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Abstract

Paroxetine is a selective serotonin reuptake inhibitor (SSRI) that is currently available on the
market and is suspected of causing congenital malformations in babies born to mothers who take
the drug during the first trimester of pregnancy. We utilized organismal performance assays
(OPAs), a novel toxicity assessment method, to assess the safety of paroxetine during pregnancy
in a rodent model. OPAs utilize genetically diverse wild mice (Mus musculus) to evaluate
competitive performance between experimental and control animals as they compete amongst
each other for limited resources in semi-natural enclosures. Performance measures included
reproductive success, male competitive ability and survivorship. Paroxetine-exposed males
weighed 13% less, had 44% fewer offspring, dominated 53% fewer territories and experienced a
2.5-fold increased trend in mortality, when compared with controls. Paroxetine-exposed females
had 65% fewer offspring early in the study, but rebounded at later time points. In cages,
paroxetine-exposed breeders took 2.3 times longer to produce their first litter and pups of both
sexes experienced reduced weight when compared with controls. Low-dose paroxetine-induced
health declines detected in this study were undetected in preclinical trials with dose 2.5-8 times
higher than human therapeutic doses. These data indicate that OPAs detect phenotypic adversity
and provide unique information that could useful towards safety testing during pharmaceutical
development.
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1. Introduction

Selective serotonin reuptake inhibitors (SSRIs) are the most commonly prescribed
antidepressants and are used to treat the majority of depression cases during pregnancy
(Meunier et al. 2013). Paroxetine [Paxil®, GlaxoSmithKline (GSK), Brentford, England]
became commercially available in 1992 and has been used to treat patients with depression,
anxiety and other mood disorders. Paroxetine, along with other SSRIs, are suspected of
causing congenital cardiac defects and pulmonary hypertension when a fetus is exposed
during the first trimester; however, these epidemiological studies are controversial where
some studies find correlative evidence (Williams and Wooltorton 2005, Bérard et al. 2007,
Diav-Citrin et al. 2008, Ellfolk and Malm 2010) and others do not (Kulin et al. 1998, Kallén
and Otterblad Olausson 2007). Despite this controversy, in 2005, the Food and Drug
Administration (FDA) requested that paroxetine be labeled as a class D drug (positive
evidence of human fetal risk) and issued a warning that paroxetine exposure in the first
trimester may potentially cause birth defects (FDA 2005).

The preclinical assessment of paroxetine followed the typical protocol in which the drug was
tested to determine whether it was mutagenic, carcinogenic, teratogenic or if it caused
infertility (GSK 2013). No genotoxic effects were detected in rodent cells, and tumors were
detected in mice and rats at doses 2-3.9 times the maximum recommended human dose
(GSK 2013). Teratogenicity was not assessed in mice and no teratogenic effects were in
observed in rats when given a dose > 8 times higher than human therapeutic doses (GSK
2013). Paroxetine effects on fertility were not assessed in mice, but the drug impaired
fertility in rats at high doses; that is, when females were given doses 2.5-fold higher and
when males were given > 8 times higher than human therapeutic doses (GSK 2013).
Another traditional assay that is evaluated during preclinical trials is the functional
observational battery (FOB). FOBs consists of several important behavioral assays and
autonomic tests to evaluate whether a substance causes neurotoxicity (Moser 2011),
however, no data from such tests are reported for paroxetine exposure (GSK 2013). After
successful completion of preclinical assessment, paroxetine was deemed safe and continued
onto clinical trials until it was released onto the market.

Like paroxetine, many medications once considered safe are found to cause unacceptable
health consequences after public release. On average, 73% of pharmaceuticals fail during
clinical trials (Lipsky and Sharp 2001) and 10% of FDA approved pharmaceuticals are
recalled after market release (Schuster et al. 2005), despite the 12-15 years of research and
$1.4 billion average cost associated with each drug during development (Miller 2012). One
cause of the high pharmaceutical failure rate is the inability of current toxicity assessment
methods to detect cryptic, or otherwise undetectable, adversities during preclinical trials,
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particularly those present at doses near therapeutic levels and/or those occurring at low
incidences.

We have developed a novel toxicity assessment research method that may be useful during
preclinical assessment, known as the organismal performance assay (OPA). In several
instances, OPAs have proven capable of detecting mammalian health declines that were not
visible to standard laboratory methodologies. OPAs utilize genetically diverse wild-derived
mice (Mus musculus) that compete amongst each other for limited resources in semi-natural
enclosures, which allows for direct competition between treatment and control individuals.
OPAs assess the quality of individual mice (organisms) in terms of Darwinian fitness (i.e.,
reproductive success) and components leading to fitness (i.e., survivorship and male
competitive ability), while residing in a naturalistic environment where the stresses that have
shaped their evolutionary history are present. The sensitivity of the OPA derives from the
fact that wild mice under social competition allows small changes in behavior or
physiological performance and otherwise cryptic effects of toxicity to be manifested as
measureable negative outcomes; such as relegation to inferior habitat and reduced
reproduction and survival. Consequently, any degradation in almost any physiological
system caused by a treatment will be detectable by the inability of mice to perform
comparable to controls with whom they compete and will be revealed in OPA endpoint
measures. OPAs have previously been used to quantify the adverse effects of sibling-level
and cousin-level inbreeding (Meagher et al. 2000, IImonen et al. 2008), harboring a selfish
gene (Carroll et al. 2004) and recently, they were the first assay to reveal the adverse effects
of added sugar consumption at human-relevant levels (Ruff et al. 2013). In all of these
studies, OPAs found substantial deleterious effects that were missed by current
methodologies.

Here OPAs are used to determine if paroxetine exposure near human therapeutic doses
during in utero and into early adulthood cause fitness declines in wild mice. If paroxetine
exposure adversely affects any physiological system, we hypothesize that exposed
individuals will suffer reproduction and survival declines relative to control individuals
while competing within enclosures. Furthermore, while generating animals for OPAs, we
assessed whether paroxetine exposure negatively affects reproduction of exposed breeders
and the weight of the resulting offspring.

2. Materials and Methods

2.1. Animals

Wild-derived outbred house mice were used in this experiment. Unlike many genetically
inbred mouse strains, wild mice have behavioral characteristics that allow them to function
in natural and semi-natural environments (Nelson et al. 2013). In this experiment,
individuals were from the 12t generation of the colony described by Meagher et al. 2000.
Genetic diversity of this colony was assessed in the 11t generation and found to be
comparable to wild populations (Cunningham et al. 2013). Within enclosures and breeding
cages, individuals were provided access to food and water ad libitumand maintained on a
12:12 hour light:dark cycle. All procedures were approved by the University of Utah
IACUC.
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2.2. Drug exposure

Dosing was achieved by incorporating 7.5 g paroxetine (GSK, molecular formula:
C19H20FNO3-HCI) into 50 kg of rodent chow (TD.130006; Harlan Teklad, Madison, WI).
Mice consuming an average of 3 g of food per day and weigh 20 g will ingest 0.45 mg per
day or 22.5 mg/kg/day. Using a standard metabolic rate conversion factor, this is equivalent
to a human dose of 1.82 mg/kg/day, or a daily dose of 109.20 mg, assuming the average
human weighs 60 kg (Reagan-Shaw et al. 2008). Given that paroxetine is prescribed in the
range of 20 — 60 mg/day (Dunner and Dunbar 1992, GSK 2013), our dose is 1.82-fold
higher than human therapeutic doses, yet lower than doses used in previous animal studies
(Coleman et al. 1999, Rayburn et al. 2000). Although we did not determine serum levels,
one study determined that a paroxetine dose of 30 mg/kg/day achieved serum levels in mice
that were comparable to human serum levels when taking the highest therapeutic dose
(Coleman et al. 1999).

Sixty breeder pairs were selected for this experiment; 20 pairs were exposed to paroxetine
while the remainder served as controls. The asymmetry in cage number is due to the
production of additional control animals for another study. Prior to breeding, animals were
individually housed and provided with their respective diets. To maximize the chances of
detecting adverse effects, both females and males were exposed to paroxetine prior to
breeding (females were exposed to paroxetine eight days prior and males five days).
Exposure to paroxetine continued when breeders were paired. By exposing both females and
males, we were consistent with previous rodent studies (Coleman et al. 1999, Rayburn et al.
2000, El-gaafarawi et al. 2005), and it is likely that any the adverse effects detected in the
progeny are due to in utero exposure because birth defects have been observed in humans
when women are prescribed paroxetine during pregnancy (Diav-Citrin et al. 2008). Breeding
pairs were kept together until a maximum of four litters were produced to ensure enough
animals for OPA assessment. At 28 days of age, pups were weaned and housed in same-sex
sibling cages. Upon weaning, individual weight, sex and litter size data were collected and
paroxetine exposure continued until animals were released into semi-natural enclosures
(Figure 1). By exposing offspring in utero and through early adulthood (rather than stopping
the exposure at weaning), the duration maximized the ability of OPAs to detect health
consequences. This is because once animals were released into enclosures they were all fed
the control diet, as currently, we are unable to keep animals on their respective diets while
they are free ranging during OPAs. Upon release into enclosures, both paroxetine- exposed
and control animals were provided with the control diet ad libitum; switching the
paroxetine-exposed animals to the control diet (rather than switching control animals to the
paroxetine diet) was a more conservative approach of detecting fitness impacts, because
OPAs would then be assessing the effects of a previous exposure.

2.3. Semi-natural enclosures

Enclosures have previously been described in Ruff et al. 2013. Briefly, the indoor enclosures
are approximately 30 m2 and consist of two types of territories, optimal (n = 4) and
suboptimal (n = 2). Each optimal territory contained a defendable box with multiple dark
nesting sites and direct access to food. Suboptimal territories contained two nesting boxes
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exposed to light and had indirect access to food. Territories were separated by hardware
mesh that is easily climbed, but added an element of spatial complexity (Figure S1).

Five independent OPA populations were established and maintained for 28 weeks. OPA
populations consisted of eight males and 14-16 females, for a total of 116 animals (40 males,
76 females); these animals are referred to as population founders. Half of the individuals of
each sex were paroxetine-exposed while the remainder served as controls; this population
structure allows paroxetine individuals to directly compete with control individuals for
mates, resources and territories. Enclosure space and population size created a population
density within the range observed in the wild (Sage 1981).

Upon release into enclosures, male mice were on average 14.3 (SEM = 0.74) weeks old and
females were 18.9 ( 0.80) weeks old. Males were released into enclosures with non-
experimental females to allow males to establish territories, which prevented incidental
breeding, or random mating, during the initial social chaos of population formation. One
week later, after males established their social hierarchy, non-experimental females were
then removed and replaced with experimental females. Male founders were unrelated at the
cousin level or above with the exception that three populations consisted of one set of
brothers and one population consisted of two sets of brothers. Additionally, all populations
consisted of sister pairs and four populations consisted of sister trios. At most, one male per
treatment was in a population containing two of his sisters. When relatedness was present, it
was balanced between treatments.

2.4. Reproductive success

Reproductive success of founders was determined by removing and genotyping all offspring
in enclosures. Every five weeks, research personnel conducted a “pup sweep,” in which all
offspring were removed, sacrificed and had a tissue sample collected for genetic analyses.
As the gestation period of mice is three weeks, the first pup sweep occurred on week eight,
then, every sweep following occurred on five-week intervals; this sweep schedule prevented
offspring from reaching sexual maturity in enclosures. A total of 872 samples were collected
with an average of 174.4 + 17.1 (M = SEM) offspring per population.

In three of the five populations, reproductive success was determined on a population-level
by examining sex-specific allelic variants that have been previously described in Meagher et
al. 2000. Briefly, non-overlapping allelic variants were assigned to founders of each
treatment (paroxetine-exposed or control). Females were selected upon allelic variants of the
mitochondrial genome and males upon the Y-chromosome. The output of male reproductive
success in these populations is based solely upon male offspring, as females do not possess
Y-chromosomes. Reciprocal markers were assigned across populations to control for
confounding effects. Mitochondrial genotypes were assessed in 626 samples (three of five
populations) and obtained for 100% of offspring. Y-chromosome genotypes were assessed
in all five populations to determine male reproductive output and the sex ratio of offspring.
Of the 872 offspring, 414 Y-chromosome genotypes were obtained suggesting that 95% of
all males were typed if the sex ratio was 1:1; successfully genotyping nearly all of the
progeny allowed for a thorough analysis of founder reproductive success.
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To gain a better understanding of individual-level reproductive success, parentage analysis
was conducted in two populations using multiple microsatellite loci. Female reproductive
success determined by microsatellite loci were converted to population level readouts (i.e.,
number of pups per treatment rather than number of pups per individual) and combined with
the mitochondrial data for analysis. Between six and 17 autosomal microsatellite loci were
amplified, scored and analyzed in a stepwise fashion. Loci used were: d1mit251, d1mit449,
d3mit22, d3mit312, d3mit333, d4mit205, d5mit139, démit138, d9mit232, d9mit251,
d12mit277, d14mit128, d17mit24, d17mit62, d17mit82, d17mit102 and d19mit110. Primer
sequences were obtained from the Mouse Genome Informatics website, The Jackson
Laboratory, Bar Harbor Maine (http://www.informatics.jax.org/ accessed March 2014).
Primers were tagged with either CY-5 or CY-3 fluorescent dye. DNA samples were PCR-
amplified and then run on 14” x 177, 6.25% denaturing acrylamide gel at 40 W for three to
seven hours (locus dependent). Gels were imaged on a Typhoon Scanner 8600 using
ImageQuant software (Amersham Biosciences, Piscataway, NJ).

Parentage via multiple microsatellites was assigned using Cervus 3.0 (Kalinowski et al.
2007). Genotypes of all candidate mothers and fathers and all offspring within each
population were used to calculate allele frequencies. Simulations were run 10,000 cycles
with an error rate of 1% to derive a delta score. Assigned parents were accepted when the
trio confidence of mother, father and offspring was 95%. Using this rule, 91% (187/205) of
one population was genotyped and 75% (147/195) of the second population was genotyped.

2.5. Male competitive ability

For identification purposes, all animals were given a unique ear punch and received a
passive integrated transponder (PIT) tag (TX1400ST, BioMark, Boise, I1D) prior to
enclosure release. Two sets of PIT tag antenna and readers (FS2001F-1SO, BioMark, Boise,
ID) collected data on OPA populations and were rotated twice weekly among concurrent
populations. Antennas were placed on top of feeding stations in each territory of an
enclosure. PIT tag data were downloaded to a computer containing data logging software
(Minimon, Culver City, CA). Males were assigned as territorial occupants when they
possessed > 80% of the reads at a particular location. PIT tag data were collected on female
mice, but were not analyzed due to the general lack of information on female dominance
behavior.

2.6. Survivorship

Non-invasive health checks were performed daily and extensive enclosure checks every five
weeks during pup sweeps. Extensive enclosure checks were limited as to avoid disrupting
territoriality that increases the rate of infanticide. When deceased founders were observed,
they were removed from the enclosures. The date of death was estimated upon the condition
of the corpse. Severely decomposed founders were given a date half way between the date
the individual was found and the last date the PIT tag of that individual was recorded.

2.7. Statistical analyses

Cox proportional hazard (PH) models were used for survivorship in enclosures and the time
to produce first litter from cage data (JMP 9.0.3, SAS institute Inc., Cary NC). Generalized
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linear mixed models (GLMM) were used for litter size, reproductive success and male
competitive ability (R 3.0.2). Reported SEMs are asymmetric because values have been
back-transformed from logarithmic data. Linear mixed models (LMM) were used for wean
weight and OPA body weight (R 3.0.2). A complete description of statistical analyses can be
found in the supplementary information.

3.1. Breeding cage measures

Paroxetine-exposed breeders took 2.3 times longer to produce their first litter when
compared to controls (PH; x2 = 3.98, p < 0.05; Figure 2), however; litter size was not
affected by treatment (GLMM; z = —0.58, p = 0.56). Control breeders produced an average
of 4.54 (SEM +0.45, -0.41) pups in their first litter, while paroxetine-exposed breeders
produced 4.09 (+0.83, —0.75) pups in their first litter. No effect of time (GLMM; z = -0.70,
p = 0.49) or time by treatment was detected (GLMM; z = 0.65, p = 0.52). For a complete
readout of mixed model results for breeding cage data, see supplementary table 1.

Offspring from paroxetine-exposed breeders weighed less at weaning than offspring from
control breeders. Paroxetine-exposed female offspring weighed 16% less than controls with
an average of 8.81 g (SEM = 0.52), whereas control female offspring weighed 10.77 g (=
0.31) (LMM; t = -3.70, p < 0.001; Figure 3A). No effect of parity on weight occurred
(LMM; t = 1.80, p = 0.11), nor was there an interaction between treatment and parity
(LMM; t = 0.43, p = 0.68). Male offspring from paroxetine-exposed breeders weighed 25%
less than controls (LMM; t = —=3.83, p < 0.001; Figure 3B), with pups weighing 9.63 g (+
0.73) and control male offspring weighing 12.39 g (+ 0.37). No effect of parity (LMM; t =
1.34, p = 0.18) or parity by treatment was detected (LMM; t = 0.41, p = 0.69).

3.2. OPA measures

In enclosures, paroxetine exposure had differential affects on body weight between the
sexes. Upon enclosure release (model intercept, week zero), no differences were detected in
body weight of paroxetine-exposed and control females (LMM; t = -1.04, p = 0.30; Figure
4A). Paroxetine-exposed females weighed on average 19.39 g (SEM = 1.03) while controls
weighed 20.46 g (+ 1.25). Both groups of females gained weight over time (LMM; t =5.12,
p < 0.01), due to pregnancy, and no interaction of time by treatment was detected (LMM; t =
-1.64, p = 0.11). Paroxetine-exposed males weighed less (LMM; t = -3.94, p < 0.001;
Figure 4B) than controls upon enclosure entrance. Paroxetine-exposed males weighed 18.42
g (x 0.87) and controls weighed 21.75 g (£ 0.90). Both groups of males gained weight over
time (LMM; t = 2.60, p = 0.05), but no time by diet interaction was detected (LMM; t =
-0.22, p = 0.83), indicating that paroxetine-exposed males weighed 13% less than controls
throughout the duration of the experiment. For a complete readout of mixed model results
for OPA body weight measures, see supplementary table 2.

Female reproductive success was hindered by paroxetine exposure (GLMM; z = -5.03, p <
0.0001; Figure 5A) at week eight (model intercept), where mean reproduction of paroxetine-
exposed females was 65% less than controls. Paroxetine-exposed females had an average of
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10.68 (+1.44, —1.26) offspring per population, while control females had an average of
20.16 (+1.63, —1.51) offspring per population. No effect of time was detected (GLMM; z =
-0.63, p = 0.53). However, there was a significant interaction between time and treatment
(GLMM; z = 3.95, p < 0.0001), suggesting that paroxetine-exposed female reproduction
increased over time. As exposure had significant and opposing effects in regards to the
intercept and slope of the linear model, post-hoc t tests were conducted at each pup sweep
and the only significant difference detected was at week eight (p < 0.05). For a complete
readout of mixed model results for OPA reproduction and competitive ability, see
supplementary table 3.

Paroxetine exposure also negatively affected male reproductive success as measured by
male offspring, where paroxetine exposed males had 44% fewer offspring than controls
(GLMM; z = -2.72, p < 0.01; Figure 5B). At week eight (model intercept), mean
reproduction of paroxetine-exposed males was on average 5.25 (SEM +1.07, —0.90) male
offspring per population per population. Control males sired an average of 8.71 (+1.09,
-0.96) male offspring per population. Male founders from both treatments had an increase in
reproductive success over time (GLMM; z = 2.16, p = 0.03), but no time by treatment
interaction was detected (GLMM; z = -0.51, p = 0.61), indicating that paroxetine-exposed
males had reduced reproductive success throughout the study.

Male competitive ability was adversely impacted by paroxetine-exposure, where paroxetine
males occupied 53% fewer territories than controls. At week three (model intercept) control
males occupied 47% of the territories, while paroxetine-exposed males occupied 22%
territories (GLMM; z = —-4.11, p < 0.0001; Figure 6); leaving 31% of the territories
undefended. The percent of undefended territories is not unusual because 2/6 (or 33%) were
suboptimal and often difficult to defend. There was no difference in territorial occupancy
over time (GLMM; z = -0.14, p = 0.89), nor was there a difference in the time by diet
interaction (GLMM; z = 0.18, p = 0.86), indicating that the differential acquisition of
territories by control and paroxetine-exposed males was consistent across the study.

No differences were detected in mortality between paroxetine-exposed and control females
(PH; 2 = 0.66, p = 0.42; Figure 7A). Female mortality rates did not differ in replicate
populations (PH; x 2 = 3.51, p = 0.48), nor was there a difference in the effect of treatment
among populations (PH; y 2 = 3.35, p = 0.50). A marginally significant trend was detected in
which male mortality was increased approximately 2.5-fold by paroxetine exposure (PH; x 2
=3.27, p = 0.07; Figure 7B). Male mortality rate did not differ in replicate populations (PH;
x 2 =5.24, p = 0.26), nor was there a difference in the effect of treatment among populations
(PH; x 2=3.77; p = 0.44).

4. Discussion

By utilizing OPAs, we detected numerous adverse effects when animals were exposed to

paroxetine in utero through early adulthood. OPA characterization can illustrate phenotypes
that are invisible under laboratory conditions but are nonetheless important biologically and
knowing that these phenotypes exist allows for the molecular characterization to begin. The
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phenotypes detected in this study are likely caused by paroxetine disrupting several
mechanisms, whose descriptions follow.

In cages, paroxetine-exposed breeders took 2.3 times longer to produce their first litter when
compared with controls, potentially caused by endocrine disruption. Within the estrus cycle,
a surge of luteinizing hormone (LH) occurs at the time of ovulation allowing for fertilization
of the ovum. A reduction in LH levels, along with other important reproductive hormones
(i.e., estradiol, progesterone) have been observed after paroxetine exposure in female rats
(El-gaafarawi et al. 2005). These hormones play an important role in regulating the function
of the female reproductive system and alterations of these hormones may have caused
delayed reproduction.

Although litter size did not differ between treatments in cages, paroxetine-exposed females
had 65% fewer offspring in enclosures, but at the first pup sweep only. The initial reduction
in reproduction may be explained by the endocrine disruptions responsible for the delayed
reproduction experienced by females in cages. As the negative effects of paroxetine
exposure on reproduction decrease over time, suggests that they are reversible after exposure
ceases.

In cages, paroxetine exposure caused reduced wean weight in both sexes. Although litter
size has been shown to influence offspring weight (Wurtman and Miller 1976, Epstein
1978), no differences in litter size were detected, suggesting that reduced wean weight is due
to paroxetine rather than the confounding effect of litter size. Other rodent studies found
similar effects of paroxetine on wean weight (Coleman et al. 1999, Rayburn et al. 2000) and
reduced birth weight has been observed in human babies that underwent in utero exposure
(Diav-Citrin et al. 2008). Upon enclosure entrance, paroxetine exposure no longer affected
female weight, though a trend was observed wherein they gained weight at a decreased rate
relative to controls, possibly due to reduced pregnancies. Paroxetine-exposed males
however, weighed less at weaning and continued to weigh less throughout the duration of
OPA assessment.

Paroxetine-exposed males were less competitive and dominated 53% fewer territories than
controls. Decreased body weight likely explains decreased competitive ability, as males
must engage in physical competitions to obtain and defend territories. The benefit of a
relatively larger body weight on competitive ability is well established to be advantageous in
territorial acquisition and defense in mice [e.g. (van Zegeren 1980, Krackow 1993)].
Another possible explanation is altered hormone levels. Testosterone plays a large role in
male behavior, especially competitive behaviors in mice (Zielinski and Vandenbergh 1993).
El-Gaafarawi et al. (2005) found that when male rats were exposed to therapeutic doses of
paroxetine, serum levels of testosterone were significantly reduced and estradiol levels were
increased. Though a mechanistic cause is suggested here, the adverse effects on organismal
competition have not previously been demonstrated.

Paroxetine-exposed males experienced reduced reproductive success, producing 44% fewer
offspring than controls. Previous OPA studies reveal that dominant males sire > 80% of
offspring within enclosures (Carroll et al. 2004) and therefore differences in competitive
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ability likely explain a large portion of the differential reproduction, though other
mechanisms are possible. A trend was observed in which paroxetine-exposed males suffered
greater mortality and thus even if not significant, it does contribute to the reduced
reproduction. Another possibility is that paroxetine has direct negative impacts on the male
reproductive system. Paroxetine exposure has been shown to reduce sperm count (Baldwin
et al. 1989, El-gaafarawi et al. 2005) and to increase sperm abnormalities in rats when
exposed at a human therapeutic dose (El-gaafarawi et al. 2005). Additionally, hormones
important for spermatogenesis (Kovacs 2012) have also been altered by paroxetine exposure
in rats (El-gaafarawi et al. 2005). These are all potential causes that could lead to reduced
reproductive success but additional experiments are needed to decipher the mechanisms
causing this phenotype. However, OPAs revealed significant and negative affects on mouse
fitness that were missed by conventional methodologies.

An alternative explanation of the observed results in our study is that the animals may have
experienced SSRI discontinuation syndrome (i.e., withdrawal). In enclosures, paroxetine-
exposed females experienced reproductive impairments that were similar to the impacts
detected in cages, suggesting that withdrawal is not occurring; however, there is the
possibility that both withdrawal and persistent direct effects of paroxetine could occur
concomitantly. Paroxetine-exposed males however, suffered decreased weight, reproduction
and competitive ability throughout the duration in enclosures. Withdrawal may explain the
male effects; however, no difference in the rate of withdrawal between sexes exists in
humans (Black et al. 2000), potentially suggesting no difference between the sexes in mice,
though further investigation is needed. Furthermore, as all endpoint measures were affected
across the duration of the study it is unlikely that withdrawal explains these effects as one
would expect a gradual recovery over time. For example, territoriality is reasserted multiple
times daily as dominant males are physically challenged by both subordinate and other
dominant males for control and territorial takeovers occur regularly. Therefore, if
withdrawal syndrome led to differential initial acquisition of territories it is expected that the
advantage of control males to decay over time as the vigor of paroxetine-exposed males
returned. To definitively conclude whether the adverse health consequences detected in this
study were from persistent effects of paroxetine exposure or withdrawal, additional
experiments are needed.

Although fitness declines were detected in both sexes, male mice exposed to paroxetine
suffered greater adversity than did females. Differential health consequences between sexes
have been detected with the use of OPAs in previous studies. Males have suffered greater
negative fitness impacts than females in three previous studies, inbreeding at the cousin
level (Ilmonen et al. 2008), inbreeding at the sibling level (Meagher et al. 2000) and when
animals were fed a moderate sugar diet (Ruff et al. 2013; Figure 8). Male mice may have
been adversely affected by the paroxetine treatment more so than females due to the
competitive nature of their social ecology. Since OPA studies generate the same outputs,
relative fitness can be compared between treatments and for example, results from this study
indicate that paroxetine-exposed male fitness (i.e., reproductive success) is ~25% less than
the inbred males born to parents of first cousins (Figure 8).

Neurotoxicol Teratol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gaukler et al.

Page 11

5. Conclusions

Despite the controversial evidence of paroxetine-induced birth defects in humans, OPAs
detected health consequences in mice that underwent paroxetine exposure near human
therapeutic doses in utero and into early adulthood. While paroxetine-exposed females
recovered from the deleterious effects after the exposure ceased, males continued to
experience adverse health consequences throughout their lifetime. Although it is difficult to
translate the effects detected in mice to human impacts, we can suggest that if paroxetine is
toxic to mice, it likely has similar consequences in humans unless new data arises indicating
a species-specific response. These risks should be considered while deciding whether or not
to take paroxetine during pregnancy.

There is currently a great need for additional toxicity assessment assays that evaluate toxic
substance exposure on an organismal level. The data presented here suggest OPAs can help
fulfill this role and may be useful as during pharmaceutical development and if applied, have
potential to increase the detection rate of harmful substances during preclinical trials.
Likewise, OPAs may also have potential utility in two other divisions of toxicity
assessment: 1) screening for possible environmental pollutants before humans and wildlife
undergo long-term exposures under the assumption that they are safe and 2) assessing the
health consequences of dietary components. However, due to the length of OPA studies, the
number of animals used and the quantity of genetic analysis required it seems appropriate
that OPAs be applied judiciously to substances that are of key interest such as towards
differentiating between two candidate pharmaceuticals being considered for clinical trials,
substances that have mixed epidemiological results in regards to human disease (like
paroxetine) or substances that are likely to reach high levels in natural environments that
may have unknown health consequences. Undeniably, the revelation that low dose
paroxetine-exposure negatively affected weight, reproduction, competitive ability and
survival is evidence that OPAs have the potential to quantify toxicities that are cryptic in
other assays. These organismal phenotypes can now form the basis for investigations to
discover the underlying mechanisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of paroxetine exposure
Sixty females and sixty males were selected and individually housed. Twenty females and

twenty males were exposed to 22.5 mg/kg/d of paroxetine approximately one week prior to
pairing while the remaining individuals received the control diet. Breeders were paired and
kept together until a maximum of four litters were produced; exposure to paroxetine
continued. Once litters were 28 days old, offspring were weaned and separated into cages
with same sex siblings; exposure to paroxetine continued. Upon early adulthood, males and
females from both the paroxetine and control treatments were released into semi-natural
enclosures. Males were on average 14.3 (SEM + 0.74) weeks old and females were 18.9
(SEM = 0.80) weeks old at the time of enclosure release. Once animals were in enclosures,
paroxetine exposure ceased and all animals were provided with the control diet. Gray shaded
boxes depicts when paroxetine exposure occurred.
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Figure 2. Time until first litter of paroxetine-exposed and control breeders in cages
In cages, paroxetine-exposed breeders (n = 20) took 2.3 times longer to produce their first

litter when compared with control breeders [n = 40, (PH; 2 = 3.98, p < 0.05)].

Neurotoxicol Teratol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Gaukler et al.

Chad . e
: .vl-l'-
8 12- o, II.......I.I
1) T °o [ TIT]
E 10- ...:... .=.:::=:=..
< v sguguu®
8- .......ﬁ.... -
6- ™
] I
Paroxetine Control
BO
18' ]
16" -..I.-
@ 14-. . -l-l.'.=:-
g 12- .:. ll........lll.
© 1 . Ll Ho
= 10- —f— meaale
. —i— -
8- o..::o
6- [ ]
) I
Paroxetine Control

Figure 3. Offspring wean weight from paroxetine-exposed and control breeders in cages
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A) In cages, female offspring from paroxetine-exposed breeders weighed 16% less than
controls [n = 24 cages, obs= 134 (LMM; t = -3.70, p < 0.001)]. B) In cages, male offspring

from paroxetine-exposed breeders weighed 25% less than male offspring from control

breeders [n = 25 cages, obs= 111 (LMM; t = -3.83, p < 0.001)]. Lines represent means and

error bars, standard error.
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Figure 4. Body weight of paroxetine-exposed and control founders in enclosures
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A) Female body weight did not differ between treatments [n = 76 mice, obs = 386 (LMM; t
=-1.04, p = 0.30)]. B) Paroxetine-exposed males weighed 13% less than controls over the
duration of the study [n = 40 mice, obs= 179 (LMM; t = -3.94, p < 0.001)]. Lines connect

means and error bars represent standard error.
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Figure 5. Reproductive success of paroxetine-exposed and control founders in enclosures
A) Paroxetine-exposed females had 65% fewer offspring at week eight [n = 5 populations,

obs =50 (GLMM; z = =5.03, p < 0.0001)], but had more offspring over time (GLMM; z =
3.95, p < 0.0001). This was confirmed with post-hoc tests indicating that at week eight,
reproduction was significantly different; however, no differences were seen at other time
points. B) Paroxetine-exposed males had 44% fewer male offspring compared with controls
across the study [n =5 populations, obs =50 (GLMM; z = -2.72, p < 0.01). Lines connect
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means of the five populations at each time point for each sex and error bars represent
standard error.
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Figure 6. Competitive ability of paroxetine-exposed and control males in enclosures
Paroxetine-exposed males occupied 54% fewer territories than controls over the duration of

the study [n =5 populations, obs = 122 (GLMM; z = -4.11, p < 0.0001). Control males
occupied 47% of the territories paroxetine-exposed males occupied 22% territories and the
remaining 31% of the territories were undefended. A male was considered a territorial
occupant if > 80% of his reads were at a particular location. The undefended territories still
contain male mice however, < 80% of male reads at this location belonged to a single
individual. Points represent the mean number of territories of five populations. To aid in
visualization, time points from five-week intervals have been pooled, except for the first
time point consisting of 8 weeks. For example, time point week 8 consists of all data points
collected from weeks 1-8; time points displayed at week 13 consists of all data points
collected from weeks 9-13 and so on. Lines connect means of the five populations and error
bars represent standard error.
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Figure 7. Survivorship of paroxetine-exposed and control animals in enclosures
A) No differences in mortality were detected between treatments in females [n = 76 (PH; x 2

= 0.66, p = 0.42)] B) Paroxetine-exposed males (n = 40) experienced a marginally
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significant, 2.5-fold increase in mortality rate when compared to controls (PH; x2 = 3.27, p =

0.07).
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Figure 8. Comparison of male reproductive success relative to control counterparts from
published OPA experiments

Paroxetine exposure had greater consequences on male fitness (reproductive success) when
compared with cousin inbreeding, moderate sugar consumption and a selfish gene, but
suffered less fitness consequences when compared to inbreeding at the sibling level
(Meagher et al. 2000, Carroll et al. 2004, llmonen et al. 2008, Ruff et al. 2013). Figure
modified from Ruff et al. 2013.
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