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Abstract

Purpose: Associations have been made between maternal selective serotonin reuptake inhibitor 

(SSRI) use during pregnancy and altered behavior in offspring, including an increased risk of 

autism. Given the important role serotonin plays in behavior, we hypothesized SSRI exposure in 

the perinatal period would alter central serotonin receptor expression and program adult behaviors 

in mice.

Methods: Female mice were injected with sertraline or saline throughout pregnancy. Offspring 

continued to receive injections on postnatal days 1–14, a time period in mice similar to the third 

trimester in human pregnancy. Adult offspring underwent behavioral testing and serotonin receptor 

mRNA levels were quantified.
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Results: Compared to controls, SSRI exposed mice did not have a reduction in social 

interactions, spatial learning, or exploratory behavior. As adults, sertraline exposed mice had 

significantly increased mRNA levels of multiple 5-HT receptors, serotonin transporter (5-HTT), 

and tryptophan hydroxylase isoform 2 in the cerebral cortex.

Conclusion: Although no behavioral phenotype was observed, SSRI exposure in the perinatal 

period permanently alters cerebral receptor mRNA levels. We speculate these shifts in mRNA 

expression provide important compensation during SSRI exposure. Further pre-clinical and 

clinical investigation into additional serotonin-regulated phenotypes is necessary to further assess 

the long-term implications of perinatal SSRI exposure.
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Introduction

The use of selective serotonin reuptake inhibitors (SSRIs) to treat depression during 

pregnancy is increasing. SSRIs are now prescribed to 6–10% of pregnant women in the 

United States with limited knowledge on the long term effects on child health [1, 2, 3, 4, 5]. 

SSRIs work by inhibiting the serotonin transporter (5-HTT), thereby increasing extracellular 

serotonin (5-HT). 5-HT is an important neurotransmitter involved in modulating many of the 

body’s physiologic and behavioral functions. Several studies have highlighted the 

importance of 5-HT in neuronal cell proliferation, migration, apoptosis, and synaptogenesis 

[6]. Because SSRIs can cross the placenta and enter fetal circulation, there is concern that 

disruptions in 5-HT signaling may have important consequences to the developing brain. 

Since SSRIs are a newer class of drug that have become popular over the last two decades, 

limited long term clinical data exists.

The neonatal effects from intrauterine SSRI exposure have been extensively studied, but the 

long term effects on neurodevelopment continue to be controversial. Prenatal exposure to 

SSRIs has been associated with delayed psychomotor, fine motor, and gross motor 

development [7]. Additionally, changes in social-emotional and adaptive behaviors have 

been reported [8, 9, 10]. More recently, several investigators have reported an increased risk 

of autism spectrum disorders in children exposed to SSRIs in utero [11, 12, 13, 14, 15]. 

However, these findings continue to be controversial due to confounding factors as well as 

other studies demonstrating normal development in SSRI exposed infants [16, 17, 18]. Two 

animal studies have demonstrated that SSRI exposure during development leads to altered 

adult behavior. Neonatal citalopram exposure in rats leads to changes in adult behavior and 

serotonin circuitry [19]. Fluoxetine exposure during rodent development also produced 

abnormal emotional behaviors in adults [20]. Using a mouse model of SSRI exposure during 

pregnancy, we hypothesized SSRI exposure would alter central serotonin receptor 

expression and program adult behaviors in mice.
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Methods

Animal model.

All procedures were approved by the University of Iowa Animal Care and Use Committee. 

To fully encompass SSRI exposure throughout human pregnancy, we used an intrauterine 

plus neonatal exposure animal model and injected mice with sertraline, the most commonly 

prescribed SSRI in pregnant women [4]. C57BL/6 adult female mice (Jackson Laboratory, 

Bar Harbor, ME) were randomized to receive intraperitoneal sertraline (5 mg/kg/d) or saline 

(10 ml/kg/d). Female mice receive daily injections throughout pregnancy to time of delivery. 

Pups were culled into litters of 6 and cross-fostered to avoid a carryover effect of maternal 

SSRI exposure on fostering. To maintain a similar exposure throughout the period of 

neurodevelopment in mice, pups received intraperitoneal sertraline (1.5 mg/kg/d) or saline (3 

ml/kg/d), approximately 1/3rd of the maternal dose to reflect placental transfer during 

pregnancy, on PN days 1–14. The neonatal exposure matched the prenatal exposure. 

Sertraline levels on PN 14 were analyzed as previously described [21]. In past investigations, 

newborn mice received 5 mg/kg/d sertraline from postnatal days 1 to 14 and had plasma 

sertraline levels of 18.9 ng/ml [21]. While those sertraline levels approximate maternal 

levels [29], placental extraction would be expected to lower fetal exposure to approximately 

1/3rd that level. We thus optimized our model to include 5 mg/kg/day sertraline dosing of 

adult female mice throughout pregnancy, followed by two week administration of 1/3rd that 

dose once the pups were born, targeting estimated sertraline levels in the offspring of <10 

ng/ml [23]. Pups were weighed daily during injections, on PN 21, and at 20 weeks of age. 

Studies were performed in adult male and female mice. Whole-brain tissue was dissected, 

weighed, and stored for RNA analysis in euthanized mice.

Social interaction.

Social interaction was assessed using a tripartite chamber as previously described in adult 

mice who received perinatal sertraline and saline injections [22]. The amount of time spent 

in each chamber was measured, along with the amount of time spent interacting (sniffing) 

with the stranger mouse versus the empty enclosure. As a screen for impaired social 

interaction, the percentage of sniffing time directed towards the stranger mouse was 

determined. Poor social interaction was identified whenever this value was >1 standard 

deviation below the colony mean. Two independent investigators who were blinded to group 

assignment scored the videos.

Anxiety/Fear response.

Anxiety and fear were measured using an elevated plus maze apparatus as previously 

described [22]. The mice underwent a testing trial of 5 minutes by being placed on the 

central platform of the plus maze, and allowed to explore all arms of the maze freely. The 

amount of time spent in the open and closed arms was recorded using video tracking 

software (ANY Maze version 4.98, Stoelting Co.).
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Spatial learning.

Spatial learning was assessed using a Barnes maze as previously described [22]. Sertraline 

and saline injected mice underwent 3 min trials in triplicate on 5 consecutive days. The 

amount of time taken to find the escape hole was measured using video tracking software 

(View-Point Life Sciences, Inc. Montreal, Canada). If a mouse did not find the escape hole 

during a particular trial, the mouse was placed next to the escape hole and allowed to escape 

spontaneously; latency to escape was then assigned a maximum value of 3 minutes. Trials 

were performed at 30 min intervals.

Serotonin transporter protein and serotonin receptor expression.

In adult mice that received sertraline or saline injections, mice were euthanized and the brain 

was quickly dissected, bluntly segmented, weighed and stored in RNA later (Qiagen, 

Valencia, CA) until purification with RNeasy kits (Quiagen). Initial coronal sectioning 

removed the olfactory bulbs anteriorly, as well as the cerebellum and medulla posteriorly. 

The remaining brain was then sectioned superiorly and laterally to obtain a sample labeled 

cerebral cortex. RNA was quantitated using a NanoDrop ND-1000 spectrophotometer 

(Labtech International, East Sussex, UK). Reverse-transcription reactions were performed 

on 0.5 μg total RNA with the addition of oligo dT, dNTPs, DTT, RNasin, and Superscript III 

reverse transcriptase (Invitrogen). Quantitative real-time reverse transcriptase PCR utilized 

the TaqMan reagent and instrumentation systems (Applied Biosystems, Foster City, CA). 

Taqman gene expression assay primer/probe sets for mouse 5-HTT (assay 

ID=Mm00439391_m1), tryptophan hydroxylase (TPH1 assay ID=Mm00493794_m1 and 

TPH2 assay ID=Mm00557715_m1), and 5-HT receptors were purchased from Applied 

Biosystems (5HT1A assay ID= Mm00434106_s1; 5-HT2A assay ID=Mm00555764_m1; 5-

HT2B assay ID=Mm00434123_m1; 5-HT2C assay ID=Mm00434127_m1; GAPDH served 

as the endogenous control to calculate ΔΔCT (assay ID=Mm99999915_g1). Given that the 

reaction efficiencies for the assays are matched by design, we used the ΔΔCT method for 

quantification.

Data analysis.

All values are presented as means ± SEM. Statistical comparisons were performed by two-

tailed t-tests. One way ANOVA was used for between-group comparisons. Fisher’s exact test 

was used to compare categorical variables. Analysis was performed using Sigma Plot 12.5. 

A p value of ≤ 0.05 was considered significant. To correct for multiple comparisons, 

Bonferroni correction was performed and p<0.007 was considered significant for cortex 

mRNA expression.

Results

Exposure Model.

Dam weights at initiation of breeding were not different. Sertraline exposed mice had 

significantly increased weights during the neonatal exposure compared to control mice 

(Figure 1A, N= 14 sertraline, 14 saline). Sertraline levels in pups at the end of 14 days were 

< 10 ng/mL (N=8), consistent with umbilical levels in humans [23]. There were no 
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differences in weights at the time of weaning (PN day 21) or at 20 weeks of age (time of 

behavioral testing) between the control mice and sertraline-exposed mice (Figure 1B, and 

1C, respectively, N= 22 sertraline, 20 saline). The cerebral cortex weights were not different 

between the groups (sertraline 250 ± 4 mg, saline 249 ± 4 mg, p=0.87, N= 27 sertraline, 32 

saline). No sex differences were observed between the two groups.

Social Interaction.

There was no significant difference between groups in the average time spent in either 

chamber or in the amount of time sniffing the stranger mouse versus time sniffing the empty 

enclosure (Figure 2A, N= 24 sertraline, 23 saline).

Anxiety/Fear Response.

No differences were noted between the groups in the amount of time spent in the open arm 

versus closed arm of the elevated plus maze (Figure 2B, N=24 sertraline, 23 saline).

Spatial Learning.

No significant differences were noted in spatial learning between the groups on any of the 

testing days (Figure 2C, N= 24 sertraline, 23 saline). The time to find the escape hole 

improved from the baseline on days 3, 4, and 5 for both groups. When the escape hole was 

in a different location (day 5 reverse), sertraline mice tended to find the escape hole faster 

than control mice (Day 5 Reverse: sertraline 113.0 ± 17.6 s, saline 157.6 ± 20.4 s, p=0.10).

Serotonin transporter protein and serotonin receptor mRNA levels.

Perinatal sertraline exposure led to a significant increase in cerebral cortex 5-HT1A and 5-

HTT mRNA levels compared to control mice (Figure 3A and 3B, N= 27 sertraline, 29 

saline). Significant increases were also detected in cerebral cortex 5-HT2A, 5-HT2C, and 

tryptophan hydroxylase isoform 2 (TPH2) (Figure 3C, 3E, and 3G, N= 17 sertraline, 19 

saline). No differences were detected in cerebral cortex mRNA levels of 5-HT2B or TPH1 

(Figure 3D and 3F, N=17 sertraline, 19 saline), in both cases, this was associated with low 

levels of mRNA expression (ΔCT values of 29 and 27, respectively).

Discussion

With the increasing use of SSRIs in pregnancy, it is crucial to investigate the long term 

neurodevelopmental consequences of SSRI exposure. Clinical studies have been mixed 

focusing on timing of exposure and behavioral changes. Late in utero exposure to SSRIs has 

been associated with neonatal adaptation syndrome and increased motor activity, altered 

sleep and rapid eye movement, and altered responses to pain [24]. Croen et al. demonstrated 

in the first large population-based study that a twofold increased risk of autism spectrum 

disorder (ASD) was associated with maternal SSRI exposure the year before delivery and a 

threefold increased risk for ASD when SSRI exposure occurred during the first trimester of 

pregnancy [11]. Subsequent studies also found similar associations with SSRI use in the first 

trimester and increased risk of ASD [12, 25]. However, Simon et al. [26] found normal 

mental and psychomotor development in children following maternal SSRI treatment in 

pregnancy and Hviid et al. [27] found no significant associations with SSRI exposure and 
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ASD. Given the complex interplay of maternal factors, environmental factors, and genetics, 

it is very difficult to determine the long term neurodevelopmental effects of in utero SSRI 

exposure, thus making animal studies ideal.

To our knowledge, this is the only animal model encompassing fetal and neonatal SSRI 

exposure to better replicate exposure throughout human pregnancy. In mice, serotonergic 

neurons are generated on embryonic days 10–12 and raphe neurons can synthesize 5-HT and 

begin to extend profuse axon tracts one day later [6]. The raphe neurons express 5-HTT 

shortly after neurogenesis and throughout life, while 5-HTT is expressed transiently from 

embryonic day 15 to postnatal day 10 in other areas including the sensory thalamic neurons, 

neurons in anterior cortex, the hippocampus, the superior olive, and sensory ganglia neurons 

and retinal ganglion cells [6] thus demonstrating the need for prenatal and postnatal 

exposure. Additionally, in rodents, postnatal days 1–3 corresponds developmentally with 

23–32 week gestation, postnatal days 7–10 corresponds developmentally with 36–40 week 

gestation infants, and postnatal days 20–21 corresponds with a 2–3 year old child [28]. Peak 

brain growth occurs between postnatal days 7–10 [28].

The key findings in our model were the changes in 5-HT receptor, 5-HTT and TPH2 mRNA 

levels in the cerebral cortex months after the exposure window ended thus demonstrating 

long-standing changes in 5-HT brain circuitry. These findings were not associated with 

behavioral changes in social interaction, fear responses, or spatial learning. However, it is 

important to note that our broad based behavioral tests were limited and more specific 

testing should be performed. Our findings are important as the safety profile of SSRIs in 

pregnancy continues to be an area of concern. 5-HT is one of the earliest neurotransmitters 

that is expressed, playing an important role in synaptogenesis, neurite outgrowth, and 

neuronal migration [6]. Many studies have focused on the synthesis, transport, and 

metabolism of 5-HT. TPH2 is the rate-limiting enzyme for synthesis of brain 5-HT [29]. 5-

HT is stored in presynaptic vesicles, released in to the synaptic cleft to produce a 

biochemical effect, and taken from the synaptic cleft back to presynaptic vesicles through 

the 5-HTT. 5-HTT expression is directly associated with sufficient 5-HT levels available in 

the presynaptic cleft. Similar to our findings, two rat studies demonstrated that juvenile 

SSRI administration with fluoxetine upregulated 5-HTT in cortical regions with no overt 

behavior changes [30, 31]. We previously demonstrated increased expression of 5-HTT in 

the midbrain and cortex after postnatal exposure to sertraline from days 1–14 [21]. In this 

model using in utero and neonatal exposure, we again demonstrated increased expression of 

5-HTT in the cortex. Although we anticipated a transient increase in 5-HTT due to the 

pharmacologic inhibition by sertraline, the changes in 5-HTT expression persist long after 

the SSRI exposure. Despite the importance of 5-HTT in regulation of available 5-HT, 

targeted deletion of the 5-HTT in mice caused no gross abnormalities of brain development 

and only axon connection deficits [6]. The limited neurological findings in 5-HTT knockout 

mice may highlight the presence of redundant systems or the relative importance of 5-HT 

receptors and their specific role during development. Additionally, we know that 5-HTT 

gene polymorphisms influence the pharmacologic response to SSRIs [32] and autism 

vulnerability and symptom severity in humans [33] which could play a role in why no 

behavioral phenotype was observed in the sertraline treated mice.
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The complexities of the 5-HT system, including the large number of 5-HT receptor families 

and subtypes, have made it challenging to determine 5-HT’s role in psychiatric disorders. 

The 5-HT receptors we investigated all are either inhibitory or stimulatory Gprotein coupled 

receptors. However, the direct effect of neural activation by 5-HT is also dependent on the 

expression patterns in the brain region, the affinities for 5-HT, and the specific neuron cell 

type activated.[34] In addition, 5-HT can have opposing effects depending on the receptors 

activated. 5-HT can hyperpolarize pyramidal neurons through the activation of 5-HT1A 

receptors with the resultant effect of reduced firing activity of the pyramidal neurons while 

at the same time depolarizing the same neurons through 5-HT2A receptors and increasing 

their excitability.[35] Additionally, the impact of these two receptors in the modulation of 

the activity of GABAergic interneurons is still poorly understood.[35] The 5-HT1A receptor 

is one of the most-well studied receptors in psychiatric diseases. 5-HT1A receptors function 

both at presynaptic (autoreceptor) and post-synaptic (heteroreceptor) sites, leading to auto-

inhibition of 5-HT release and mediation of the effects of released 5-HT [36]. The 5-HT1A 

receptors are expressed during development and exhibit complex patterns during 

development. Global reductions in 5-HT1A receptor expression in knockout mice lead to 

increased anxiety-related behavior in adult animals [6]. Significant reductions were also 

observed in the 5-HT1A and 5-HT2A receptor binding density in the posterior cingulate 

cortex and fusiform gyrus in a study using post-mortem brain tissue from autistic and 

control individuals [33]. The 5-HT2A receptor has been demonstrated to have an important 

role in executive function with both animal and human studies linking psychiatric diseases 

with disruptions in the 5-HT2A receptor system [37]. Our study demonstrated increased 

mRNA levels of the 5-HT1A receptor and 5-HT2A receptor in the cortex which may 

contribute to why no behavioral phenotype was observed.

Additionally, we observed increased cortex mRNA levels of TPH2 and 5-HT2C receptor. It is 

unclear exactly why TPH2 mRNA levels would be increased in the setting of SSRI 

administration. Shishkina et al. importantly demonstrated similar up-regulation of TPH2 

mRNA after 4 and 8 weeks of treatment with fluoxetine in the midbrain of rats that was 

accompanied by an antidepressant-like effect in the forced swim test.[38] The authors felt 

the fluoxetine effects depended on TPH2 mRNA and 5-HT values which was also consistent 

with data on serotonergic neuron activity. [38] It is possible that 5-HTT inhibition leads to 

intracellular 5-HT deficiency and this could drive de novo 5-HT synthesis by TPH2. 

Polymorphisms in the TPH2 gene have been associated with multiple psychiatric disorders 

[29]. In a study with mutant TPH2 mice, impairments in reversal learning and cognitive 

flexibility, accompanied by perseveration behaviors were observed and were corrected by 

stimulation with the 5-HT2C receptor agonist [29] though there is very little evidence to 

suggest that 5-HT2C receptors have a role in modulation of cortical activity. [35] Our model 

showed increases in cortex TPH2 and 5HT2C mRNA which potentially could attenuate 

behaviors based on above mentioned studies. Given the complexity of the 5-HT receptor 

subtypes and the overlap in psychiatric diseases, further studies are needed to tease out the 

impact of individual 5-HT receptors versus the interplay of multiple 5-HT receptors on 

psychiatric diseases. Since our mice were exposed to the SSRIs during development, it will 

also be important to determine if increased expression of 5-HT receptors, transporters, and 

related enzymes persist at multiple time points after the exposure ceases.
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With this exposure model, sertraline exposed pups had higher body weights than the control 

group between postnatal days 3–14. This is contradictory to our prior model in which pups 

had decreased weights during and at the end of the acute exposure [21, 39]. In the previous 

neonatal exposure model, our dosing regimen was 5 mg/kg/d of sertraline during the first 14 

postnatal days which yielded sertraline levels consistent with maternal levels, exposing pups 

to a relatively high exposure which exceeded in utero exposure and led to a hypermetabolic 

state [37]. This new model accounted for placental passage of the medication and pups only 

received 1/3rd of the maternal dose, which likely explains why no weight loss was observed.

Several important limitations of this study exist. First and foremost, we did not correlate our 

mRNA levels with protein expression. It is important to note as not all mRNA levels provide 

consistent protein levels. Of note, elegant investigations recently demonstrated strong 

correlations between mRNA and protein expression within the cerebral cortex for a number 

of 5-HT receptors, including 5-HT1A receptor and 5-HT2A receptor [40]. Secondly, we may 

have missed a behavioral phenotype in our model. Although three classical behavioral 

assays were utilized to look for a programmed behavioral phenotype, additional tests are 

available that could further evaluate for specific features of autism, anxiety, cognitive delays, 

motor delays, or depression. Furthermore, we performed the behavioral testing only in adult 

mice. Future studies should include behavioral testing at earlier developmental time points.

Our findings add to the growing body of literature that demonstrate long standing changes 

from perinatal SSRI exposure in mice. Although we did not observe a behavioral phenotype 

in this model, further research is needed. Scientific investigations must continue to help 

distinguish effects from the medication versus effects from the underlying disease. Given the 

frequency of SSRI use during pregnancy, it is critical to monitor the neurodevelopment of 

children of women treated with SSRIs.
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Figure 1. 
Body weights on (A) postnatal days 1–14, (B) day 21, and (C) 20 weeks of age for 

sertraline-exposed and control mice.
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Figure 2. 
Behavioral testing of sertraline-exposed and control mice including A) social interactions in 

tripartite chamber, B) anxiety/fear in elevated plus maze, and C) spatial learning in Barnes 

maze.
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Figure 3. 
Expression levels of cortex 5-HT receptors, the serotonin transporter (5-HTT), and 

tryptophan hydroxylase 2 in sertraline-exposed and control mice by RT-PCR. **p<0.007.
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