/d) did
increase F4/80+ macrophages particularly in female bladder. Collagen density was also examined to
determine whether inflammatory events coincide with changes in the stromal extracellular matrix.
PCBs (0.1 mg/kg/d) decreased collagen density in female bladder compared to control. PCBs also
increased the number of cells undergoing cell division predominantly in male bladder. These results
implicate perturbations to the immune system in relation to PCB effects on the bladder. Future study
to define the underlying mechanisms could help understand how environmental factors can be risk
factors for lower urinary tract symptoms.

Keywords: lower urinary tract; bladder; inflammation; POPs; developmental basis of adult disease

1. Introduction

Lower urinary tract symptoms (LUTS) greatly impact quality of life. Patients seeking
medical attention for these symptoms represent a significant health care cost [1,2]. LUTS
encompass a diverse range of both storage and voiding dysfunction; symptoms can range
from obstruction, weak stream or difficulty urinating to increased frequency, urgency,
incontinence, and overactive bladder. LUTS are often treated symptomatically because
the underlying etiology is not completely understood and likely multifactorial. A better
understanding of causative agents may lead to more beneficial therapies and improvement
in quality of life for patients.

Bladder inflammation, also termed cystitis, is one major cause of bladder dysfunc-
tion [3]. There are known factors which can give rise to bladder inflammation including in-
fection (typically acute inflammation), genetics, autoimmunity and dietary influences [3,4].
Consequences of these factors can lead to states of chronic inflammation, which can in-
duce fibrosis and continuation or worsening of symptoms such as pain, urgency and
frequency [3,5,6]. However, a clear factor contributing to bladder inflammation is not
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always evident and could reside in the environment. Chemicals are capable of eliciting
bladder inflammation, for example, cyclophosphamide is commonly used in rodent models
to study acute and chronic interstitial cystitis phenotypes [7]. Despite the use of chemicals
to model bladder inflammation in rodents, whether exposure to ubiquitous environmental
chemicals such as polychlorinated biphenyls (PCBs) can contribute to a state of chronic
bladder inflammation, fibrosis and bladder dysfunction is understudied.

PCBs are a class of persistent organic pollutants that continue to pose a risk to human
health. PCBs are implicated as risk factors for developing neurodevelopmental disorders
(NDDs), which often have comorbid symptoms of bladder dysfunction [8]. PCBs have
also been linked to deleterious changes in other health outcomes such as reproductive and
immune function [9–18]. Detectable levels of PCBs are present in serum and tissue samples
from humans [9,19] and livestock [20], as well as commercial milk [20,21], air [22,23] and
water [24]. While the manufacture of PCBs is banned, exposure continues due to persis-
tence of PCBs in the environment (legacy sources), as well as release of contemporary
PCBs as unintentional byproducts during manufacturing processes such as paint pigment
production [25,26]. Contemporary PCBs have been found to make up a large portion of
detected PCBs in recent samples from humans and livestock [20,27,28]. Contemporary
PCBs tend to be lower-chlorinated congeners and were not necessarily produced as part of
manufactured (Aroclor) PCB mixtures prior to the ban [29,30]. Since some of these contem-
porary PCBs were not part of legacy PCB mixtures, less is known about their effects on long
term health outcomes. Here, we use the Markers of Autism Risk in Babies Learning Early
Signs (MARBLES) PCB mixture which mimics the proportion of the top PCB congeners
detected in the serum of women at risk of having a child with a neurodevelopmental
disorder [28,31]. This mixture not only replicates an environmentally relevant mixture
found in the human population, but also consists of legacy higher-chlorinated PCBs in
addition to contemporary lower chlorinated PCBs such as PCB 11 [28,32].

PCBs are known to have deleterious effects on the proper function of the immune
system. Several studies indicate deficits in the adaptive immune response and immunotox-
icity in adults and adolescents [15,16,33–37]. There is also evidence that innate immunity is
influenced by PCB exposure, with increases in inflammatory cytokines often observed as
indices of immune activation [17,38,39]. In a follow up of Yusho patients who experienced
high exposure to PCBs via contaminated food in 1968, plasma concentrations of several
cytokines were higher in exposed patients compared to controls more than 30 years after the
initial incident [40]. In line with epidemiological data, in animal models, PCBs have been
shown to alter proinflammatory and profibrotic markers in serum, liver, and brain [41–43].
Recent animal studies have modeled environmentally relevant concentrations of PCBs
using the MARBLES PCB mixture. In mice, developmental exposure to MARBLES PCB
results in offspring which display alterations in inflammatory markers in the intestine
which coincide with changes in intestinal physiology and the microbiota [44]. In addition,
developmental exposure to MARBLES PCB leads to elevated levels of serum cytokines
and chemokines in juvenile offspring [45]. While PCB exposures are linked to changes in
circulating cytokines, less is known regarding the inflammatory signature within tissues
such as the bladder.

To expand upon the evidence that PCBs can increase serum cytokine in juvenile mice
following developmental exposure, we sought to determine whether PCBs alter inflamma-
tion in other organs of interest such as the bladder. We focus on the bladder as we have
previously shown that PCBs are not only detected in mouse bladder following develop-
mental exposure, but that PCBs lead to changes in neuromorphology which are correlated
with increased mast cell numbers [32]. Here, we test the hypothesis that developmental
exposure to the environmentally relevant MARBLES PCB mixture results in increased
immune cells within the bladder of juvenile male and female mice and test whether these
cells are associated with changes to the extracellular matrix collagen density.
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2. Materials and Methods

2.1. Animals

All procedures involving animals were conducted in accordance with the NIH Guide
for the Care and Use of Laboratory Animals and were approved by the University of
California-Davis Animal Care and Use Committee (#18853 and 20584; date of approval:
8-5-15 and 8-3-18 respectively). Wild-type mice of 75% C57BL/6J/25% SVJ129 genetic
background (Jackson Labs, Sacramento, CA, USA), were used in this study and were
collected as part of a larger study as described previously [32,45]. All mice were housed in
clear plastic cages containing corn cob bedding and maintained on a 12 h light and dark
cycle at 22 ± 2 ◦C. Feed (Diet 5058, LabDiet, St. Louis, MO, USA) and water were available
ad libitum.

2.2. Developmental PCB Exposures

We have previously described the MARBLES PCB mixture and doses selected, 0.1, 1
and 6 mg/kg body weight/day, which result in PCB levels in offspring tissues within ranges
observed in humans and do not interfere with reproductive outcomes of the dam [32,45,46].
The proportion of individual PCB congeners in the MARBLES PCB mixture mimics the
proportion of the top 12 PCB congeners identified in pregnant women at risk of having
a child with a neurodevelopmental disorder [18,28,31]. PCBs were synthesized and au-
thenticated by the Synthesis Core of the University of Iowa Superfund Research Program
with >99% purity as reported previously [28]. PCBs were dissolved in organic peanut oil
(Spectrum Organic Products, LLC, Melville, NY, USA), and mixed into organic peanut
butter (Trader Joe’s, Monrovia, CA, USA). PCB doses were measured on a weigh boat and
delivered to mouse cages for oral consumption. Organic peanut oil dissolved in peanut
butter and without PCBs served as the dosing control (0 mg/kg). Female mice were dosed
daily beginning two weeks prior to start of mating and continuing through pregnancy and
lactation (through postnatal day 21). Adult male breeders were paired with female mice
until a visible copulation plug was seen or until mice steadily gained weight indicative of
pregnancy. Male and female offspring were weaned at P21 and group housed with same
sex and dose littermates. Mice were euthanized via CO2 prior to collection of tissues at
P28–31.

2.3. Immunohistochemistry

Bladders were processed for immunohistochemistry as described previously [32].
Immunofluorescence was performed on bladder sections essentially as described [47].
Briefly, slides were deparaffinized in xylene and rehydrated through a series of graded
ethanols. Antigen retrieval was performed in citrate buffer (0.01 M, pH 6.00, 20 min at 50%
microwave power). Sections were blocked for 1 h in blocking buffer containing 1% blocking
solution, 5% goat serum (16210064, Fisher, Waltham, MA, USA) and 1% BSA fraction V
(80055-682, VWR, Radnor, PA) in tris-buffered saline (TBS, 0.2 M Tris-HCl (Fisher BP153-
1), 1.5 M NaCl (Fisher BP358-212). Blocking solution was prepared as a stock solution
consisting of 10% Blocking reagent (501003304, Fisher) dissolved in 100 mM maleic acid
(S25415, Fisher) and 150 mM NaCl (721016, Fisher) pH 7.5. Sections were incubated with
primary antibodies listed in Table 1 overnight at 4 ◦C. Following TBS washes, secondary
antibodies listed in Table 1 were applied to tissues for 1 h at room temperature. Secondary
antibody was removed and 4′,6-diamidino-2-phenylindole, dilactate solution 300 nM
(DAPI) (IC15757401, VWR) was applied for 5 min to counterstain nuclei. Slides were
mounted in anti-fade mounting medium (90% glycerol (G33500, Fisher), 0.2% n-propyl
gallate (AAA1087722, Fisher), and phosphate-buffered saline (SH3001304, Fisher)) and
cover-slipped. For non-fluorescent immunohistochemistry the same protocol as above
was followed with the addition of incubating slides in 0.5% hydrogen peroxide (H325500,
Fisher) for 20 min prior to antigen retrieval, and for F4/80, sections were blocked in 5%
fish gelatin (G7765, Sigma-Aldrich, St. Louis, MO, USA) for 1 h at room temperature.
For CD3 and F4/80, after removal of secondary antibody, sections were incubated in
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ABC reagent (Vectastain Elite HRP ABC kit, PK-6100, Vector Laboratories) followed by
DAB peroxidase substrate kit (SK-4100) for development according to manufacturer’s
instructions. For CD79b, following removal of primary antibody, the ImmPRESS® HRO
Horse Anti-Rabbit IgG Polymer Detection Kit, Peroxidase (MP-7401, Vector Laboratories)
was used per manufacturer’s instructions. Sections were counterstained for 30 sec with
hematoxylin (6765001, Fisher), dehydrated in graded ethanol followed by xylene and
mounted with Permount (SP15100, Fisher). Slides were imaged using an Eclipse E600
or Eclipse Ci compound microscope (Nikon Instruments Inc., Melville, NY, USA) with a
Photometrics Dyno CCD camera or DS Ri2 camera (Nikon Instruments Inc.) interfaced to
NIS elements imaging software (Nikon Instruments Inc.) or a semi-automated BZ-X710
digital microscope and stitching software (Keyence, Itasca, IL, USA). Cell counts were
performed in Image J (Version 1.52a) using the cell counter tool in a blinded manner. Cell
counts were either normalized to total cells, total stromal cells, or total epithelial cells,
or normalized to total bladder area as indicated in each figure. An n = 4–6 bladders per
treatment group were used in all analyses.

Table 1. List of Antibodies.

Primary Antibodies Catalog # Company Source Dilution Pairing

CD79b ab134147 Abcam Rabbit 1:250

CD3 ab11089 Abcam Rat 1:250

CD45 (PTPRC) ab10558 Abcam Rabbit 1:750

E-Cadherin (CDH1) 610181 BD Transduction
Labs (via Fisher) Mouse 1:250

F4/80 (EMR1;
Adgre1) 123102 Biolegend Rat 1:50

Ki67 ab15580 Abcam Rabbit 1:200

Keratin 5 905901 Biologend Chicken 1:500

Secondary Antibodies/Detection Kits

Anti-Mouse Alexa
Fluor 594 715-545-150 Jackson

ImmunoResearch Donkey 1:250 Cdh1

Anti-Rabbit Alexa
Fluor 488 711-545-152 Jackson

ImmunoResearch Donkey 1:250 CD45

Anti-Rabbit Alexa
Fluor 594 111-585-144 Jackson

ImmunoResearch Goat 1:250 Ki67

Anti-Rat
Biotinylated 112-066-003 Jackson

ImmunoResearch Goat 1:250 CD3, F4/80

Anti-Chicken Alexa
488 703-546-155 Jackson

ImmunoResearch Donkey 1:250 Krt5

ImmPRESS® HRO
Horse Anti-Rabbit

IgG Polymer
Detection Kit,

Peroxidase

MP-7401 Vector
Laboratories Horse Per manufacturer’s

instructions CD79b

VECTASTAIN
ELITE HRP ABC KIT

paired with DAB
substrate Kit,
Peroxidase

PK-6100, SK-4100 Vector
Laboratories

Per manufacturer’s
instructions CD3, F4/80
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2.4. Collagen Quantification

Picrosirius red staining (PSR) staining was used to determine collagen density as
described previously [48]. Images were captured from the red (PSR) and green (autoflu-
orescent) channels and ImageJ was used to process images. Briefly, the green channel
(autofluorescence) was subtracted from the red channel (collagen) using the Image Cal-
culator feature of ImageJ. The image was then made binary, using the freehand selection
tool a region of interest was drawn around the bladder stroma by an individual blinded
to treatment conditions. The total area of this region of interest was determined using the
Analyze-Measure feature. Once total area was established, the analyze particles feature
was used to determine collagen pixel density within the region. Collagen area/total area
was used to determine collagen density.

2.5. Statistics

Normality of data was assessed using the Kolmogorov–Smirnov or D’Agostino–
Pearson omnibus (K2) test within GraphPad Prism 8. If data failed to pass normality,
transformation (log or square root) was applied to restore normality. Two-way ANOVA fol-
lowed by Tukey’s multiple comparisons tests were used to determine differences between
or among treatment groups with p values ≤ 0.05 considered significant. N values for each
endpoint are indicated in figure legends. Significant main effects of two-way ANOVAs are
indicated in each figure in addition to post hoc comparisons indicated by asterisks and
bars.

3. Results

3.1. Developmental PCB Exposure Increases Inflammatory Cells in the Bladder

Since PCBs cause inflammation in many tissues [38,44,49,50], and bladder inflamma-
tion can be a driver of LUTS [3], we tested and confirmed that mice developmentally (in
utero and via lactation) exposed to MARBLES PCB develop low-grade bladder inflamma-
tion as young adults. We first chose to examine hematolymphoid cells defined as those
positive for protein tyrosine phosphate receptor type C (PTPRC, CD45). There was a
significant overall main effect of PCB dose on the percentage of CD45-positive hematolym-
phoid immune cells within the bladder, driven by an increase in CD45-positive cells at
the 0.1 mg/kg treatment group versus control (Figure 1A–C). This PCB dose-dependent
increase was observed in both the epithelium and the stroma (Figure 1D,E). In addition,
within the epithelium, there was an increase in CD45-positive cells at the 1 mg/kg treatment
group compared to control (Figure 1D).

We next tested whether PCB exposure activates innate or adaptive immune responses
within the bladder. We chose to focus on three immune cell populations which are dysreg-
ulated by PCBs in other tissues and are commonly dysregulated in patients with bladder
dysfunction: B cells (adaptive), T cells (adaptive) [51,52] and macrophages (innate) [53,54].
B cells were immunolabeled with an antibody targeting CD79b (Figure 2A,B). PCB exposure
did not significantly change the bladder abundance of CD79b-positive B cells; however, we
identified a surprising overall main effect of sex with increases in total CD79b-positive cells
in female compared to male bladder tissue (Figure 2C). PCB exposure did not change the
number of CD79b-positive B cells within the epithelium or stromal cell types independently
(Figure 2D,E). We visualized T cells using an antibody targeting CD3 (Figure 3A,B) and
did not identify any significant sex- or dose-dependent differences within the bladder
(Figure 3C–E). These results suggest that developmental PCB exposure does not activate
the adaptive immune response within the bladder in juvenile mice.
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Figure 1. PCBs increase CD45-positive immune cells in bladder of developmentally exposed mice. Mice were exposed to
PCBs via maternal diet through gestation and lactation and bladders collected from young male and female offspring at
postnatal day (P) 28–31 for immunohistochemistry. Representative images of (A) male and (B) female mouse bladders at
each PCB treatment group incubated with antibodies targeting CD45 (green) to label immune cells, e-cadherin (CDH1,
red) to label all epithelium and DAPI (blue) to stain nuclei. Quantification of (C) the percent of total cells CD45 positive,
(D) the percent of total epithelial cells CD45 positive and (E) the percent of total stromal cells CD45 positive. Results are the
mean ± SEM, n = 4–6 bladders per treatment group, up to 3 images per bladder were averaged for final value. Significant
differences at p < 0.05 are indicated by asterisk or asterisk and bars, as determined using two-way ANOVA followed by
Tukey’s multiple comparisons tests.
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Figure 2. Sex influences CD79b-positive immune cells in bladders of developmentally exposed mice. Mice were exposed to
PCBs via maternal diet through gestation and lactation. Bladders were collected from young male and female offspring
at postnatal day (P) 28–31 for immunohistochemistry. Representative images of (A) male and (B) female mouse bladders
at each PCB treatment group incubated with antibodies targeting CD79b (brown) to label immune cells and hematoxylin
(purple) to label all nuclei. Quantification of (C) total cells CD79b positive within bladder, (D) epithelial cells CD79b positive
within bladder, and (E) stromal cells CD79b positive within the bladder. Results are the mean ± SEM, n = 4–6 bladders per
treatment group. * indicates significant differences at p < 0.05, as determined using two-way ANOVA.
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Figure 3. PCBs have no effect on CD3-positive immune cells in bladders of developmentally exposed mice. Mice were
exposed to PCBs via maternal diet through gestation and lactation. Bladders were collected from young male and female
offspring at postnatal day (P) 28–31 for immunohistochemistry. Representative images of (A) male and (B) female mouse
bladders at each PCB treatment group incubated with antibodies targeting CD3 (brown) to label immune cells and
hematoxylin (purple) to label all nuclei. Quantification of (C) the percent of total cells CD3 positive, (D) the percent of
epithelial cells CD3 positive, and (E) the percent of stromal cells CD3 positive. Results are the mean ± SEM, n = 4–6 bladders
per treatment group. No significant differences as determined by two-way ANOVA.

Macrophages contribute to PCB-mediated inflammation in other tissues [53,55,56]
and are mediators of the innate immune response. To test whether developmental PCBs
altered this endpoint in our model, we examined F4/80-positive cells within the bladder as
a marker of total macrophages (Figure 4A,B). There was a significant overall main effect
of dose in the percentage of F4/80-positive macrophages, driven by a specific increase in
the 0.1 mg/kg PCB treatment group compared to all other groups (Figure 4C). There was
also an overall main effect of sex, with more macrophages in female than male bladders
(Figure 4C). We did not observe a PCB-dependent change in the percentage of F4/80-
positive cells within bladder epithelium alone (Figure 4D). However, in bladder stroma,
there was a significant main effect of sex, dose and an interaction between sex and dose
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with F4/80-positive cells greater at the 0.1 mg/kg PCB treatment group compared to all
other doses. This result was driven by a significant increase in F4/80-positive stromal
cells in the female 0.1 mg/kg PCB treatment group compared to all other female treatment
groups as well as between male and female at the 0.1 mg/kg PCB group (Figure 4E). These
results indicate that the innate immune response can be activated by developmental PCB
exposure which is especially evident at the lowest 0.1 mg/kg PCB group in female mice.

 
Figure 4. PCBs increase F4/80-positive cells in bladder of developmentally exposed female mice. Mice were exposed to PCBs
via maternal diet through gestation and lactation and bladders collected from young male and female offspring at postnatal
day (P) 28–31 for immunohistochemistry. Representative images of (A) male and (B) female mouse bladders at each PCB
treatment group incubated with antibodies targeting F4/80 (brown) to label macrophages, nuclei were counterstained
with hematoxylin (purple). Quantification of (C) percent total cells F4/80 positive, (D) percent total epithelial cells F4/80
positive, (E) percent total stromal cells F4/80 positive. Results are the mean ± SEM, n = 4–6 bladders per treatment group.
Significant differences at p < 0.05 indicated by asterisk, asterisk and bars or by a # which indicates significant difference from
all other same sex treatment groups as determined using two-way ANOVA followed by Tukey’s multiple comparisons tests.

3.2. Developmental PCB Exposure Decreases Collagen Density within Female Bladder Stroma

Chronic or acute inflammation can change collagen density [57] and PCBs have been
linked to changes in collagen mRNA abundance and fiber density [58–60]. To test whether
developmental PCB exposure changes collagen density in young mice, bladders were
stained using picrosirius red (PSR) and stained fibers visualized under a Texas red filter
(Figure 5A,B). There was a significant decrease in collagen density within bladder stroma
in female mice in the 0.1 mg/kg/d PCB treatment group compared to control (Figure 5C).
These results indicate that PCBs are capable of altering the extracellular matrix via changes
in collagen density.
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Figure 5. PCBs increase collagen density in bladder of developmentally exposed female mice. Mice were exposed to PCBs
via maternal diet through gestation and lactation and bladders collected from young male and female offspring at postnatal
day (P) 28–31. Slides were stained with picrosirius red to visualize collagen. Representative images of (A) male and (B)
female mouse bladders at each PCB treatment group stained with picrosirius red to visualize collagen (red). Quantification
of (C) ratio of collagen per unit area. Results are the mean ± SEM, n = 4–6 bladders per treatment group. Significant
differences at p < 0.05 indicated by asterisk and asterisk and bar as determined using two-way ANOVA followed by Tukey’s
multiple comparisons tests.

3.3. Developmental PCB Exposure Increases Proliferation in a Sex- and Dose-Specific Manner

The PCB-mediated (0.1 mg/kg) increase in the number of CD45+ hematolymphoid
cells within bladder could indicate ongoing low-grade inflammation or a lingering response
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to a previous injury. Since proliferation is key to rapid recovery after injury to restore
function [61,62], we used an antibody against Ki-67 to visualize cells in the active phase
of the cell cycle to test whether PCB exposure at the 0.1 mg/kg dose increases bladder
cell proliferation, which would be consistent with ongoing inflammation (Figure 6A,B).
There was a significant overall main effect of dose and sex such that the percentage of
Ki-67-positive bladder cells was greater in the 0.1 mg/kg PCB treatment group compared
to control and was greater in male mice versus female mice (Figure 6C). When split into
epithelial and stromal compartments significant effects were only observed in the epithe-
lium (Figure 6D,E) where there was a significant main effect of sex with the percentage
of Ki-67-positive cells greater in male versus female bladders (Figure 6D). Together, these
results indicate that the 0.1 mg/kg PCB dose increases the number of cells in the active
phase of the cell cycle most prominently in male mice.

 

Figure 6. PCBs increase Ki-67-positive cells in male bladder. Mice were exposed to PCBs via maternal diet through
gestation and lactation and bladders collected from young male and female offspring at postnatal day (P) 28–31 for
immunohistochemistry. Representative images of (A) male and (B) female mouse bladders at each PCB treatment group
incubated with antibodies targeting Ki-67 (red) to label proliferating cells, keratin 5 (KRT5, green) to label basal epithelium
and DAPI (blue) to stain nuclei. Quantification of (C) the percent of total cells Ki-67 positive, (D) the percent of total
epithelial cells Ki-67 positive and (E) the percent of total stromal cells Ki-67 positive. Results are the mean ± SEM, n = 4–6
bladders per treatment group, up to 3 images per bladder were averaged for final value. Significant differences at p < 0.05
indicated by asterisk as determined using two-way ANOVA followed by Tukey’s multiple comparisons tests.
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4. Discussion

PCB exposure during in utero development and via lactation causes low-grade inflam-
mation in the bladder and changes the cellular and molecular composition of the bladder
in a dose- and sex-specific manner. The 0.1 mg/kg/d PCB dose increased the bladder con-
centration of CD45-positive hematolymphoid cells, macrophages and Ki67-positive cells
and decreased collagen density in a sex-specific manner. These data suggest that innate
immune responses can be evoked by low-dose PCB exposure during bladder development.
We also found in female mice that PCBs increase the bladder’s density of macrophages,
coincident with PCB-mediated changes to the bladder extracellular matrix. The impact
of PCB-induced bladder inflammation on urinary function remains to be determined and
is an area of future study. In addition, studies are needed to establish the timeline of
inflammatory cell recruitment to the bladder of PCB exposed mice and the persistence of
these cells into adulthood.

Increasing evidence suggests that exposure to environmental toxicants can contribute
to lower urinary tract function in adulthood. Developmental exposure to environmen-
tal toxicant, dioxin (TCDD) via the dam, has been shown to decrease void intervals in
adult male mouse offspring [63] and further exacerbates voiding dysfunction in suscep-
tible mice [64,65]. There is also evidence that remodeling of collagen is one pathway by
which environmental chemicals can impact the lower urinary tract. In rhesus monkeys,
developmental TCDD exposure increases inflammatory cells and fibrosis in the prostate of
offspring years after exposure [66]. In mice genetically susceptible to prostate neoplasia,
developmental exposure to TCDD exacerbates hormone induced changes in collagen fiber
size/distribution in the prostate and the bladder [65]. While these studies did not examine
inflammation or presence of immune cells within the bladder, evidence that collagen fiber
size and distribution were impacted by TCDD are in line with the results obtained here.
We found a decrease in collagen density within female bladder of the 0.1 mg/kg/d PCB
treatment group compared to controls, the same group which had an increase in F4/80-
positive cells in the bladder. One possible explanation for this observation is that PCB
exposure leads to increased degradation of the extracellular matrix and collagen, which
is characteristic of some inflammatory disorders, such as asthma [57]. This could be due
to the activity of macrophages, which produce matrix metalloproteinases (MMPs) that
degrade extracellular proteins such as collagens [67]. Alternatively, PCBs may prevent the
proper formation of collagen architecture within the bladder at this specific timepoint. This
explanation is also supported by studies that found IL-1, an immune mediator released in
response to stimuli such as allergens, suppresses the formation of collagen fibers [57], and
that PCB contamination can lead to increased expression of mediators such as IL-1 [53].
Whether the observed decrease in collagen density is primarily due to collagen degradation
or suppression of formation will require further research.

One factor which makes determining whether benign urologic diseases may have
a developmental origin complex is the fact that dose-dependent effects are often seen
with environmental chemical exposures. Non-monotonic PCB dose effects are commonly
observed in the central nervous system [68,69]. Similarly, we saw increases in immune cells
in the bladder in the lowest (0.1 mg/kg) dose group but not in higher dose groups. It can be
difficult to compare dose effects across studies when different ages and dosing paradigms
are used, nonetheless our findings are consistent with other PCB immune studies. For
example, only a low single dose (20 mg/kg) exposure to Aroclor 1260 in adult male mice
elevated serum IL-6 in response to a high-fat diet weeks later; higher concentrations of
Aroclor 1260 (200 mg/kg) did not [70]. This suggests a dose-specific effect of PCBs on
inflammatory markers, as well as the ability of PCBs to interact with other factors such as
diet [70]. One explanation for PCB dose effects could be that higher doses of PCBs lead
to toxicity and cell death. However, apoptosis is not a likely factor in the lack of response
observed in the higher PCB dose groups here. Our previous study in mice dosed in the
same manner and of the same age, had detectable levels of PCBs within bladder tissue, but
did not display any changes in cleaved caspase 3 apoptotic cells in the bladder, changes in
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epithelial composition or thickness, or any changes in mouse body mass or urine creatinine
concentration [32]. A second explanation for dose effects observed is that low versus high
doses of PCBs could produce a different trajectory of changes within the bladder. It is
possible that the higher PCB doses elicited an inflammatory response at an earlier timepoint
than was examined. On the other hand, it is also possible that each dose triggers a different
set of receptors/pathways which contribute to bladder phenotypes. We have previously
observed PCB induced increases in nerve fiber density within the male bladder only in the
higher 6 mg/kg PCB group [32]. Whether this increase in nerve density was preceded by
inflammation or arose independently of an inflammatory event remains to be determined.
Dose effects could also be due to differences in metabolizing enzymes present, the effects
of the metabolites themselves on the tissue, or differences in receptor targets.

We identified an increase in macrophages within bladders of mice exposed to the
lowest PCB dose which was prevalent in female offspring. This finding is consistent with
previous studies which have examined effects of PCBs on serum cytokine and chemokine
expression [45]. Macrophages are capable of secreting various cytokines including tumor
necrosis factor (TNF), interleukin (IL)-1, IL-6, IL-8, IL-12, IL-23 as well as chemokines such
as CXCL1 and 2, CCL5, CXCL8-11 [71]. In a study using the same dosing paradigm used
here, PCBs elicited dose-dependent increases in several serum cytokines and chemokines
including TNFa, IL-1a, IL-1b, IL-10, GM-CSF, IL-17, IL-12, IFN-g, IL-4, IL-9, IL-13, CCL3,
and CXCL1 [45]. While not all chemokines were examined, the PCB effect on increasing
serum TNFa, IL-1, IL-12 and CXCL1 are consistent with the hypothesis that macrophages
may be involved in PCB induced inflammatory responses in the bladder and perhaps other
tissues. In addition to serum cytokines, another study using the same dosing paradigm
used here reported increases in IL-6 and IL-1b in intestine of developmentally exposed
mice [44]. Exposure to PCB 126 (50–500 nM) in macrophage cell lines induced expression
of proinflammatory cytokines such as monocyte chemoattractant protein-1 (MCP-1) which
is involved in macrophage recruitment [53]. Epidemiological data from Inuits with high
PCB consumption report a significant increase in serum levels of inflammatory markers,
YLK-40 and hsCRP [17]. Elevation of YKL-40 is of particular interest as it can be secreted
by macrophages [72]. Together, these results are in line with increased macrophages in
PCB exposed bladder observed here and suggest that macrophages may play an important
role in PCB-induced changes in inflammation, especially in female bladder.

Macrophage polarization can lead to differences in response to stimuli and can con-
tribute to sex differences in inflammatory responses. For example, in a myocarditis rat
model, males tend to exhibit a M1 driven pro-inflammatory response while females pre-
dominantly exhibit an M2 anti-inflammatory response [73]. These states of macrophage
polarization also correspond to severity of fibrosis. Males had increased expression of colla-
gen gene transcripts and fibrosis while females had upregulated expression of anti-fibrotic
genes and downregulation of pro-fibrotic genes [73]. It is possible that the observation here
of increased macrophages in female bladder in the 0.1 mg/kg PCB treatment group that
also had decreased collagen density, is due to a mechanism related to macrophage polariza-
tion. Whether PCBs alter the polarization of macrophages, and whether the macrophages
present in the female bladder were M1 or M2 and linked to changes in expression of genes
which are pro- or anti-fibrotic in nature, remains an area of future study.

The presence of increased CD45-positive cells in the bladder suggests that one possible
mechanism of action for developmental PCB exposure on the bladder is setting up a state
of low-grade inflammation. This may persist or be cleared, but it raises the possibility that
PCBs could act as a stressor causing a low-grade inflammatory reaction ongoing in the
bladder. This could lead to increased sensitivity to other stressors throughout life especially
if those stressors also trigger inflammation. The observed increase in macrophages in
female bladder is also intriguing. In humans, macrophages are known to play a role
in response to urinary tract infection which is more prevalent in women compared to
men [74–76]. Women are also more commonly affected by interstitial cystitis/bladder pain
syndrome than men, and it is thought that a component of this diagnosis is underlying
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bladder inflammation [3,77]. Whether environmental exposures to PCBs can contribute to
the etiology or sex biases of these disorders is unknown, but of potential clinical interest as
steps to reduce exposure, especially during development, could help reduce risk or severity
of these lower urinary tract symptoms later in life.
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Abstract: Arsenic is a well-established carcinogen known to increase mortality, but its effects on the
central nervous system are less well understood. Epidemiological studies suggest that early life
exposure is associated with learning deficits and behavioral changes. Studies in arsenic-exposed
rodents have begun to shed light on potential mechanistic underpinnings, including changes in
synaptic transmission and plasticity. However, previous studies relied on extended exposure into
adulthood, and little is known about the effect of arsenic exposure in early development. Here, we
studied the effects of early developmental arsenic exposure in juvenile mice on synaptic transmission
and plasticity in the hippocampus. C57BL/6J females were exposed to arsenic (0, 50 ppb, 36 ppm)
via drinking water two weeks prior to mating, with continued exposure throughout gestation and
parturition. Electrophysiological recordings were then performed on juvenile offspring prior to
weaning. In this paradigm, the offspring are exposed to arsenic indirectly, via the mother. We
found that high (36 ppm) and relatively low (50 ppb) arsenic exposure both decreased basal synaptic
transmission. A compensatory increase in pre-synaptic vesicular release was only observed in the
high-exposure group. These results suggest that indirect, ecologically relevant arsenic exposure in
early development impacts hippocampal synaptic transmission and plasticity that could underlie
learning deficits reported in epidemiological studies.

Keywords: arsenic; synaptic transmission; long-term potentiation; hippocampus; development

1. Introduction

Early life exposure to toxic chemicals and environmental pollutants is associated
with learning deficits and behavioral changes [1–3]. An estimated 200 million people
worldwide are exposed to arsenic concentrations in drinking water that exceed the World
Health Organization’s recommended limit, 10 parts per billion (ppb) [4]. Exposure to
concerning levels of arsenic is not limited to toxic waste sites. Rather, arsenic levels
commonly exceed 10 ppb in domestic wells throughout the United States, especially in the
southwest. While arsenic levels are kept below 10 ppb in municipal water supplies, private
wells are unregulated and arsenic levels exceed 10 ppb in 20 out of 37 principal aquifers in
the United States [5]. Even mild increases in arsenic exposure are of concern, as exposure is
associated with numerous adverse health outcomes and increased mortality from a variety
of conditions, including cardiovascular disease and cancer, as well as increased infant
mortality [4]. Further, recent studies suggest the consequences of arsenic exposure can
span across generations [6–8].

In January 2006, the maximum contaminant level (MCL) of arsenic in public water
systems was lowered from 50 to 10 ppb, in compliance with a previous United States
Environmental Protection Agency (EPA) ruling [9]. This change was enacted due to several
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epidemiological studies demonstrating an increased risk of cancer. While acute, high-level
arsenic exposure was known to be associated with peripheral neuropathy, relatively little
was known about the neurological consequences of chronic, low-level arsenic exposure
[National Research Council (NRC) [10]]. However, more recent epidemiological studies
have demonstrated that arsenic exposure is associated with deficits in cognitive and motor
functions in children and adults [11–18]. Additionally, a recent study suggests inequalities
in arsenic exposure reductions following the 2006 change in the MCL, such that there
was a higher concentration of arsenic in public water systems serving Hispanic and tribal
communities, small rural communities, and southwestern U.S. communities [19]. Given
the relatively recent change in the arsenic MCL in public water in the U.S., the continued
high exposure in many regions worldwide and the known vulnerability of the developing
brain to toxicants and pollutants underscores the critical need to understand the effects of
early life exposure to arsenic.

Electrophysiological studies in arsenic-exposed rodent models have begun to shed
light on the potential mechanistic underpinnings of the associated cognitive deficits. Ro-
dents exposed to high arsenic concentrations throughout early development and adulthood
demonstrate a decrease in synaptic transmission and long-term potentiation (LTP) [20] in
the hippocampus that may be secondary to altered glutamate transport [21]. The findings
suggest that both pre- and post-synaptic functions are altered due to compensatory changes,
since basal synaptic transmission decreased following arsenic exposure, whereas the neu-
rotransmitter release probability increased. These changes are also reflected by changes in
the expression of excitatory receptors and other regulators of synaptic signaling [22–26].
Similar changes in synaptic transmission and plasticity have been demonstrated by the ex
vivo exposure of hippocampal slices to arsenite metabolites [27,28]. However, the electro-
physiological effects of early developmental arsenic exposure have not been distinguished
from chronic adulthood exposure. As arsenic can cross the placenta [29], we reasoned
that early developmental arsenic exposure could cause changes in synaptic transmission
and plasticity even without adulthood exposure. Specifically, given the epidemiological
evidence of neurobehavioral deficits in children, we hypothesized that early developmental
arsenic exposure alone reduces synaptic transmission and plasticity. Still, the effects of con-
tinued adulthood exposure on hippocampal synaptic function could differ from the effects
of early developmental exposure alone. For example, whereas acute ex vivo exposure to
arsenic metabolites attenuates LTP in hippocampal slices from adult rats, it facilitated LTP
in young rats [30]. Further, there are pre- and post-synaptic changes present in adult mice
following chronic exposure that suggest compensatory changes in the hippocampal circuit,
with a decrease in basal synaptic transmission but an increase in neurotransmitter release
probability [20]. However, the directionality of these synaptic changes is unclear, e.g., does
a decrease in post-synaptic receptors cause a compensatory increase in pre-synaptic neuro-
transmitter release, or vice versa? Here, we studied the effects of in vivo arsenic exposure
during gestation and early development by exposing dams to a high level (36 ppm) or a
low level of arsenic (50 ppb), the MCL for public drinking water in the United States prior
to 2006. Of note, in this paradigm, the dam is exposed to arsenic directly via drinking
water, whereas the offspring are exposed indirectly via maternal transmission. Surprisingly,
we found that the maternal exposure to even low levels of arsenic, i.e., 50 ppb, impairs
synaptic transmission in the hippocampus of the offspring. Additionally, we observed
different effects of arsenic exposure in our juvenile mice than what has been previously
reported in adult mice (Tables 1 and 2).
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Table 1. Timeline of arsenic exposure in current and previous electrophysiology studies.

Study Exposure Type * Age of Rodents Tested † Exposure Onset Exposure End

Nelson-Mora et al. (2018) In vivo Adult Gestation Adulthood
Current Study In vivo Juvenile Gestation Early development

Kruger et al. (2006) Ex vivo Juvenile/Adult Following brain slice
preparation NAKruger et al. (2007) Ex vivo Juvenile/Adult

Kruger et al. (2009) Ex vivo Juvenile/Adult

* In vivo exposure: rodents exposed to arsenic through drinking water; Ex vivo exposure: brain tissue exposed to arsenic metabolites after
its removal from the rodent. † Juvenile mice: 14 to 23 days old; Adult mice: 2–4 months of age.

Table 2. Effect of arsenic exposure on synaptic function varies by exposure paradigm.

Study Exposure Level Basal Transmission
Paired-Pulse

Facilitation (PPF)
Long-Term

Potentiation (LTP)

In vivo exposure

Nelson-Mora et al. (2018) 20 ppm Decrease Decrease * Decrease
Current Study 36 ppm Decrease Decrease Increase
Current study 50 ppb Decrease No change No change †

Acute, ex vivo exposure: Juvenile rodents

Kruger et al. (2006) 1–100 µM Decrease ‡ Not tested No change
Kruger et al. (2007) 1–100 µM Decrease Not tested Decrease ‡

Kruger et al. (2009) 1–100 µM Decrease ‡ Not tested Increase ‡

Acute, ex vivo exposure: Adult rodents

Kruger et al. (2006) 0.1–100 µM Decrease ‡ No change Decrease
Kruger et al. (2007) 1–100 µM Decrease Not tested Decrease ‡

Kruger et al. (2009) 10–100 µM Decrease ‡ No change Decrease

* Statistical test not performed. No change observed at short inter-pulse intervals (10–20 ms); possible decrease at other intervals. † Trend
observed; warrants further study. ‡ Change not observed for all concentrations or metabolites tested.

2. Materials and Methods

2.1. Arsenic Exposure

All experimental protocols were approved by the Institutional Animal Care and Use
Committee of the University of Rochester and carried out in compliance with ARRIVE
guidelines. Given that arsenic(V) acid salt (arsenate) is the most common form of arsenic in
groundwater (Cullen and Reimer, 1989), we utilized sodium arsenate dibasic heptahydrate
(Na2HAsO4 7H2O; hereon, arsenic), obtained from MilliporeSigma (A6756). C57BL/6J
females were exposed to arsenic (0, 50 ppb, 36 ppm) in their drinking water (distilled
deionized H2O) starting at six weeks of age. Breeding began at two months of age and
arsenic exposure continued after parturition to simulate protracted human exposure condi-
tions. The juvenile offspring were then used for experiments prior to weaning (P17–P23),
such that the pups are still nursing-dependent. Both male and female pups were used for
experiments. At least two mice from two litters per exposure group were used for each
experiment. Mice were maintained with a 12:12 h light:dark cycle, constant temperature of
23 ◦C and ad libitum feeding. An overview of arsenic exposure is shown in the Graphical
Abstract. Fresh arsenic solutions were prepared and exchanged every 2–3 days to avoid
oxidation.

2.2. Electrophysiology

Acute hippocampal slices were prepared from male and female juvenile mice (P17–P23)
prior to weaning. After decapitation and rapid extraction of the brains into ice-cold artificial
cerebrospinal fluid (ACSF), 400-micrometer-thick hippocampal slices were prepared. Slices
were then allowed to recover in room temperature (RT) ACSF for at least one hour prior to
experiments. Field recordings were conducted at Schaffer collateral-CA1 synapses in RT
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ACSF at a flow rate of 2–3 mL/min. A borosilicate recording electrode (1–3 MΩ) filled with
1 M NaCl was placed in CA1 stratum radiatum and a monopolar stimulating electrode
was placed on Schaffer collaterals between CA3 and CA1. The ACSF solution consisted
of, in mM: 120.0 NaCl; 2.5 KCl; 2.5 CaCl2; 1.3 MgSO4; 1.0 NaH2PO4; 26.0 NaHCO3;
and 11.0 D-glucose. ACSF was aerated with carbogen (95% O2, 5% CO2) throughout
slice preparation, incubation, and recordings. Responses were elicited every 15 s. Basal
synaptic transmission was assessed using input–output (IO) curves, comparing the fiber
volley, a more direct measure of axonal stimulation, to the field excitatory post-synaptic
potential (fEPSP) slope. Short-term pre-synaptic plasticity was assayed using paired-pulse
facilitation (PPF) of varying inter-pulse intervals. Finally, LTP was induced by a single
tetanus of one second, 100 Hz stimulation. The following sample sizes were used for each
experiment (Group: mice, slices): IO (Control: 5, 10; 36 ppm: 6, 13; 50 ppb: 7, 15); PPF
(Control: 5, 12; 36 ppm: 6, 14; 50 ppb: 8, 18); LTP (Control: 4, 7; 36 ppm: 6, 13; 50 ppb: 6, 7).
Electrophysiology recordings were collected with a MultiClamp 700A amplifier (Axon
Instruments, San Jose, CA, USA), PCI-6221 data acquisition device (National Instruments,
Austin, TX, USA), and Igor Pro 7 (Wavemetrics, Portland, OR, USA) with a customized soft-
ware package (Recording Artist, http://github.com/rgerkin/recording-artist, last commit
31 October 2019).

2.3. Analysis

Electrophysiology data was analyzed using R (version 4.0.2) and GraphPad Prism
(version 9.2.0). To generate IO curves, fiber volley amplitudes were binned at ±0.05 mV,
with the exception of 0.025 (0,0.025), 0.05 (0.025,0.05), and 0.1 mV (0.075,1.5). To measure
the magnitude of LTP, we normalized the last five minutes of fEPSPs (25–30 min after LTP
induction) to the 10 min baseline. Males and females were pooled for all analyses, with no
sub-analysis of the effect of sex. Statistical significance between means was calculated using
t-tests or two-way ANOVAs and Dunnett post hoc comparisons, with arsenic exposure
and stimulation (fiber volley; inter-pulse interval) as factors.

3. Results

Juvenile mice (P17–P23) exposed to either a low (50 ppb) or high level (36 ppm)
of arsenic in utero exhibit a significant decrease in basal synaptic transmission in the
hippocampus at the Schaffer collateral-CA1 synapse (Figure 1A; two-way ANOVA, arsenic
exposure: F(2,216) = 22.31, p < 0.0001; fiber volley: F(7,216) = 99.87, p < 0.0001). Interestingly,
low and high arsenic exposure levels result in a similar decrease, such that high exposure
does not reduce transmission beyond the deficit seen with low-level exposure. However,
the two arsenic exposure levels differ in their effects on short-term pre-synaptic plasticity,
as assessed by paired-pulse facilitation (PPF) (Figure 1D). High arsenic exposure reduced
the PPF at short inter-pulse intervals (both 25 ms and 15 ms IPI, two-way ANOVA, arsenic
exposure: F(2,242) = 11.93, p < 0.0001; IPI: F(5,242) = 49.22, p < 0.0001; Dunnett’s post hoc,
p < 0.05), whereas there is no significant change from the control with low-level arsenic
exposure. There was no significant difference between the groups at longer inter-pulse
intervals.

To assess the long-term changes in synaptic plasticity, we gave high-frequency stimu-
lation to induce LTP, a cellular model for neural circuit development as well as learning and
memory. Surprisingly, high arsenic exposure levels increased LTP by about 11% (Figure 2;
36 ppm: 29% ± 0.03, n = 13; control: 18% ± 0.04, n = 7, p < 0.05). Developmental exposure to
low-level arsenic led to an 8% increase in LTP compared to the control (50 ppb: 26% ± 0.06,
n = 7), falling between the control and high arsenic exposure, but did not reach statistical
significance.
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Figure 1. Effect of arsenic on hippocampal basal synaptic transmission (A–C) and short-term presynaptic plasticity (D,E), 
as assessed using input–output curves and paired-pulse facilitation, respectively. (A) Averaged responses for input-out-
put experiments, (B) pre-binned, raw values from all experiments, and (C) waveforms averaged by fiber volley bin from 
representative experiments. (D) Averaged responses for paired-pulse facilitation experiments and (E) waveforms aver-
aged by inter-pulse interval from representative experiments. 
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experiments, (B) pre-binned, raw values from all experiments, and (C) waveforms averaged by fiber volley bin from
representative experiments. (D) Averaged responses for paired-pulse facilitation experiments and (E) waveforms averaged
by inter-pulse interval from representative experiments.
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neurons. However, there is no overall synaptic transmission change between two doses 
of arsenic (50 and 36 ppm). This is consistent with the notion that the higher concentration 
of arsenic caused a progression of changes to the hippocampal circuitry, such that there 
was a compensatory increase in glutamate release from presynaptic CA3 neurons in re-
sponse to the changes in postsynaptic CA1 neurons for synaptic transmission. 

Our data also indicate that both low and high levels of arsenic led to a trend of in-
creased LTP expression, with an 8 and 11% increase, respectively. Our studies build upon 
and extend previous studies that utilize acute in vitro exposure and chronic in vivo adult-
hood exposure. First, our findings replicate the decrease in the hippocampal basal synap-
tic transmission observed both in acute, high-concentration in vitro exposure of arsenite 
metabolites in young rat hippocampal slices [27,28,30] as well as chronic, high-concentra-
tion (20 ppm) in vivo exposure in adult mice [20]. Second, we found that the decrease in 
PPF previously observed with a high-concentration arsenic exposure in adult mice [20] 
was also observed in our high-concentration exposure in juvenile mice (Figure 1D). Im-
portantly, in our model, changes in basal synaptic transmission were observed even with 
low-concentration (50 ppb) gestational exposure. Third, our findings reveal differences 
between juvenile and adult mice exposed to arsenic. Whereas a previous study found a 

Long–Term Potentiation 

Figure 2. Effect of arsenic on hippocampal synaptic plasticity. Long-term potentiation induced
by 1 × 100 Hz stimulation at time 0. Responses have been binned by one-minute intervals to aid
visualization (average of four responses per minute).
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4. Discussion

Our findings show that early developmental arsenic exposure results in significant
changes to hippocampal synaptic transmission and plasticity. Most strikingly, even a rela-
tively low dose of arsenic exposure decreases synaptic transmission. This is accompanied
by no change in PPF, an indicator of glutamate release in presynaptic neurons; in our case,
CA3 neurons. Therefore, our studies suggest that a low dose of arsenic led to a postsy-
naptic change in the CA1 neurons contributing to the decrease in synaptic transmission.
This is consistent with the decrease in the neurite number and complexity observed in
a cell culture model of arsenic exposure [31] as well as alterations in the hippocampal
synaptic structure in arsenic-exposed juvenile mice [32]. On the other hand, a high level of
arsenic decreased PPF, suggesting that glutamate release is increased in presynaptic CA3
neurons. However, there is no overall synaptic transmission change between two doses of
arsenic (50 and 36 ppm). This is consistent with the notion that the higher concentration of
arsenic caused a progression of changes to the hippocampal circuitry, such that there was a
compensatory increase in glutamate release from presynaptic CA3 neurons in response to
the changes in postsynaptic CA1 neurons for synaptic transmission.

Our data also indicate that both low and high levels of arsenic led to a trend of
increased LTP expression, with an 8 and 11% increase, respectively. Our studies build
upon and extend previous studies that utilize acute in vitro exposure and chronic in vivo
adulthood exposure. First, our findings replicate the decrease in the hippocampal basal
synaptic transmission observed both in acute, high-concentration in vitro exposure of
arsenite metabolites in young rat hippocampal slices [27,28,30] as well as chronic, high-
concentration (20 ppm) in vivo exposure in adult mice [20]. Second, we found that
the decrease in PPF previously observed with a high-concentration arsenic exposure in
adult mice [20] was also observed in our high-concentration exposure in juvenile mice
(Figure 1D). Importantly, in our model, changes in basal synaptic transmission were ob-
served even with low-concentration (50 ppb) gestational exposure. Third, our findings
reveal differences between juvenile and adult mice exposed to arsenic. Whereas a previous
study found a decrease in the degree of LTP in mice exposed to high-concentration arsenic
from gestation through adulthood [20], we observed an increase in LTP in our juvenile mice.
Together, these findings suggest a progression of changes induced by arsenic exposure,
where LTP is facilitated in juvenile mice but attenuated with prolonged exposure, consistent
with differential effects depending upon the timing of exposure, i.e., the critical window of
exposure.

Given the epidemiological evidence [11–18], and the memory deficits observed in
rodent models [11,12,20,33], we expected to see a decrease in LTP in the arsenic-exposure
groups. The observed increase in LTP is difficult to reconcile, since the facilitation of LTP
generally correlates with improvements in learning and memory in adults [34]. However,
enhanced LTP has been observed in other rodent models of neurodevelopmental conditions,
such as prenatal exposure to valproic acid, an insult-based animal model of autism [35].
In addition to an increase in LTP, valproic acid-exposed rodents show abnormal fear
conditioning, decreased social interactions, and deficits in sensorimotor gating, which
reflects an impairment in information processing or attention [36,37]. Therefore, while
an increase in LTP represents an enhancement of learning and memory machinery at the
cellular level, there may still be deficits at the behavioral level, especially when attention
and information gating are impaired.

It is also important for the LTP data to be interpreted in the context of the changes
in basal synaptic transmission and short-term pre-synaptic plasticity. Basal transmission
is highly regulated, and alterations can lead to hippocampal circuit dysfunction. The
decrease in basal transmission for both arsenic exposure groups could, therefore, lead
to neurobehavioral impairments. Given that arsenic decreases neurite outgrowth in a
neuronal cell culture model [31], the decrease in basal synaptic transmission in our juvenile
mice may represent a decrease in hippocampus connectivity, i.e., a decrease in the number
of functional excitatory dendritic spines. With fewer functional synapses, it is possible
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that LTP is preserved, whereas the capacity for the longer-term storage of information is
greatly diminished: while short-term memory and LTP primarily depend on strengthening
pre-existing synaptic connections, long-term storage is believed to require structural reorga-
nization including the formation of new synapses [38–42]. A reduction in basal connectivity
can, therefore, reduce the dynamic range of the structural reorganization necessary for
the long-term storage of information. Relevant to this possibility, in two-month-old rats
exposed to 3 ppm arsenic during gestation and after weaning, an impairment in contextual
fear conditioning was only observed at 72 h after conditioning, but not at 1, 6, or 24 h [43].

Most strikingly, the pups in our experiments had little direct exposure to arsenic,
rather they were exposed via the mother. Previous research suggests that the transmission
of arsenic through the placenta is higher than the transmission into breast milk [29,44].
Therefore, it is likely that our results are primarily due to the gestational exposure in
our paradigm. It is important to highlight the possible differences between the direct
consumption of inorganic arsenic and gestational exposure. Inorganic arsenic undergoes
biomethylation within the body, generating mono- and di-methylated organic arsenic
metabolites. The metabolites possess different properties, toxicities, as well as rates of
excretion [45,46]. Overall, methylated arsenicals are historically believed to be less acutely
toxic than inorganic arsenic, though still biochemically active. The arsenic species that
constitute gestational exposure will include both inorganic and methylated arsenicals,
but primarily the methylated arsenicals according to studies of maternal and fetal cord
blood [29,47]. While there is a strong correlation between the total arsenic concentration
and the individual metabolite concentration in maternal and cord blood, one study in mice
found that the accumulation of arsenicals in the newborn mouse brain was significantly
higher than that of the exposed mother [48]. Therefore, although gestational exposure
may decrease inorganic arsenic exposure compared to adult exposure, it is possible that
arsenicals are more likely to pass the blood–brain barrier in the fetus.

One caveat of animal models is that biomethylation and excretion kinetics differ
between species, even between mice and rats [49,50]. Indeed, even within species, it
is possible that the age-related effects of arsenic could in part be due to differences in
metabolism and excretion. Interestingly, among the different properties arsenic metabolites
can possess, they can also have opposing effects on AMPA receptors and NMDA receptors,
the major excitatory receptors underlying synaptic transmission and plasticity, respec-
tively [30,51]. Relevant to this study, acute, ex vivo exposure to 1µM monomethylarsonous
acid (MMA(III)) is the only metabolite and concentration that has been demonstrated to
significantly increase LTP in young rats [30].

Overall, we found that early developmental arsenic exposure alters hippocampal
synaptic transmission and plasticity in juvenile mice. Our findings generate intriguing
questions regarding the age-related effects of gestational and chronic arsenic exposure, and
how they might be altered. The 50 ppb findings are of particular interest for the following
several reasons: (1) 50 ppb was the effective arsenic MCL in the United States for decades
prior to 2006; (2) the permissible level of arsenic continues to be above 10 ppb in many
countries; and (3) mean arsenic levels exceed 10 ppb in many common beverages and 50 ppb
in many common foods [52]. The current results suggest that indirect, ecologically relevant
arsenic exposure in early development impacts hippocampal synaptic transmission.
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