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Abstract

Selective serotonin reuptake inhibitor (SSRI) antidepressants are the mainstay treatment for the
10-20% of pregnant and postpartum women who suffer major depression, but the effects of SSRIs
on their children’s developing brain and later emotional health are poorly understood. SSRI use
during pregnancy can elicit antidepressant withdrawal in newborns and increase toddlers’ anxiety
and social avoidance. In rodents, perinatal SSRI exposure increases adult depression- and anxiety-
like behavior, although certain individuals are more vulnerable to these effects than others. Our
study establishes a rodent model of individual differences in susceptibility to perinatal SSRI
exposure, utilizing selectively-bred Low Responder (bLR) and High Responder (bHR) rats that
were previously bred for high versus low behavioral response to novelty. Pregnant bHR/bLR
females were chronically treated with the SSRI paroxetine (10 mg/kg/day p.0.) to examine its
effects on offspring’s emotional behavior and gene expression in the developing brain. Paroxetine
treatment had minimal effect on bHR/bLR dams’ pregnancy outcomes or maternal behavior. We
found that bLR offspring, naturally prone to an inhibited/anxious temperament, were susceptible
to behavioral abnormalities associated with perinatal SSRI exposure (which exacerbated their
Forced Swim test immobility), while high risk-taking bHR offspring were resistant. Microarray
studies revealed robust perinatal SSRI-induced gene expression changes in the developing bLR
hippocampus and amygdala (postnatal days 7-21), including transcripts involved in neurogenesis,
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synaptic vesicle components, and energy metabolism. These results highlight the bLR/bHR model
as a useful tool to explore the neurobiology of individual differences in susceptibility to perinatal
SSRI exposure.
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1. Introduction

Depression is one of the most prevalent and debilitating mental ilinesses in the United States
(Kessler et al., 2003). While it typically manifests in early adulthood (Kessler et al., 2003),
neural circuits thought to underlie depression are sensitive to early-life environmental
factors, including exposure to stress, drugs, maternal style and poor maternal mood (Ladd
C.0., 2000, Heim C., 2004, Marcus, 2009, Oberlander et al., 2009). Women are 70% more
likely to develop depression than men, with peak prevalence occurring during the child-
bearing years (Dayan et al., 2002, Bennett et al., 2004, Kessler RC, 2005, Borri et al., 2008,
Marcus, 2009, Yonkers et al., 2009). Selective serotonin reuptake inhibitor (SSRI)
antidepressants are the mainstay treatment for the 10-20% of pregnant and postpartum
women who suffer major depression (Dayan et al., 2002, Bennett et al., 2004, Borri et al.,
2008, Marcus, 2009, Yonkers et al., 2009), exposing tens of thousands of children annually
to serotonergic agents during crucial developmental periods. These medications are
generally considered safe, with limited incidence of SSRI-related birth abnormalities and
pregnancy complications (Grigoriadis et al., 2013, Ross et al., 2013, Vasilakis-Scaramozza
etal., 2013). In 2005, the FDA issued a warning against using the SSRI paroxetine during
pregnancy due to reports of fetal cardiovascular malformation (Kallen and Otterblad
Olausson, 2006, Bar-Oz et al., 2007). Similar concerns were raised for other SSRIs,
including fluoxetine (Diav-Citrin et al., 2008, Jimenez-Solem et al., 2012), citalopram
(Pedersen et al., 2009, Jimenez-Solem et al., 2012) and sertraline (Louik et al., 2007,
Pedersen et al., 2009, Kornum et al., 2010, Jimenez-Solem et al., 2012), although
subsequent studies concluded that the effects were small and that SSRIs generally pose
minimal teratogenic risks (Malm et al., 2005, Wogelius et al., 2006, Alwan et al., 2007,
Berard et al., 2007, Cole et al., 2007, Louik et al., 2007, Diav-Citrin et al., 2008, Einarson et
al., 2008, Oberlander et al., 2008c, Pedersen et al., 2009, Bakker et al., 2010, Kornum et al.,
2010).

There are several reports of a neonatal withdrawal syndrome (altered sleep, heart rate
variability, jitteriness) in newborns exposed to different types of SSRIs in utero (Zeskind
and Stephens, 2004, Alwan and Friedman, 2009, Gentile and Galbally, 2011, Hayes et al.,
2012). Infants and young children exposed to SSRIs during early-life can also exhibit subtle
psychomotor deficits (Casper et al., 2003), aberrant pain sensation (Oberlander et al., 2005),
altered hypothalamic pituitary adrenal stress responses (Oberlander et al., 2008b), increased
social avoidance and anxiety at age 3—4 (Oberlander et al., 2010, Klinger et al., 2011), and
increased risk for autism (Croen, 2011, Harrington et al., 2013, Rai, 2013) (although there
are conflicting reports on the risk for autism; see (Clements et al., 2014)). Human studies
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have not extended beyond childhood, so the long-term consequences of early-life SSRI
exposure on human brain maturation and behavior remain unknown.

SSRIs elevate synaptic serotonin (5-hydroxytryptamine, 5HT) levels by blocking its
reuptake transporter (SERT). Because 5HT influences myriad neurodevelopmental
processes including cell differentiation and migration, synaptogenesis, dendritic maturation
and pruning (Gaspar et al., 2003, Homberg et al., 2010, Olivier et al., 2011), neonatal SSRI
exposure can interfere with brain development by hindering both SHT system maturation
and 5HT-modulated developmental processes. Rodent studies show that pharmacological or
genetic manipulation of the developing 5-HT system produces lifelong behavioral
alterations (Maciag et al., 2006a, Ansorge et al., 2008, Noorlander et al., 2008, Popa et al.,
2008). For example, early-life exposure to tricyclic antidepressants or different types of
SSRIs produces adult behavioral abnormalities that resemble human depression, including
increased Forced Swim Test (FST) immobility, enhanced anxiety-like behavior, anhedonia,
perturbed sleep, and diminished sexual performance (Mirmiran et al., 1981, Hilakivi and
Hilakivi, 1987, Vogel et al., 1990, Velazquez-Moctezuma and Diaz Ruiz, 1992, Hansen et
al., 1997, Ansorge et al., 2004, Maciag et al., 2006a, Ansorge et al., 2008, Hartley et al.,
2008, Popa et al., 2008, Simpson et al., 2011). Importantly, these behavioral effects are
reasonably consistent across several studies, regardless of the specific SSRI or tricyclic
antidepressant used. Neonatal antidepressant exposure-induced behavioral abnormalities are
accompanied by myriad 5-HT system changes, including reduced neuronal firing in 5-HT
neurons of the dorsal raphe (Kinney et al., 1997), diminished expression of tryptophan
hydroxylase (TPH2) and SERT in the raphe (Maciag et al., 2006a), reduced 5-HT fiber
density in the hippocampus (Weaver et al., 2010), and altered monoamine levels in multiple
brain regions (Hilakivi et al., 1987a, Feenstra et al., 1996, Vijayakumar and Meti, 1999,
Yannielli et al., 1999).

Studies in humans (Oberlander et al., 2008a, Oberlander et al., 2010) and animals (Bairy et
al., 2007, Lisboa et al., 2007, Bourke et al., 2013b) suggest that certain individuals are more
vulnerable to the effects of early-life SSRI exposure than others, but mechanisms driving
this differential susceptibility are completely unknown, representing a critical barrier in the
field (Oberlander et al., 2009, Oberlander, 2012). Thus, a major goal of the present study
was to model the phenomenon of individual differences in susceptibility to early-life SSRI
exposure to permit investigation of neurobiological factors conveying vulnerability (or
resistance) to the effects of this treatment. To this end, we utilized our selectively-bred lines
of Sprague Dawley rats that display marked differences in emotional behavior and 5SHT
circuitry to determine whether they would also display distinct vulnerabilities to neonatal
SSRI exposure. Rats bred for low response to novelty (bLR) display high levels of
behavioral inhibition, spontaneous anxiety and depression-like behavior compared to bred
High Responder (bHR) rats (Stead et al., 2006a, Clinton et al., 2011b, Garcia-Fuster et al.,
2011, Stedenfeld et al., 2011, Cummings et al., 2013). The bHR/bLR rats exhibit 5HT
circuit differences that likely contribute to their disparate behavioral phenotypes, with adult
bLR rats exhibiting lower Tph2 and Sert mRNA in the dorsal raphe (Kerman et al., 2011)
and increased 5HT receptor mMRNA levels in multiple limbic brain regions compared to
bHRs (Ballaz et al., 2007b, Calvo et al., 2011, Clinton et al., 2011a).

Neuroscience. Author manuscript; available in PMC 2016 January 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Glover et al.

Page 4

Based on known bHR/bLR 5-HT circuit differences, we hypothesized that (1) treating adult
bLRs with the SSRI paroxetine would improve their depression-like behavior; and (2) early-
life paroxetine exposure would differentially affect bLR versus bHR offspring, with bLRs
being more vulnerable to its behavioral consequences than bHRs. In Experiment 1, we
chronically treated adult bHR/bLR males with paroxetine to determine whether it would
improve bLRs’ typically high level of depression- and anxiety-like behavior. In Experiment
2, bHR/bLR females were chronically treated with paroxetine throughout pregnancy and the
postpartum lactation period to determine paroxetine’s effect(s) on their adult offspring’s
behavior. Experiment 3 utilized genome-wide expression profiling in the developing and
adult brains of perinatal paroxetine- and vehicle-exposed bLR offspring (focusing on the
hippocampus and amygdala — 5-HT innervated brain areas that are particularly impacted by
early-life exposure to the SSRI citalopram (Weaver et al., 2010)) to identify novel molecular
changes that may trigger the effects of early-life SSRI exposure on brain development and
emotional behavior. An additional benefit of this study was that it examined neural and
behavioral effects of early-life SSRI exposure in a model animal that is relevant to human
depression, which distinguishes it from prior work examining the effects of perinatal
antidepressant exposure in “normal/healthy” rats and mice.

2. Experimental Procedures

2.1 Animals

All experiments were approved by the University Committee on the Use and Care of
Animals at the University of Michigan where the behavioral studies and tissue harvest were
conducted. Work was conducted in accordance with the National Institute of Health (NIH)
Guide for the Care and Use of Laboratory Animals, dictated by the National Research
Council in 1996.

The bHR/bLR Sprague-Dawley rats were acquired from the 25t, 26™, and 28t generations
of the colony maintained at the University of Michigan in Dr. Akil’s laboratory. We
previously described our breeding strategy and initial behavioral characterization of the
bHR/bLR lines (Stead et al., 2006a). In brief, Sprague-Dawley rats were selected and mated
according to locomotor response to a novelty (number of beam breaks made during a 1 hour
period in a novel cage). At the first generation, male and female rats with the top (bHR) and
bottom (bLR) 20% of locomotion scores were selected for breeding. Adult males and
females from each subsequent generation were screened for locomotor response to novelty,
and the most extreme bHR/bLR animals from each family were selected to perpetuate the
colony (Stead et al., 2006a). Males that were used for mating or later experiments were kept
on a 12:12 light-dark cycle (lights on at 6 a.m.) with food and water available ad libitum.
Female rats (as well as male-female mating pairs) were housed in a separate room kept on a
14:10 light-dark cycle to promote regular estrous cycles and fertility (Everett and Sawyer,
1949, Ying et al., 1973). The animal housing rooms and testing facilities were kept at 21—
23°C at 50-55% humidity.

Experiment 1 of the present study used a group of adult bHR and bLR males (approximately
8 weeks old), which were subjected to chronic paroxetine (or vehicle) treatment (n=12 per
experimental group), followed by a behavioral test battery described below. Experiment 2
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used adult bHR and bLR females (approximately 8 weeks old), which were subjected to
paroxetine (or vehicle) treatment throughout pregnancy and the postpartum lactation period
until weaning on postpartum day 21 (n=8 per group). Their male offspring (n=24 per group)
were weaned on postnatal day (P) 21, raised under standard laboratory conditions, and
evaluated in a behavioral test battery when they reached adulthood (P75). In Experiment 3,
another cohort of bLR females was subjected to paroxetine (or vehicle) treatment throughout
pregnancy and the postpartum period (n=5 per group). Brains were harvested from male
bLR offspring at four developmental time points (P7, P14, P21 and P75; n=5 pups per
group/per time point) to evaluate paroxetine-induced gene expression changes in the
developing and adult brain. An additional set of brains were harvested from drug-exposed
bLR male offspring at P7 to confirm drug-levels in brain tissue (n=5 pups).

2.2 Paroxetine drug treatment in adult male bHR/bLR rats

In Experiment 1, male bHR/bLR rats (n=12 per phenotype per drug treatment group)
received the SSRI paroxetine (Sigma-Aldrich, St. Louis, MO; 10 mg/kg/day) over a period
of 30 days via drinking water according to previously published protocols(Thompson et al.,
2004, Muigg et al., 2007, Karanges et al., 2013). For one week before drug treatment began,
we monitored daily water consumption and determined that rats consumed, on average, 10
ml of water per day per 100 gm of body weight (e.g., a 500 gm male rat consumed
approximately 50 ml of water per day). Based on this estimation, paroxetine was dissolved
in tap water at a concentration of 0.10 mg/ml to approach the target dose of 10 mg/kg/day.
The paroxetine solutions were renewed every 2 days, and drug concentrations were
calculated according to body weight and water intake of each rat, determined by weighing
the drinking bottles at each renewal. The 10 mg/kg/day dose was selected based on previous
literature showing antidepressant and neurochemical effects of paroxetine in adult rats
(Carlson et al., 1996, Sillaber et al., 2008). In addition, oral administration of paroxetine at
this dose to adolescent and adult rats was previously shown to produce drug plasma
concentrations that approximate human therapeutic concentrations (10-600 ng/mL)
(DeVane, 1999, Karanges et al., 2013). Vehicle-treated bHR and bLR animals received
normal tap water at each renewal. At the conclusion of the 30-day drug-treatment period
(24-h following the last behavioral test), rats were sacrificed by rapid decapitation and blood
and brain tissue was collected to assess paroxetine-levels (described below in Section 2.5).

2.3 Paroxetine drug treatment in pregnant and postpartum bHR/bLR females

Using the protocol above, bHR/bLR females received paroxetine (10 mg/kg/day p.o.) in
drinking water (or drank normal tap water) for 7 days prior to mating, during the mating and
pregnancy period, and throughout the three week postpartum lactation period (n=8 per
phenotype per drug treatment group). Male/female pairs were housed together for up to 7
days, with the timing of mating determined by detection of sperm plugs. Once a sperm plug
was detected (gestational day 0), the male was removed. During the mating period, the male
and female rats were both exposed to paroxetine treatment. As noted above, we generally
find that rats consume 10 ml water per day per 100 gm body weight. Thus, female rats
(averaging 300 grams each) would typically drink about 30 ml of water per day and male
rats (averaging 500 grams each) would typically drink about 50 ml water per day. During
the breeding period, when we examined the amount of liquid consumed by a male/female
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pair, we considered their weight differential to estimate what proportion of the liquid was
consumed by the male versus the lighter female.

On the day of birth (P0), litters were culled to 6 male and 6 female pups. Offspring that were
to be used for Experiment 2 were weaned on P21, with males being housed 3—4 per cage
until adulthood when they embarked on a behavioral test battery (described below). Each
experimental group (n=24 males per phenotype per drug exposure group) consisted of 3
littermates from 8 litters. For Experiment 3, we harvested whole brains from bLR male
offspring taken at 4 developmental time points (P7, P14, P21, and P75) for gene expression
studies (n=5 per phenotype per time point per drug exposure group). For the brains to be
collected at the P75 time point, pups were weaned at P21, housed 2-3 per cage, and reared
under standard conditions until brains were harvested at P75. At each time point, the n=5 per
group for the microarray study was comprised of animals from 5 independent litters. An
additional group of drug-exposed pups were sacrificed at P7 to determine paroxetine-levels
in brain tissue (described below in Section 2.5).

2.4 Maternal behavioral monitoring

We observed the behavior of paroxetine- and vehicle-treated bHR/bLR dams from P1-14
using a previously published protocol (Clinton et al., 2010). Each cage was observed twice
daily — once during the light phase (at approximately 10:00 a.m.) and once during the dark
phase (at approximately 9:00 p.m.). Each observation period (lasting 45 min to 1 hour)
consisted of a series of 10 5-sec “snapshot” observations for each cage, which were taken
approximately 5 min apart. During a “snapshot” observation, a checklist was used to note
which behaviors were being observed. The behaviors noted were: 1) mother licking or
grooming a pup; 2) mother resting away from litter; 3) mother passive nursing pups; 4)
mother arched-back nursing pups. Passive nursing was defined as the mother lying on her
side or back and nursing any number of pups. Arched-back nursing was classified as the
mother arched over any number of nursing pups with her legs extended. By the end of the 14
observation days, each cage had accumulated 280 observations (10 observations per session
x 2 sessions each day x 14 total days).

2.5 Assessing paroxetine levels in brain and serum

In Experiment 1, we evaluated paroxetine levels in brain tissue and serum of adult bHR/bLR
males that received paroxetine (10 mg/kg/day p.o.) as described in Section 2.2. To assess
paroxetine levels in drug-exposed pups, we used tissue harvested during Experiment 3.
Whole brains were harvested from P7 drug-exposed bLR pups (n=5) with each animal
coming from an independent litter. The P7 time point was chosen to assess the amount of
paroxetine that was transferred to offspring through lactation. In each case, animals were
sacrificed by rapid decapitation, brains were rapidly removed and flash frozen, and trunk
blood was collected from adult rats (there was too little blood from sacrificed pups for serum
collection). Brain samples were homogenized in water and stored at —80° C. Blood samples
were incubated at room temperature for 30-min to allow coagulation and were then spun at
1000 x g at 4° C for 10 min. Serum was then collected in 1.5ml tubes and stored at —80° C.
Samples were shipped to NMS Labs (Willowgrove, PA) to measure paroxetine levels via
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High Performance Liquid Chromatography/Tandem Mass Spectroscopy (HPLC/TMS). Data
are presented as ng/ml for serum samples and ug/g tissue for brain tissue samples.

2.6 Behavioral test battery

In Experiment 1, adult male bHR/bLR rats were chronically treated with paroxetine (10
mg/kg/day p.o.) or vehicle (normal tap water) and then evaluated in multiple behavior tests —
the FST, the Open Field Test, and the Elevated Plus Maze (EPM). In Experiment 2, adult
male offspring that were perinatally exposed to paroxetine or vehicle (in utero and P1-21 via
maternal drug treatment) were evaluated in the FST and EPM and were also tested for
locomotor response to novelty. For both experiments, rats were given 2-3 days of rest
between each test to minimize the carry-over effect on behavior from test to test. Prior
experiments with bLR/bHR animals used a similar strategy, assessing bLR and bHR rats in
multiple tests over a period of days to weeks. These prior studies demonstrated that
bLR/bHR rats (a) exhibit reliable behavioral differences across several behavior tests and
(b) behave consistently on a particular test (such as the EPM) whether they are exposed only
to that single test, or subjected to it after completing a series of other behavior tests over
time (Clinton et al., 2014). It took approximately 10 days to complete this test battery, so
rats were P85 on the final test day.

Forced Swim Test (FST)—Porsolt’s FST was performed as described by Cryan et al.
(Cryan et al., 2005) in a Plexiglas cylinder (40cm high x 40 cm diameter) containing 30-cm
deep water (25°C). On FST day 1, rats were placed (one rat/cylinder) in the water for 15-
min (pretest phase); 24 h later the rats were returned to the water-filled cylinder and
videotaped for 5-min (test phase). Water was changed after every swim session so that each
rat swam in clean water. A trained observer blind to treatment scored the FST immobility
(floating) time using a computer program for ethological analysis (Observer, Noldus,
Wageningen, The Netherlands). Rats were considered immobile when they exhibited no
activity other than that required to keep their heads above water. We chose to focus on the
immobility measure since it is classically considered an indicator of “behavioral despair”
and depression-like behavior (Porsolt et al., 1977), and it can be clearly defined and easily
distinguishable from active coping measures such as swimming and climbing, which are
sometimes difficult to reliably distinguish across experimental observers (Porsolt et al.,
1977, Cryan et al., 2005, Muigg et al., 2007). Data are presented as time immobile as
percent of total time during the 5-min Day 2 test.

Open Field Test—The Open field apparatus is a 100 x 100 x 50 cm white Plexiglas box
with a black floor. The periphery was defined by a 20-cm zone around the edge of the
apparatus, and the center zone was therefore defined as a 60 x 60 cm zone in the middle of
the apparatus. The peripheral area was further subdivided into the corners (20 x 20 cm areas
at each of the four corners) and remaining space was considered the sides of the apparatus.
At the beginning of each test, an animal was placed in the corner of the open field and
behavior was recorded for 5 min. Testing was conducted under dim light (30 lux) between
8:00-11:30 am, and a computerized behavior analysis program (Ethovision, Noldus,
Wageningen, The Netherlands) recorded the latency to enter the center of the open field, the
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amount of time spent in the center, sides, and corner of the apparatus, and the total distance
traveled during the 5-min test.

Elevated Plus Maze (EPM)—The EPM is constructed of black Plexiglas with four
elevated arms (70 cm from the floor, 45 cm long, 12 cm wide) arranged in a cross. Two
opposite arms are enclosed by 45-cm-high walls (lighting approximately 3-5 lux), and the
remaining two arms are open (lighting approximately 30 lux). To start the test rats were
placed in a central square platform facing the same closed arm at the intersection of the open
and closed arms provided access to all arms. Testing was conducted under dim light (30 lux)
between 8:00-11:30 am, and recorded using the Ethovision videotracking system to assess
the latency to enter the open arms, the amount of time spent in the open arms, closed arms,
and center square, and the total distance traveled over the course of the 5-min test. An
animal was considered to be in the open arm when the rat’s body fully crossed out of the
center square onto an open arm platform.

Locomotor Response to Novelty—In Experiment 1, behavioral response to novelty
was assessed based on distance traveled in the Open Field test since the adult males had
already been screened for novelty-induced locomotion in our standard test apparatus. In
Experiment 2, perinatal paroxetine- and vehicle-exposed offspring were tested for novelty-
induced locomotion using our previously published protocol (Stead et al., 2006a). Briefly,
rats were individually placed in standard clear acrylic cages (43 x 21.5 x 25.5 cm high)
equipped with infrared photocell emitters mounted 2.3- and 6.5-cm above the floor to record
horizontal and rearing movement. The test chambers were located in a behavioral testing
room separate from the housing quarters, and the rats were exposed to the test chamber for
the first time on the day of testing. Horizontal and rearing movements were monitored in 5-
min intervals over a period of 60-min via computer. Novelty-induced locomotor scores for
each rat were calculated by adding the total number of horizontal and rearing movements
over the 60-min test period.

2.7 Tissue collection, preparation and genome-wide expression profiling

Genome-wide expression profiling experiments were performed and analyzed in a manner
similar to our previous microarray studies (Stead et al., 2006; Clinton et al., 2011). Perinatal
paroxetine- and vehicle-exposed bLR male offspring were sacrificed by rapid decapitation at
P7, P14, P21, and P75 (n=5 per treatment per time point, with each group being comprised
of animals from 5 independent litters). Brains were removed, flash frozen, and stored at
—80°C until further processing. Brain tissue punches were collected as we previously
described (Simmons et al., 2013). Brains were sectioned in a cryostat between —10 and
-12°C, with alternating sections of 20 um and 300 pm collected. The 20 um sections were
cresyl violet-stained to identify appropriate anatomical regions in the corresponding 300 pm
sections. Samples from the hippocampus and amygdala were removed from the thick
sections using a 0.5 mm tissue punch (Harris Micro-Punch, Ted Pella, Redding, CA), placed
in RNAlater (Qiagen, Valencia, CA), and stored at —20°C.

Tissue punches were shipped on dry ice for microarray processing on NimbleGen Rat Gene
Expression 12x135K Arrays (26,419 target genes, 5 probes/target; Arraystar, Rockville,
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MD). RNA was isolated and purified using the TRIzol method. Briefly, tissue was
homogenized in TRIzol (Life Technologies) and incubated at room temperature to allow
dissociation of nucleoproteins. Chloroform was then added to each homogenized sample and
centrifuged at 12,0009 for 15 min at 4°C. Next, RNA was precipitated with isopropyl
alcohol and spun down at 12,0009 for 10 min at 4°C. The pellet was washed in ethanol,
allowed to air dry, and resuspended in 100ul DEPC-H,0. RNA quantity and quality were
measured by NanoDrop ND-1000; RNA integrity was assessed by standard denaturing
agarose gel electrophoresis.

RNA labeling and array hybridization—Total RNA from each sample was linearly
amplified with Agilent’s Low Input Quick Amp Kit (Agilent Technology). Double-stranded
cDNA (ds-cDNA) was synthesized from the amplified cRNA using an Invitrogen
SuperScript ds-cDNA synthesis kit in the presence of 100pmol oligo dT primers. ds-cDNA
was cleaned and labeled in accordance with the NimbleGen Gene Expression Analysis
protocol (NimbleGen Systems, Inc., USA). Briefly, ds-cDNA was incubated with 4ug
RNase A at 37°C for 10 min and cleaned using phenol:chloroform:isoamy! alcohol,
followed by ice-cold absolute ethanol precipitation. The purified cDNA was quantified
using a NanoDrop ND-1000. For Cy3 labeling of cDNA, the NimbleGen One-Color DNA
labeling kit was used according to the manufacturer’s guideline detailed in the Gene
Expression Analysis protocol (NimbleGen Systems, Inc., Madison, W1, USA). One
microgram of ds-cDNA was incubated for 10 min at 98°C with 1 OD of Cy3-9mer primer.
Then, 100pmol of deoxynucleoside triphosphates and 100U of the Klenow fragment (New
England Biolabs, USA) were added and the mix incubated at 37°C for 2 hours. The reaction
was stopped by adding 0.1 volume of 0.5M EDTA, and the labeled ds-cDNA was purified
by isopropanol/ethanol precipitation. Microarrays were hybridized at 42°C 16-20h with 4g
of Cy3 labeled ds-cDNA in NimbleGen hybridization buffer/hybridization component A in a
hybridization chamber (Hybridization System - NimbleGen Systems, Inc., Madison, WI,
USA). Following hybridization, washing was performed using the NimbleGen Wash Buffer
kit (NimbleGen Systems, Inc., Madison, W1, USA). After being washed in an ozone-free
environment, the slides were scanned using the Axon GenePix 4000B microarray scanner.
Slides were scanned at 5pm/pixel resolution using an Axon GenePix 4000B scanner
(Molecular Devices Corporation) piloted by GenePix Pro 6.0 software (Axon). Scanned
images (TIFF format) were imported into NimbleScan software (version 2.5) for grid
alignment and expression data analysis. Expression data were normalized through quantile
normalization and the Robust Multichip Average (RMA) algorithm included in the
NimbleScan software. The Probe level files and Gene level files were generated after
normalization.

Microarray analysis—All gene level files were imported into Agilent GeneSpring GX
software (version 12.6) for further analysis. Probes with a raw expression value less than 50
for any sample were excluded from the analysis. The samples were then filtered to exclude
any probes designated “predicted mRNA model”, as determined by the most recent RefSeq
database annotations. Following experimental grouping (i.e., perinatal SSRI- versus vehicle-
exposed bLR at a particular developmental time point and specific brain region),
differentially expressed genes with statistical significance were identified through volcano
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plot filtering, using cutoffs of fold change >1.5, p-value <0.05 [Bonferroni family-wise error
rate (FWER)]. Venn diagrams were created from the resulting probe lists.

Probe lists were selected for k-means partitional clustering if they passed volcano plot
filtering in the P75 comparison. Based on this criterion, 80 differentially expressed genes
(perinatal SSRI- versus vehicle-exposed groups) from the amygdala were assigned to 6
clusters, while 360 differentially expressed genes from the hippocampus were assigned to 10
clusters. The differential distance metric, which categorizes genes based on the slope across
time points, was used to assign the differentially expressed genes to clusters with the goal of
increasing similarity of genes within clusters, while decreasing similarity between clusters.
Gene Ontology (GO) analysis was used to identify enrichment of functionally-related genes
within each cluster, using a p-value cutoff of 0.05. All genes and transcripts discussed in this
paper are referenced by the Rattus norvegicus gene symbol.

2.8 Statistical analysis

3. Results

Statistical analyses were performed using SPSS (IBM). In Experiment 1, we used 2-way
ANOVA (bHR/bLR phenotype x paroxetine treatment as independent variables) and
behavioral measures as dependent variables. In Experiment 2, we used 2-way ANOVA
(bHR/bLR phenotype x paroxetine treatment as independent variables) and pregnancy
measures (dams’ weight gain, number of pups) as dependent variables. Maternal behavior
data was analyzed using repeated measures two-way ANOVA (maternal bHR/bLR
phenotype x paroxetine treatment independent variables and first versus second postnatal
week as repeated measure). Data were separately analyzed for the light versus dark phase.
Our behavioral assessment of the paroxetine- and vehicle-exposed offspring examined
experimental groups comprised of 3 males per litter. To control for possible “litter effects,”
data from 3 littermates were averaged before further statistical analyses. Thus, we analyzed
n=8 litters/treatment/phenotype, with 24 animals represented within each of the 4 groups.
We used 2-way ANOVA (bHR/bLR phenotype x perinatal paroxetine exposure) as
independent variables and behavioral measures as dependent variables. When appropriate,
Tukey’s post hoc tests were applied with necessary corrections for multiple comparisons.
Paroxetine drug levels were compared in adult bHR/bLR drug-exposed rats’ blood and brain
tissue by unpaired Student’s t-test. Data are presented as mean £ SEM and for all tests
=0.05. Data analysis methods for the Experiment 3 microarray study are noted above.

3.1 Chronic paroxetine treatment during adulthood reduced bLRs’ depression-like
behavior, but had minimal effect on novelty-induced activity and anxiety-like behavior

In Experiment 1, adult male bHR/bLR rats were chronically treated with the SSRI
paroxetine to assess its effect on depression-like behavior (immobility) in the FST and
anxiety-like behaviors (Fig. 1A shows a timeline for drug treatment and behavioral testing).
Adult bLR males generally exhibited far greater immobility/floating compared to bHR
males (main effect of phenotype F(1 44)=44.09, p < 0.001; Fig. 1B). Although there was no
main effect of paroxetine treatment on FST immobility, there was a phenotype x paroxetine
interaction (F(y,44)=9.78, p=0.003). Post hoc analysis showed that chronic paroxetine
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treatment specifically reduced bLRs’ FST immobility compared to vehicle-treated bLRs
(p=0.017); bHR FST performance was unaffected by paroxetine treatment (Fig. 1B).

As expected, there were robust bHR/bLR behavioral differences in the open field test, with
bHRs showing greater novelty-induced locomotor activity compared to bLRs (main effect of
phenotype F(1 44)=214.74, p < 0.001 on total distance traveled; Fig. 1C). There was no effect
of paroxetine treatment on locomotor activity, and no phenotype x paroxetine interaction.
bLRs generally exhibited greater anxiety-like behavior than bHRs, spending less time in the
center of the open field (main effect of phenotype F(; 44) = 49.30, p < 0.001; bHR-vehicle
rats spent 8.0% time in the center + 0.9%; bHR-paroxetine rats spent 6.0% time in the center
+ 0.9%; bLR-vehicle animals spent 1.8% time in center + 0.6%; bLR-paroxetine animals
spent 0.9% time in center + 0.3%). There was no effect of paroxetine treatment on time
spent in the center, and no phenotype x paroxetine interaction. For the initial latency to enter
the center of the open field, there was no effect of phenotype or paroxetine, and no
phenotype x paroxetine interaction.

In the EPM, bLRs generally exhibited more anxiety-like behavior than bHRs, spending less
time in the open arms (main effect of phenotype F(1 44)= 14.11, p < 0.001; Fig. 1D) and
greater latency to initially enter the open arms (main effect of phenotype F1 44y = 3.57, p =
0.049; average latencies to open arm for each group: bLR-vehicle, 101 + 35 sec; bLR-
paroxetine, 84 + 37 sec; bHR-vehicle, 20 + 5 sec; and bHR-paroxetine, 28 + 11 sec). The
bLR rats also displayed greater stress-induced defecation than bHRs (main effect of
phenotype F(1 44) = 8.47, p < 0.001; Fig. 1E). There was no effect of paroxetine treatment
and no phenotype x paroxetine interaction for either measure.

3.2 Effects of paroxetine treatment on bHR/bLR female rats pregnancy and maternal
behavior

The bHR/bLR females were treated with paroxetine (or vehicle) throughout the mating
period, pregnancy and the 3-week postpartum period. The following data are from the first
cohort of rats in Experiment 1 (n=4 dams/condition). Paroxetine treatment significantly
lengthened the time to conception in both bHR and bLR females, with drug-treated females
taking twice as long to conceive compared to vehicle-treated females (main effect of
paroxetine treatment, F(1 14) = 4.24, p = 0.05; average latencies to conceive for each group:
bLR-vehicle, 2.0 + 0.4 days; bHR-vehicle, 2.0 £ 0.3 days; bLR-paroxetine, 7.0 = 3.6 days;
and bHR-paroxetine, 4.6 £ 2.2 days). There was no effect of bHR/bLR phenotype on time to
conceive, and no paroxetine x phenotype interaction. Once animals became pregnant, we
observed a similar pattern of weight gain across groups (no effects of paroxetine treatment,
phenotype, and no drug x phenotype interaction). Paroxetine treatment did reduce litter size,
with paroxetine-treated dams having slightly but significantly smaller litters compared to
vehicle-treated dams (main effect of drug treatment F(; 14) = 8.1, p = 0.013; average litter
sizes for each group: bLR-vehicle, 15 £ 1 pups; bHR-vehicle, 17 + 1 pups; bLR-paroxeting,
11 + 2 pups; and bHR-paroxetine, 13 = 1 pups). There was no effect of bHR/bLR phenotype
on litter size, and no drug x phenotype interaction. Pups’ birth weight did not differ between
treatment groups. Further, there was no effect of phenotype or treatment and no phenotype x
treatment interaction on maternal water/liquid intake. Furthermore, there was no phenotypic

Neuroscience. Author manuscript; available in PMC 2016 January 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Glover et al.

Page 12

difference in paroxetine intake (averaged daily paroxetine intake for bHR was 2.83+0.33
mg; bLR, 2.73£0.23 mg).

We monitored behavior in paroxetine- and vehicle-treated bHR/bLR dams from P1-14 to
determine whether paroxetine treatment affected their maternal behavior (n=5-13 dams/
condition). Figure 2 shows the amount of licking/grooming (Fig. 2A-B), arched-back
nursing (Fig. 2C-D), passive nursing (Fig. 2E-F), and resting behavior (Fig. 2G-H) that
paroxetine- and vehicle-treated bHR/bLR dams displayed during the first two postpartum
weeks. All dams generally displayed more licking/grooming behavior during the first
postnatal week compared to the second during the light phase (main effect of postnatal week
F(1,37) = 17.235, p < 0.001), but there was no effect of postnatal week for the dark phase.
There was no effect of paroxetine treatment, no effect of bHR/bLR phenotype, and no
significant drug x phenotype interaction for licking/grooming in the light phase, but there
was a postnatal week x paroxetine interaction in the dark phase (F(1,37) = 9.059, p = 0.005;
Fig. 2A-B). A similar pattern was observed for arched-back nursing, with all dams generally
showing more arched-back nursing during the first versus second postnatal week in the light
phase (main effect of postnatal week F(; 37y = 141.731, p < 0.001) and in the dark phase
(main effect of postnatal week F(3 37) = 14.201, p = 0.001). We found that bLR mothers
spent more time arched-back nursing their pups during the dark phase compared to bHR
dams (main effect of phenotype F(; 37) = 4.952, p = 0.032). There was no effect of
paroxetine treatment on arched-back nursing in either the light phase or dark phase, and no
significant drug x phenotype interactions (Fig. 2C-D). Most dams showed a dramatic
increase in the amount of passive nursing from postnatal week one to two during the light
phase (main effect of postnatal week F(; 37) = 51.986, p < 0.001) and the dark phase (main
effect of postnatal week Fy 37) = 23.666, p < 0.001). bLR versus bHR mothers exhibited
significantly less passive nursing during the light phase (main effect of phenotype F(; 37) =
5.310, p = 0.027). There was no effect of paroxetine treatment on passive nursing during the
light phase, although there was a significant postnatal week x phenotype interaction (Fq 37)
=4.631, p = 0.038). Post-hoc analysis showed that bLR dams were specifically affected by
paroxetine treatment, with paroxetine-treated dams showing dramatically less passive
nursing compared to vehicle-exposed LR dams (p = 0.007). The bHR dams behaved
similarly in drug- and vehicle-treated conditions. There were no effects of paroxetine
treatment or phenotype on passive nursing in the dark phase, and there were no significant
interactions (Fig. 2E-F). We found that dams generally spent more time resting during the
second versus first postnatal week in the light phase (main effect of postnatal week F(y 37) =
41.95, p <0.001) and in the dark phase (main effect of postnatal week F; 37) = 7.577, p =
0.009). Interestingly, paroxetine-treated dams spent more time resting compared to vehicle-
treated dams during the light phase (main effect of paroxetine treatment F(; 37) = 32.934, p <
0.001) and during the dark phase (main effect of paroxetine treatment F(; 37y = 20.77, p <
0.001). In general, bLRs versus. bHRs spent more time resting during the dark phase (main
effect of phenotype F(;,37) = 18.67, p = 0.001). During the light phase there was no effect of
bHR/bLR phenotype and there were no significant interactions during the light or dark
phases (Fig. 2G-H).
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3.3 Confirming paroxetine levels in drug-exposed rats

We measured paroxetine levels in the blood and brains of adult bHR/bLR males that were
chronically treated with paroxetine. We found similar drug levels in the serum of bHR and
bLR rats (bHR: 160.5 + 84.64 ng/ml; bLR: 136.40 + 64.03 ng/ml) and in the brain (bHR:
2.19 £ 1.08 ug/g; bLR: 1.75 £ 0.83 pg/g). We also assessed paroxetine levels in brain tissue
collected from P7 bLR pups during the Experiment 3 microarray study. We found that
average paroxetine concentration in P7 pups’ brain tissue was 0.28 + 0.08 ug/g.

3.4 Perinatal paroxetine exposure worsened bLR offspring’s adult depression-like
behavior, but did not affect behavior in bHR offspring

Adult bHR/bLR offspring that were perinatally-exposed to paroxetine or vehicle treatment
throughout gestation and the lactation period were examined in three behavioral tests (Fig.
3A depicts the experimental timeline). As before, bLRs generally exhibited higher FST
immobility compared to bHRs (main effect of phenotype F; »g) = 90.81, p < 0.001; Fig.
3B). There was also a main effect of paroxetine treatment (F(y 2) = 9.972, p = 0.004) and a
paroxetine x phenotype interaction (Fq 2g) = 6.720, p = 0.015). Post hoc analysis showed
that bLRs exposed to perinatal paroxetine exhibited greater FST immobility compared to
vehicle-exposed bLRs (p = 0.002) while bHR offspring’s FST performance was not affected
by early-life paroxetine exposure (Fig. 3B).

Perinatal paroxetine exposure did not impact locomotor response to novelty in either strain;
bHRs remained more exploratory than bLRs (main effect of phenotype F(; g) = 331.4, p <
0.001; Fig. 3C). There was no effect of perinatal paroxetine on locomotor response to
novelty and no drug x phenotype interaction. Likewise, perinatal paroxetine exposure did
not affect EPM behavior. bHRs generally showed less anxiety-like behavior compared to
bLRs, spending more time in the open arms (main effect of phenotype F(; 2g) = 31.19, p <
0.001; Fig. 3D) and less stress-induced defecation in the EPM (main effect of phenotype
F(1,28) = 33.61, p < 0.001; Fig. 3E). There was no effect of neonatal paroxetine exposure on
any of these measures and no paroxetine x phenotype interactions, suggesting that
paroxetine has minimal effect on bHR/bLR anxiety-like behavior in the EPM, at least under
our described test conditions.

3.5 Effect of perinatal paroxetine exposure on developmental gene expression patterns in
bLR brain regions

Microarray studies focused on bLR offspring since the behavioral experiment demonstrated
that they were selectively susceptible to the effects of perinatal SSRI exposure on behavior
while bHRs were unaffected. VVolcano plot filtering of the genome-wide expression data
(fold change > 1.5, p < 0.05, Bonferroni FWER) revealed robust developmental gene
expression changes in male bLR offspring perinatally-exposed to paroxetine (versus vehicle)
within both the amygdala (Fig. 4A) and hippocampus (Fig. 4B). In the P7 amygdala, only 3
genes were significantly changed in perinatal SSRI- versus vehicle-treated bLR offspring,
with all of those genes being up-regulated. In the amygdala of paroxetine-exposed bLRs, the
number of significantly regulated genes ranged from a low of 3 (P7) to a high of 187 (P21),
declining to 80 genes by adulthood (P75) (Fig. 4C, black triangles). Of those differentially
expressed transcripts in the developing amygdala, the majority of the genes were down-
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regulated at P14, P21, and P75 (Fig. 4D). In the P7 hippocampus, 722 genes were
differentially expressed in bLR offspring that were exposed to perinatal paroxetine versus
vehicle. The number of genes altered in the bLR hippocampus following perinatal SSRI
exposure dropped to 80 genes by P21, but then increased to 360 genes by P75 (Fig. 4C,
white triangles). The vast majority of differentially expressed genes were down-regulated at
P7 and P14; however, by P75 almost all of the differentially expressed genes were up-
regulated (Fig. 4E).

We reasoned that genes differentially expressed following perinatal paroxetine exposure
across multiple time points and/or across multiple brain regions were likely to be
biologically significant; we therefore generated VVenn diagrams to demonstrate the number
of genes that were altered by perinatal SSRI exposure either a) throughout development or
b) in both amygdala and hippocampus (Fig. 5). We found little overlap in groups of perinatal
SSRI-altered genes between developmental ages in the amygdala, with the greatest overlap
of 32 genes at P14 and P21 (Fig. 5A). In the hippocampus, the greatest overlap between ages
was between P7 and P14 (145 overlapping genes), followed by P7 and P75 (105 overlapping
genes). A set of 57 genes was altered by perinatal SSRI exposure in the P7, P14, and P75
hippocampus; this group of genes included transcripts for several synaptic vesicle-associated
proteins (Fig. 5B). When comparing groups of perinatal SSRI-altered genes across the
hippocampus and amygdala, there was surprisingly minimal overlap in the two data sets,
with no overlap at P7, 2 overlapping genes at P14, 12 genes at P21, and 13 genes at P75
(Fig. 5C).

Although simplistic, it is reasonable to assume that genes exhibiting similar developmental
expression profiles may be functionally related. We therefore used partitional clustering
examine the hippocampus and amygdala gene expression data sets, grouping perinatal
paroxetine-altered genes within each brain region based on their developmental expression
patterns. Partitional clustering of the 80 genes in the P75 amygdala data set assigned genes
to one of six clusters based on the slope of the expression pattern of each gene across time
(differential distance metric), shown in Figure 6. Each of the six clusters displays the
normalized expression values of genes at 3 early developmental time points (P7, P14, P21)
when the offspring were still being exposed to paroxetine via their mothers’ milk and P75
when perinatal paroxetine-induced behavioral deficits were apparent in adult bLR offspring
in Experiment 2. GO analysis was used to identify functionally related genes within the six
gene clusters and found significant enrichment in GO terms for clusters 4 (GO:0005833,
hemoglobin complex; p = 0.0000504) and 5 (GO:0043229, intracellular organelle; p =
0.033) (Fig. 6). Similar partitional clustering and GO analysis was used to evaluate the 360
perinatal SSRI-altered genes in the P75 hippocampus; this revealed ten gene clusters (Figure
7). GO analysis found significant enrichment for specific GO terms for cluster 2 (GO:
0003735-G0:0003742, structural constituent of ribosome; p = 4.81 x 10713), cluster 3
(G0:0016676, oxidoreductase activity, acting on a heme group of donors, oxygen as
acceptor; p = 0.05), cluster 4 (GO:0008021, synaptic vesicle; p = 0.034), cluster 6 (GO:
0033673, negative regulation of kinase activity; p = 0.039), and cluster 7 (GO:0022008,
neurogenesis; p = 0.006) (Fig. 7).
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4. Discussion

Given the widespread use of SSRIs in pregnant and nursing women and limited knowledge
of the long-term, potentially adverse effects of these medications on exposed children
(Oberlander et al., 2010, Croen, 2011, Klinger et al., 2011), it is imperative to examine how
these medications impact brain development and behavior in susceptible individuals. Rodent
studies point to significant life-long biobehavioral abnormalities following perinatal SSRI
exposure, including increased depression-like behavior in adulthood (Ansorge et al., 2004,
Olivier et al., 2011) and aberrant 5-HT circuit formation (Kinney et al., 1997, Maciag et al.,
2006a, Weaver et al., 2010). Our present results demonstrate individual differences in
susceptibility to neonatal early-life exposure to the SSRI paroxetine, with rats genetically
predisposed to a highly inhibited, high anxiety/depression-like phenotype (bLR) being
vulnerable to the perinatal paroxetine-induced behavioral effects (exaggerating their already
high levels of FST immobility), while risk-taking/aggressive (bHR) rats were resistant.
Genome-wide expression profiling revealed robust, region-specific gene expression
differences in the developing brain of the “paroxetine susceptible” bLR rats following
perinatal paroxetine exposure (gestation through weaning). The vast perinatal paroxetine-
induced gene expression differences point to multiple molecular changes, including drug-
elicited alterations of mitochondrial function, synaptic vesicle transport/release, and
neurogenesis, which may trigger long-term behavioral abnormalities (i.e., increased adult
FST immobility and other depression-like measures) associated with perinatal paroxetine
exposure.

4.1 Individual differences in susceptibility to behavioral effects to perinatal SSRI exposure

Although several prior rodent studies report increased anxiety- and/or depression-like
behavior following perinatal SSRI and tricyclic antidepressant exposure, results have been
inconsistent. Several studies found that early-life SSRI or tricyclic antidepressant exposure
leads to increased FST immobility in adulthood (Hilakivi and Hilakivi, 1987, Hilakivi et al.,
1988, Velazquez-Moctezuma and Diaz Ruiz, 1992, Hansen et al., 1997, Vazquez-Palacios et
al., 2005), but other studies did not observe this effect (Yoo et al., 2000, Maciag et al.,
2006b, Lisboa et al., 2007). Our results suggest that such inconsistencies are due to
naturally-occurring emotionality differences among experimental animals that may convey
distinct susceptibility (or resistance) to perinatal antidepressant exposure. The phenomenon
of individual differences in emotional behavior is well-known (Piazza et al., 1989, Frankova
and Mikulecka, 1990, Landgraf and Wigger, 2002, Kabbaj, 2004, Veenema et al., 2007,
Bosch, 2011, Flagel et al., 2014). Many behavioral traits exist in a spectrum, with some
individuals expressing high, medium, or low levels of a given characteristic. Moreover,
certain behavioral traits can predict a constellation of other behavioral attributes. For
instance, individual differences in novelty reactivity predict several other behaviors,
including response to psychostimulants (Piazza et al., 1989), hypothalamic adrenal axis
stress reactivity (Piazza et al., 1993, Kabbaj et al., 2000, Marquez et al., 2006), anxiety- and
depression-like behavior (Kabbaj, 2004, Stead et al., 2006a, White et al., 2007, Jama et al.,
2008, Blanchard et al., 2009, Garcia-Fuster et al., 2011, Stedenfeld et al., 2011, Clinton et
al., 2014) [for review see (Flagel et al., 2014)]. Our current data suggest that the high versus
low novelty seeking traits also predict vulnerability to early-life antidepressant exposure.
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Thus, in previous perinatal antidepressant exposure studies, experimental groups may have
included a mix of animals with more high novelty responding (bHR)-like or low novelty-
reactive (bLR)-like tendencies. Experimental groups that inadvertently included a high
proportion of perinatal antidepressant-resistant/bHR-like rats might have found limited
behavioral abnormalities in response to neonatal antidepressant exposure, while cohorts that
included more perinatal antidepressant susceptible/bLR-like rats might have found strong
effects. Our findings may also indicate possible reasons why human individuals respond
differently to perinatal antidepressant exposure. For example, Klinger et al. 2011 reported
increased social behavior abnormalities in children ages 4—-6 who were exposed to SSRIs
during gestation and showed signs of antidepressant withdrawal at birth; however, SSRI-
exposed children that showed no signs of antidepressant withdrawal as infants exhibited
normal social behavior at ages 4-6. Similarly, there are conflicting reports of the association
between perinatal SSRI exposure and risk of autism (Croen, 2011, Harrington et al., 2013,
Rai, 2013, Clements et al., 2014). Together these studies indicate that both humans and
experimental animals exhibit individual differences in susceptibility to the effects of early-
life antidepressant exposure.

There are mixed reports on the effects of early-life antidepressant exposure on anxiety-like
behavior and locomotor activity in rodents. Neonatal exposure to SSRIs fluoxetine and
citalopram increased adult offspring’s anxiety-like behavior in multiple tests (Ansorge et al.,
2008). Likewise, perinatal exposure to the tricyclic clomipramine (Andersen et al., 2010)
and the SSRI fluoxetine (Noorlander et al., 2008) increased anxiety in the EPM, although
other groups found no effect of neonatal citalopram (Harris et al., 2012) fluoxetine (Lisboa
et al., 2007, Lee and Lee, 2012), or escitalopram (Bourke et al., 2013b). Other work reported
that early-life citalopram exposure enhanced adult locomotor activity (Maciag et al., 2006a,
Maciag et al., 2006b), while others found the opposite effect (Ansorge et al., 2008,
Noorlander et al., 2008, Lee and Lee, 2012). We found that early-life paroxetine exposure
did not affect bHR/bLR novelty-induced locomotor activity or EPM performance. The
effects of early-life antidepressant exposure on anxiety and locomotor activity may depend
upon the specific drug (i.e., tricyclic versus SSRI or even disparate effects of different types
of SSRIs, more on this in Section 4.5). Behavioral effects may also be species- or strain-
dependent, since various studies on this topic have been conducted in multiple strains of
mice and rats. Alternatively, considering bLR rats’ typically high levels of spontaneous
anxiety-like behavior (i.e., spending little time in the center of the Open Field and open arms
of the EPM), there may be a ceiling effect that obscures our ability to see any exacerbation
of bLRs’ anxiety following early-life paroxetine exposure. Modifying of our test conditions
(or perhaps using another anxiety test) may have offered a milder anxiogenic stimulus that
could potentially reveal an effect of perinatal SSRI exposure on bLRs’ anxiety-like
behavior. It is also important to keep in mind that there is a strong genetic underpinning of
the bLR phenotype, so behavior such as locomotor response to novelty (which has been
selectively bred over dozens of generations) may be so genetically entrenched that it is
difficult to shift via environmental factors. In general, it would be interesting to expand this
work to determine what other behavioral deficits (e.g., sexual behavior, sleep, aggression,
anhedonia—all previously shown to be affected by perinatal SSRI exposure) arise in bLR
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animals following early-life exposure to paroxetine or other SSRIs, and whether bHRs
would continue to be resistant to those effects.

The observed differences in bLR versus bHR vulnerability to perinatal SSRI exposure may
be linked to 5-HT circuit differences. For instance, compared to bHRs, adult bLR rats
exhibit lower Tph2, Sert (Kerman et al., 2011) and 5htla receptor (Calvo et al., 2011)
mMRNA in the dorsal raphe, and increased 5htla (Clinton et al., 2011a), 5ht2a (Calvo et al.,
2011), 5ht6 and 5ht7 (Ballaz et al., 2007b) receptor mMRNA in multiple limbic regions.
Pharmacological studies suggest that these 5-HTergic differences shape aspects of the
disparate bHR/bLR behavioral phenotypes, including their differences in social interaction
(Calvo et al., 2011, Cummings et al., 2013), aggression (Kerman et al., 2011), cognition
(Ballaz et al., 2007a), reward-processing (Capriles et al., 2012), and anxiety-like behavior
(Verheij et al., 2009). Such differences could be related to distinct SERT polymorphisms (as
noted in humans (Oberlander et al., 2008a, Oberlander et al., 2010), and may contribute to
their distinct responses to early-life SSRI exposure. Additional experiments will be required
to investigate these possibilities.

4.2 Neurobiological consequences of perinatal SSRI exposure in the developing amygdala
versus hippocampus

While neonatal exposure to tricyclic (Feenstra et al., 1996, Kinney et al., 1997, Vijayakumar
and Meti, 1999) and SSRI (Maciag et al., 2006a, Weaver et al., 2010, Simpson et al., 2011)
antidepressants causes lasting 5-HTergic circuit malformation, surprisingly little is known
about the accompanying neural changes that trigger its effects on emotional behavior.
Neonatal citalopram exposure increased firing of noradrenergic neurons in the locus
coeruleus (Darling et al., 2011), increased noradrenergic fiber density in the neocortex
(Zhang et al., 2011), and perturbed axon myelination in the corpus callosum (Simpson et al.,
2011). One recent study showed that early postnatal fluoxetine exposure induces long-term
up-regulation of histone deacetylase 4 (Hdac4) mRNA in the hippocampus of adult drug-
exposed offspring (Sarkar et al., 2014), and another found minimal hippocampal and
amygdalar gene expression changes in adult offspring that were exposed to escitalopram in
early life (Bourke et al., 2013b). Importantly, the majority of this work focused on
neurobiological changes in the adult brain following perinatal antidepressant exposure with
no studies examining drug-induced alterations in developing brains during the period of drug
exposure. This knowledge gap motivated the current genome-wide expression study where
we examined widespread gene expression changes in the developing (P7, P14, P21) and
adult (P75) hippocampus and amygdala of offspring that were perinatally exposed to the
SSRI paroxetine.

We focused our analysis on brains of bLR animals, since our behavioral studies showed that
they were susceptible to perinatal paroxetine-induced behavioral abnormalities while bHRs
were resistant. Moreover, we selected three early developmental time points when early-life
paroxetine exposure was ongoing (P7, P14, and P21) as well as an adult time point (P75),
long after drug-exposure ceased but behavioral abnormalities appeared. Another reason for
choosing these three early time points (P7, P14, P21) was that the first three postnatal weeks
represent a critical developmental period for rodent neural systems, evident in radical
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changes in behavior, neuroendocrine response, synaptic connectivity, and global neural gene
expression (Sapolsky and Meaney, 1986, Eilam and Golani, 1988, Stead et al., 2006b).
These time points are also consistent with other related studies by our research group
examining developmental gene expression pattern differences in bHR/bLR rats at baseline
(Clinton et al., 2011b) and following early-life environmental manipulations such as cross-
fostering bLR pups to bHR mothers (Cohen, Glover, Clinton et al, In Revision 2014). By
using consistent time points across developmental gene expression studies, we can evaluate
how changes in the developing brain are evoked by disparate environmental factors (i.e.,
early-life paroxetine exposure in the present study, cross-fostering in another), how different
brain areas are affected, and how the timing of changes may differ depending on the type of
stimulus.

Early-life paroxetine exposure elicited distinct gene expression patterns in the developing
bLR amygdala versus hippocampus. Perinatal paroxetine exposure did not substantially alter
bLRs’ amygdalar transcriptome until the second and third postnatal weeks, with
approximately 200 genes altered in the P14 and P21 amygdala of drug-exposed bLRs
versus. vehicle-exposed pups. Conversely, early-life paroxetine exposure dramatically
altered gene expression in the developing hippocampus with more than 700 genes altered at
P7, 300 genes altered at P14, and 150 genes altered at P21. By adulthood, drug-induced gene
expression changes remain more pronounced in the hippocampus versus amygdala (400
altered genes in the hippocampus versus. 150 genes in the amygdala), suggesting that the
hippocampus may be more sensitive to the effects of early-life paroxetine than the
amygdala.

Multiple factors may contribute to the distinct effects of perinatal paroxetine exposure on the
hippocampus versus amygdala, including the ontogeny of the dorsal raphe and other 5-
HTergic nuclei that innervate these regions and developmental expression of 5-HT receptors
in the hippocampus and amygdala. Dorsal and caudal portions of the dorsal raphe as well as
the median raphe provide the major source of 5-HT to the hippocampus, amygdala, and
other limbic regions (Lowry et al., 2008). Most of these 5-HT cells are born between
embryonic day 10-12 (Cordes, 2005), although 5-HTergic innervation develops over a
period of weeks, with substantial increases in density of 5-HT innervation occurring during
the first two postnatal weeks (Dinopoulos et al., 1997). 5-HT innervation density in the
developing hippocampus versus amygdala and the precise timing of when 5-HTergic fibers
reach these areas would likely dictate how they are affected by perinatal paroxetine
exposure. Furthermore, there are approximately 14 5-HT receptor subtypes in the
mammalian brain that serve various functions via myriad signaling pathways (Lesch and
Waider, 2012). The diversity of 5-HT receptor subtypes and distinct receptor expression
patterns in the developing hippocampus versus amygdala could also contribute to the
divergent effects of perinatal paroxetine exposure on the transcriptome in these two regions.
Future studies should identify why these regions respond differently to perinatal paroxetine
(and perhaps other SSRIs), and determine how these unique regional responses contribute to
the behavioral consequences of early-life drug exposure.
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4.3 Unique molecular pathways that are perturbed following perinatal paroxetine exposure

Bioinformatics analyses of our microarray data identified multiple novel biological
processes and molecular pathways that were perturbed in the developing and adult bLR
brain following early-life paroxetine exposure. For example, partitional clustering identified
functionally-related genes that were regulated by perinatal paroxetine exposure from early
postnatal life through adulthood. In the amygdala, two of six gene clusters were enriched
with transcripts associated with the hemoglobin complex and intracellular organelles. In the
hippocampus, partitional clustering revealed five of ten clusters with gene ontology
enrichment; several of these are discussed below.

Transcripts related to synaptic vesicle structure (cluster 4, Fig. 7) were down-regulated in
the perinatal paroxetine-exposed hippocampus during the first two postnatal weeks, but up-
regulated in the adult brain (P75). Hippocampal synaptic markers have been shown to be
dysregulated in rodent models relevant to depression, including the Flinder’s Sensitive Line
(FSL) (Overstreet, 1986, Overstreet et al., 1986a, Overstreet et al., 1986b) and rats exposed
to chronic mild stress (Yang et al., 2011, Hu et al., 2013), which is known to enhance rodent
anxiety- and depression-like behavior (Willner, 2005). Treating adult FSL rats with the
SSRI escitalopram normalized synaptic protein expression and reduced their FST
immobility (Musazzi et al., 2010), although SSRI treatment elicits disparate effects
depending a subject’s age, since paroxetine differentially affected synaptic protein levels
when administered to adolescent versus adult animals (Karanges et al., 2013). Overall, these
findings suggest that dysregulating synaptic vesicle transport/release contributes to a
depressive-like phenotype and that adult SSRI treatment can normalize expression of
synaptic proteins. Our observed perinatal paroxetine-induced synaptic marker changes in the
developing and adult bLR hippocampus may represent a mechanism related to their
exaggerated FST immobility following early-life paroxetine exposure.

Our partitional clustering analysis revealed an enrichment of cytochrome ¢ oxidase
(complex 1V) subunit transcripts in hippocampal gene cluster 3, indicating that perinatal
paroxetine exposure may lead to metabolic dysfunction in the developing and adult
hippocampus. Mitochondria can sequester antidepressant drugs, with up to 40% of
fluoxetine levels in the brain concentrated within mitochondria and synaptosomes (Caccia et
al., 1990). A variety of antidepressants modulate respiratory chain complex activity, and
complex IV appears to be especially susceptible to drugs that increase synaptic 5-HT
(Hroudova and Fisar, 2010). Sertraline, one of the most commonly prescribed SSRIs in
pregnant women (Wichman et al., 2009, Alwan et al., 2011, Jimenez-Solem et al., 2013),
inhibits several complexes in oxidative phosphorylation within isolated mitochondria, and
causes cellular ATP depletion in primary rat hepatocytes (Li et al., 2012). In the brain,
fluoxetine impairs ATP synthesis, but its effects are probably not occurring through direct
interaction with the electron transport chain enzymes. Perinatal SSRI-induced mitochondrial
dysfunction in the early postnatal hippocampus when substantial energy is required for
cellular remodeling, synaptogenesis and neurogenesis, may represent an important factor
that could derail normal hippocampal circuit formation, its downstream function, and its
ultimate contribution to regulating emotional behavior (Chen et al., 2013).
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We found that neurogenesis-related transcripts were initially down-regulated in the P7 and
P14 hippocampus of perinatal paroxetine-exposed animals but then up-regulated in
adulthood. Several of the neurogenesis cluster genes (e.g., Stmnl, Gap43, Timp2) encode
proteins that mediate axonal outgrowth and guidance, potentially indicating that perinatal
paroxetine exposure impairs integration of hippocampal neurons into developing circuits.
Gap-43-null mice exhibit reduced 5-HTergic fiber innervation in the cortex and
hippocampus, but, interestingly, show no 5-HT innervation differences in the amygdala
(Donovan et al., 2002). Reduced Gap-43 levels in the developing paroxetine-exposed
hippocampus may be related to drug-induced reductions of 5-HTergic innervation (Maciag
et al., 2006a, Weaver et al., 2010) and offer an explanation for the distinct impact of
perinatal paroxetine exposure on the hippocampal versus amygdalar transcriptome.

A previous in vitro study showed that paroxetine treatment increased neurogenesis within
hippocampal-derived neural stem cells (Peng et al., 2013), and multiple rodent studies show
that multiple classes of antidepressants increase hippocampal neurogenesis in adult animals,
which may contribute to antidepressant behavioral effects (Malberg et al., 2000, Malberg
and Duman, 2003, Santarelli et al., 2003, Marcussen et al., 2008). Timing may be of the
essence, though. While antidepressant-induced neurogenesis changes may be beneficial in
the adult brain, such alterations in the developing brain may have negative consequences on
neural and emotional development (perhaps eliciting pro-depressant effects rather than anti-
depressant effects). Overall, the observed differences in neurogenesis-related genes together
with perinatal paroxetine-induced changes in genes related to synaptic structure/function and
metabolism, suggest a complicated pattern of molecular changes that may reflect drug-
induced alterations in hippocampal circuit formation. The rodent hippocampus undergoes
vast growth and maturation during the early postnatal weeks (Insausti et al., 2010), so
paroxetine-induced modification of synaptic remodeling during the critical first three
postnatal weeks could permanently impact neural circuit structure and function. Our
microarray data suggest that perinatal paroxetine exposure interferes with such hippocampal
synaptic remodeling processes, which may alter hippocampal structure, functional
connectivity, and ultimately behavior, although future experiments will be required to
explore these possibilities.

4.4 Impact of paroxetine treatment on maternal care in bHR/bLR dams

The quality and quantity of maternal care critically shapes rodent neurodevelopment,
emotional behavior, and hormonal stress responsivity (Francis et al., 1999, Caldji et al.,
2000, Meaney, 2001). There are limited reports on the effects of SSRI treatment on rodent
maternal behavior. One study reported increased arched-back nursing in dams that were
treated with fluoxetine (Pawluski et al., 2012), although another study found no impact of
escitalopram on dams’ behavior (Bourke et al., 2013a). The present study examined possible
paroxetine-induced changes in bHR/bLR maternal behavior to determine a possible
mechanism that could explain why bLR offspring are particularly susceptible to the effects
of early-life paroxetine exposure while bHR offspring were resistant. We found little impact
of paroxetine on maternal behavior in either strain, with no effect of drug treatment on
licking/grooming behavior or arched-back nursing. The only observed drug-induced change
was that paroxetine-treated bLR mothers engaged in less passive nursing compared to
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vehicle-treated mothers (or either bHR group). The paroxetine-exposed bLR pups appeared
to have adequate nutrition since they showed similar pattern of weight gain compared to
other groups. The other behavioral difference that we found in paroxetine-exposed dams was
that both bHR and bLR drug-treated mothers showed more resting behavior than vehicle-
treated dams. In summary, although the effects of paroxetine treatment on maternal behavior
are minimal, a future cross fostering study could be employed to determine if paroxetine-
induced reduction of passive nursing played any role in contributing to bLR offspring’s later
emotional abnormalities.

4.5 Technical considerations

Numerous rodent studies report behavioral and neural abnormalities following perinatal
antidepressant exposure. While many findings are consistent across studies, there are
discrepancies that likely stem from technical variations, including using different (a)
antidepressant drugs [chlorimpramine, fluoxetine, citalopram, paroxetine, desipramine,
zimeldine, LU-10-134C, nomifensine]; (b) route of drug administration [oral, intraperitoneal
injection, osmotic minipump]; (c) species (mouse/rat) or strain used; and (d) timing of drug
administration — during pregnancy (Vorhees et al., 1994, Bairy et al., 2007, Forcelli and
Heinrichs, 2008, Van den Hove et al., 2008); portions of the first three postnatal weeks
(Mirmiran et al., 1981, Hilakivi and Hilakivi, 1987, Hilakivi et al., 1987a, Hilakivi et al.,
1987b, Hilakivi et al., 1988, Feenstra et al., 1996, Hansen et al., 1997, Kinney et al., 1997,
Vijayakumar and Meti, 1999, Yannielli et al., 1999, Ansorge et al., 2004, Maciag et al.,
2006a, Maciag et al., 2006h, Popa et al., 2008, Lee, 2009, Weaver et al., 2010, Simpson et
al., 2011); or throughout gestation and the first three postnatal weeks (Lisboa et al., 2007,
Bourke et al., 2013b). The vast majority of these studies focus on the effects of neonatal
antidepressant exposure on male offspring with the exception of perhaps only one or two
studies that also examine effects in females (Lisboa et al., 2007, McAllister et al., 2012).
This is an important oversight and a limitation of our own study since our behavioral and
gene expression studies used only male offspring. Considering the disproportionate
incidence of depression and other mood disorders in women versus men, it is certainly
important to consider how females may be differentially impacted by early life
antidepressant exposure. Thus, it will be important to include females in future studies to
determine if perinatal SSRI exposure elicits similar behavioral and neural effects in bLR
females, and whether bHR female offspring are resistant to its effects akin to their male
counterparts.

One of the more popular paradigms is injecting pups with antidepressant drugs from P8-21
(Maciag et al., 2006a, Maciag et al., 2006b, Ansorge et al., 2008, Popa et al., 2008, Weaver
etal., 2010, Simpson et al., 2011). Ansorge and colleagues conducted an elegant experiment
where they analyzed drug levels 1, 2, 4, 8, and 18 days after drug treatment initiation
(collecting blood and brain samples 24 hours after the last injection). Fluoxetine and its
metabolite norfluoxetine reached steady state levels after 2—4 days of treatment.
Interestingly, they found that clomipramine, citalopram and desipramine did not produce
steady state levels, indicating that the injections only lead to transient periods of SERT
blockade each day (Ansorge et al., 2008). This highlights one of several important factors
that distinguish different types of SSRIs. For instance, SSRIs differ in selectivity for
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serotonin over norepinephrine reuptake transporters (e.g., citalopram is 60 times more
selective than fluoxetine and about 12 times more selective than paroxetine(Hyttel, 1993)).
Different SSRIs also exhibit varying affinity for non-serotonergic receptors; and have
distinct half-lives (e.g., paroxetine half-life in humans is 24 hours (Preskorn, 1993) at a dose
of 20 mg/day, but may be longer at higher doses due to autoinhibition; fluoxetine half-life is
2-4 days (Goodnick, 1991, Preskorn, 1993) while its active metabolite, norfluoxetine, has a
half-life of 7-15 days; citalopram half-life is 1.5 days(Milne and Goa, 1991)).

For our study, we chose to treat the pregnant and lactating dams with the SSRI paroxetine
(10 mg/kg/day) via drinking water. This route of administration was chosen, in part, to
minimize stress on mothers and pups, since previous studies show that both bHRs and bLRs
are particularly stress-sensitive (Kabbaj et al., 2000, Kabbaj, 2004, Clinton et al., 2008,
Stedenfeld et al., 2011). This drug-treatment method was previously shown to reduce
depression-like behavior in adult rodents (Muigg et al., 2007), which is consistent with our
results in Experiment 1 showing that chronic paroxetine given in drinking water reduced
adult bLR males’ FST immobility. One caveat to this method of administration is that as the
pups become more mobile during the second or third postnatal weeks, they are likely
receiving paroxetine directly via drinking water, likely inflating the dose they are receiving.

Our treatment paradigm lead to paroxetine serum levels of 147 ng/ml and brain tissue levels
of 1.94 ug/g in adult animals (values averaged across bHR/bLR animals since there were no
phenotypic differences). We found a clear effect of perinatal paroxetine exposure on bLRs’
adult behavior (paradoxically increasing FST immobility) while bHR offspring were not
affected, although a limitation of our study is that we only confirmed paroxetine levels in
brain tissue from drug-exposed bLR pups and unfortunately did not have bHR brain tissue
samples available for similar analysis. The concentration of paroxetine in brain tissue of P7
pups was notably lower (0.28 ug/g) than drug levels observed in brain tissue of adult drug-
treated bHR/bLR animals (1.94 pg/g). This is expected, though, as only a fraction of the
maternal dose is transferred via lactation. We found that serum paroxetine levels in
chronically-treated adult bHR/bLR rats were analogous to the plasma levels previously
reported in adult paroxetine-treated rats (Muigg et al., 2007, Karanges et al., 2011) and
within the human therapeutic range (DeVane, 1999). Prior studies indicate that placental
transfer of drug to offspring range from 30-70% of the maternal dose for fluvoxamine and
fluoxetine (Noorlander et al., 2008). Besides sertraline, paroxetine reportedly has the lowest
placental transfer ratio in humans despite its elevated teratogenic risks relative to other
SSRIs (Hendrick et al., 2003). In future experiments, determining the paroxetine
concentration in utero (or perhaps at birth) will be of utmost interest to determine the
amount of drug the offspring are exposed to throughout gestation and whether placental
transfer of paroxetine differs in bHRs versus bLRs.

Finally, one drawback of our microarray experiment is that we solely focused on perinatal
paroxetine-induced gene expression changes in developing and adult bLR offspring, without
also examining such effects in bHRs. It was cost prohibitive to include these additional
experimental groups, although it would have provided useful information in terms of
whether neonatal paroxetine exposure specifically perturbs bLRs’ developmental gene
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expression (as it selectively elicits behavioral abnormalities), while bHRs may have not been
affected.

Conclusions—Human and rodent studies alike point to potential hazards of early-life
SSRI exposure. Our present data concur with previous work showing that neonatal exposure
to SSRI paroxetine elicits lasting emotional behavior abnormalities. An important
contribution of the present work is that we demonstrate individual differences in
vulnerability to these effects, showing that rats predisposed to an anxiety-/depression-like
phenotype (bLR) were particularly susceptible to the behavioral consequences of perinatal
paroxetine exposure, while animals that typically exhibit low spontaneous levels of anxiety-/
depression-like behavior coupled with high risk-taking/aggression/impulsivity (bHR) are
resistant to its effects. Moreover, our microarray experiment revealed widespread perinatal
paroxetine-induced gene expression changes in the developing and adult brain, particularly
the hippocampus. Our results unveiled novel molecular pathways that are perturbed in
response to neonatal paroxetine exposure, pointing to potential neurobiological mechanisms
that underlie its effects on emotional behavior. Of course, it is important to keep in mind the
significant differences in the drug metabolism, placental drug transfer, and
neurodevelopmental timelines between rodents and humans when attempting to extrapolate
rodent findings to humans (as well as possible differences that exist between different
classes of antidepressants or different types of SSRIs). Nonetheless, rodent models such as
ours offer indispensable tools to better understand neurobiological mechanisms relevant to
perinatal SSRI exposure, and may be helpful in identifying treatment alternatives that will
maximize health and safety of depressed mothers and their children.
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Figure 1. Treating adult rats with the SSRI paroxetine improves bLRs’ depression-like behavior,
but has no effect on bHRs

(A) Experimental timeline showing that adult bHR and bLR males were chronically treated
with the SSRI paroxetine (10mg/kg/day, p.o.) for two weeks prior to behavioral evaluation
and throughout testing. (B) Vehicle-treated bLRs spent significantly more time immaobile in
the forced swim test (FST) compared to bHR rats, although chronic paroxetine treatment
improved bLRs’ depression-like behavior, leading to reduced FST immobility. bHRs’ FST
performance was not affected by paroxetine treatment. (C) bHR rats generally exhibited
greater locomotor response to novelty (distance traveled in the Open Field Test; OFT)
compared to the bLR groups; paroxetine treatment had no effect on either strain in the OFT.
(D) In the Elevated Plus Maze (EPM), both bHR groups spent significantly more time in the
open arms compared to bLR animals; paroxetine treatment had no effect on this measure in
either strain. (E) bLR exhibited significantly greater stress-induced defecation in the EPM
compared to bHRs; paroxetine treatment had no effect on this measure in either strain. *
indicates p<0.05; ** indicates p<0.01; *** indicates p<0.001
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Figure 2. Paroxetine treatment has minimal effects on bHR/bLR maternal behavior
Graphs depict the average number of daily behavioral observations during the first two

postpartum weeks, with data shown separately for the light phase (left column A, C, E, G)
and dark phase (right column B, D, F, H). (A) All mothers displayed more licking/grooming
behavior during the light phase of postpartum week one versus two. (B) There was a week x
treatment interaction on licking/grooming in the dark phase. There were no clear effects of
paroxetine treatment or bHR/bLR phenotype on licking/grooming behavior. (C) Dams
displayed more arched-back nursing during the light phase of postnatal week one versus
two, with no effects of paroxetine or bHR/bLR phenotype. (D) Dams displayed more
arched-back nursing during the dark phase of week one versus week two. There was a main
effect of phenotype on arched-back nursing, with bLRs exhibiting more arched-back nursing
than bHRs. (E) Most dams dramatically increased their amount of passive nursing during
the light phase from postnatal week one to two. However, there was a marked effect of
paroxetine treatment on passive nursing, specifically within bLR dams, since they showed
less passive nursing than the other groups during the light phase. (F) Dams spent more time
passive nursing during the dark phase in week one versus week two, but there was no effect
of phenotype or treatment. (G) The dams generally spent more time resting during the light
phase during the second versus first postnatal week, although, interestingly, paroxetine-
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treated dams (both bHR and bLR females) spent more time resting than vehicle-treated
dams. (H) During the dark phase, dams spent more time resting in week two versus week
one. There was a main effect of phenotype, with bLRs generally displaying more time
resting compared to bHR dams. There was also an effect of paroxetine treatment, with
paroxetine-treated dams (both bHR and bLR females) exhibiting increased resting in the
dark phase. # indicates main effect on postnatal week; $ indicates main effect of paroxetine
treatment; % indicates main effect of bHR/bLR phenotype, & indicates a week x treatment
interaction; ” indicates a week x phenotype interaction; a indicates bLR-Paroxetine is
significantly reduced compared to any of the 3 other conditions (p<0.007).
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Figure 3. Perinatal exposure to the SSRI paroxetine exacerbates bLR offspring’s adult
depression-like behavior, but has no effect on bHR offspring

(A) Experimental timeline showing that adult bHR/bLR females were treated with the SSRI
paroxetine (10mg/kg/day, p.o.) for one week prior to mating, throughout gestation until the
offspring were weaned on postnatal day (P)21. Adult male offspring underwent behavioral
assessment beginning on P75. (B) bLR rats generally exhibited greater forced swim test
(FST) immobility compared to bHR rats. However, bLR offspring that were exposed to
perinatal paroxetine treatment showed even greater FST immobility compared to vehicle-
exposed bLR offspring. bHR offspring, on the other hand, were unaffected by the perinatal
SSRI exposure. (C) bHRs showed greater novelty-induced locomotion compared to bLRs
but perinatal paroxetine exposure did not affect this measure in either strain. (D) In the
Elevated Plus Maze (EPM), both bHR groups spent more time in the open arms compared to
bLRs, with no effect of perinatal paroxetine on either group. (E) bLR rats showed greater
stress-induced defecation than bHRs in the EPM, but perinatal SSRI1 exposure did not affect
this measure for either group. * indicates p<0.05; ** indicates p<0.01
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Figure 4. Perinatal SSRI exposure induces marked developmental gene expression changes in

bLR hippocampus and amygdala

Adult bLR females were treated with the SSRI paroxetine (10mg/kg/day, p.o.) or vehicle for
one week prior to mating, throughout gestation until the offspring were weaned on postnatal
day (P)21. Groups of male offspring were sacrificed on postnatal day (P)7, P14, P21, and
P75 and hippocampal and amygdalar tissue was dissected for microarray experiments. Lists
of genes that were significantly altered by perinatal SSRI treatment were selected based on
volcano plot filtering with a fold change (FC) cut-off > 1.5, and p-value < 0.05 following
Bonferroni FWER multiple test correction. Volcano plots show data for the (A)
hippocampus and (B) amygdala at each developmental timepoint. (C) In the amygdala,
perinatal SSRI exposure lead to few gene expression changes at P7 (when only 3 genes were
altered), but steadily greater numbers of altered genes from P14 through adulthood (P75;
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black triangles, solid line). In the hippocampus, perinatal SSRI exposure altered expression
of several hundred genes at P7. The number of altered genes in the hippocampus steadily
dropped to 80 genes by P21, but resurged to 360 altered genes by adulthood (white triangles,
dashed line). (D) Of the differentially expressed transcripts in the developing amygdala, all 3
were up-regulated at P7 while the majority of transcripts were down-regulated at P14, P21,
and P75. (E) In the hippocampus, the vast majority of differentially expressed genes were
down-regulated at P7 and P14; however, by P75 almost all of the differentially expressed
genes were up-regulated.
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Figure 5. Perinatal SSRI exposure differentially impacts the transcriptomes of the hippocampus
and amygdala

Venn diagrams were generated in GeneSpring (v12.6) to demonstrate the number of gene
transcripts that were altered by perinatal paroxetine exposure across multiple developmental
ages (A & B) or in the both amygdala and hippocampus (C). (A) In the amygdala, few genes
were differentially regulated across multiple ages: 32 genes were differentially expressed in
the amygdala at both P14 and P21; 18 genes at both P21 and P75; 7 genes at both P14 and
P75; and 8 genes at P14, P21, and P75. The three genes that were differentially expressed in
the P7 amygdala were not altered at later ages. (B) In the hippocampus, 145 genes were
differentially regulated at P7 and P14; 105 genes at P7 and P75; and 57 genes at P7, P14,
and P75. Two genes were differentially regulated in all 4 time points analyzed (Calm2,
NM_017326; Psmd1, NM_031978) (C) There was surprisingly little overlap in the genes
altered by perinatal SSRI exposure in the developing amygdala (AMY) and hippocampus
(HPC). Zero transcripts were commonly changed in the HPC and AMY at P7, with 2 genes
overlapping at P14, 12 genes overlapping at P21, and 13 overlapping genes at P75.
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Figure 6. Partitional clustering of gene expression profiles in amygdala following perinatal SSRI
exposure

Partitional clusters were generated in GeneSpring (v12.6). In the amygdala data set, 80
genes that passed volcano plot filtering in the P75 data were assigned to 6 clusters based on
similarity of expression profiles (shown in normalized intensity values on the y-axis).
Developmental gene expression patterns from P7 through P75 are shown from left to right
for perinatal vehicle-exposed controls (white background, left) and perinatal SSRI-exposed
(blue background, right) bLR offspring. Time points are shown with equidistant spacing
despite different intervals between some of the time points. Each line represents a gene, and
line color reflects normalized intensity value at P75 in the SSRI-exposed group (far right
point in each cluster). The black line indicates mean expression profile for each cluster. GO
analysis of transcripts within each cluster revealed significant enrichment for specific GO
terms in clusters 4 (GO:0005833, hemoglobin complex; p = 0.0000504) and 5 (GO:
0043229, intracellular organelle; p = 0.033) (p<0.05 after multiple test correction).
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Figure 7. Partitional clustering of gene expression profiles in hippocampus following perinatal
SSRI exposure

Partitional clusters were generated in GeneSpring (v12.6). In the hippocampus data set, 360
genes that passed volcano plot filtering in the P75 data were assigned to 10 clusters based on
similarity of expression profiles (shown in normalized intensity values on the y-axis).
Developmental gene expression patterns from P7 through P75 are shown from left to right
for perinatal vehicle-exposed controls (white background, left) and perinatal SSRI-exposed
(blue background, right) bLR offspring. Time points are shown with equidistant spacing
despite different intervals between some of the time points. Each line represents a gene, and
line color reflects normalized intensity value at P75 in the SSRI-exposed group (far right
point in each cluster). The black line indicates mean expression profile for each cluster. GO
analysis of genes in each cluster revealed significant enrichment for specific GO terms in
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cluster 2 (GO:0003735-G0:0003742, structural constituent of ribosome; p = 4.81 x
10713), cluster 3 (GO:0016676, oxidoreductase activity, acting on a heme group of donors,
oxygen as acceptor; p = 0.05), cluster 4 (GO:0008021, synaptic vesicle; p = 0.034), cluster
6 (GO:0033673, negative regulation of kinase activity; p = 0.039), and cluster 7 (GO:
0022008, neurogenesis; p = 0.006) (p<0.05 after multiple test correction).
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