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Abstract
Background

Prenatal exposure to selective serotonin reuptake inhibitor (SSRI), such as fluoxetine (FLX) may increase
susceptibility to autism spectrum disorder (ASD). However, findings from published studies on SSRI and
ASD are inconsistent. The use of a rodent model can provide a clear indication as to whether prenatal
exposure to SSRIs, independent of maternal psychiatric disorders or genetic syndromes, can cause long-
term behavioral and ASD-related neurobiological abnormalities in offspring.

Methods

FLX or normal saline (NS) was administered to pregnant Sprague-Dawley (SD) rats (FLX=30, NS=27) on
gestation day 11 till birth. The resulting offspring were assessed in terms of their physical development
and behavior, and underwent in vivo magnetic resonance spectroscopy ( MRS) to quantify biochemical
alterations in the prefrontal cortex (PFC). Ex vivo measurements of brain serotonin level and a proteomic
analysis were also undertaken.

Results

The offspring (male offspring in particular) of fluoxetine exposed mothers showed delayed physical
development, increased anxiety and impaired social interaction. Moreover, down-regulation of 5-HT or
SERT expression and up-regulation of TPH levels was observed in the PFC. We also found that prenatal
FLX exposure significantly decreased NAA/tCr with 1 H-MRS in the PFC. Finally, a proteomic study
revealed sex-dependent differential protein expression.

Conclusions

These findings may have translational importance suggesting that the use of SSRI medication alone in
pregnant mothers may result in developmental delay and autistic-like behavior in their offspring. Our
results also help to guide the choice of outcome measures in the identification of molecular and
developmental mechanisms that may confer vulnerability in ASD.

Background
Depression is a highly prevalent psychiatric disorder, especially in the perinatal period[1], during which
global estimate of prevalence of perinatal depression is 11.9% in women[2, 3]. It has recently been
suggested that 7–8% of pregnant women receive antidepressants[4], the most prescribed of which are
selective serotonin reuptake inhibitors (SSRIs) which target the serotonin transporter (5-HTT) and
increase extra-neuronal serotonin (5-HT) levels. Prenatal exposure to SSRIs in utero has an ascribed
association with low birth weight, preterm birth[5] and congenital malformation[6] as well as long-term
neuropsychological sequelae, such as depression, anxiety and social dysfunction[7], that persist into
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adulthood[8–10]. There is a growing body of evidence suggesting there may be an association between
the use of SSRIs in pregnancy and the risk of autism spectrum disorder (ASD) in children[11–17]. However,
recent systematic reviews have reported that when controlling for maternal psychiatric conditions and
other confounding factors (including genetic syndromes and congenital anomalies which are associated
with autistic like behavior) there is insufficient evidence for a significant association between SSRI use
during pregnancy and ASD in the offspring[18–20]. By removing these confounding factors, animal studies
can provide a clearer indication as to whether prenatal exposure to SSRIs, independent of maternal
psychiatric disorders or genetic syndromes, can cause long-term behavioral and ASD-related
neurobiological abnormalities in offspring.

5-HT is a key regulator of the neurodevelopment, acting in processes such as cell migration, axon growth,
synaptogenesis, circuit wiring and neurogenesis[21–24]. Disruption of 5-HT signaling during specific
periods in brain development may be associated with a series of neuropsychiatric illnesses, including
autism[25–27], attention deficit hyperactivity disorder (ADHD)[28], depression[29] and anxiety[30] in humans.
This is thought to occur throughout the alteration of key processes in neurodevelopment which are
modulated by 5-HT[31]. Therefore, since SSRIs can cross the placenta and reach the fetal brain, it may be
expected that fetal exposure to SSRIs might have long-term neurobehavioral and neurodevelopmental
consequences. Thus, the present study was designed to test the hypothesis that disruption of 5-HT
system during prenatal neurodevelopment by maternal exposure to SSRIs may contribute to the physical
changes, altered motor function, and behavioral abnormalities relevant to ASD in offspring. To test the
postnatal consequences of exposure to an early antidepressant insult, we used the common SSRI
fluoxetine (FLX), in rats during the embryonic period (E11–E21), a sensitive period for serotonergic neuron
differentiation and migration[32]. In vivo, the Raphe nuclei are the primary site of serotonin production.
Whilst the prefrontal cortex is also a region of interest due to its role in the core symptoms of ASD,
including executive function deficits and maladjusted social and emotional responses[33, 34]. Therefore
we further investigated the influence of prenatal FLX exposure on levels of 5-HT, tryptophan hydroxylase
(TPH) and serotonin reuptake transporter (SERT) in both the raphe nuclei and the prefrontal cortex, to
investigate the mechanisms underlying the regulation of serotonin synthesis and reuptake at different
developmental stages of the offspring.

Previous studies of prenatal exposure to SSRIs in rodent models of ASD, have focused mainly on ex vivo
measurements of biochemical changes, rather than in vivo testing. The use of proton magnetic
resonance spectroscopy (1H-MRS), however, enables non-invasive assessment of certain metabolites in
the brains of living animals. MRS studies have revealed a reduction in levels of N-
acetylaspartate/creatine (NAA/Cr) in the brains of ASD individuals [35, 36].However, it is not known
whether prenatal exposure to SSRIs is a risk factor for such changes. Therefore, we wished to
demonstrate whether in vivo changes in brain metabolites similar to those reported in the clinical
conditions, are caused by prenatal FLX exposure.
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The present work also uses proteomics, a powerful tool to undercover pathological mechanisms at the
molecular level. Most previous proteomics studies on ASD have used blood or other peripheral tissue,
only few studies have used brain tissue. Again, the underlying molecular mechanisms relating to
abnormal brain development in SSRI-exposed offspring are unknown.

Therefore, in this study, first we systematically assess developmental milestones, such as body weight,
eye opening and neurological reflexes, from postnatal days (PND) 1 to 21 in rats offspring exposed to
either FLX or saline in prenatal life. The core behaviors of locomotor activity, anxiety and social
interaction were also examined in the young rats. Secondly, we used in vivo MRS to quantify biochemical
alterations in the mPFC of young adult rats. Finally, we measured the ex vivo level of 5-HT, TPH and SERT
in the prefrontal cortex and raphe nucleus at PND 7 and 35. Proteomics analysis of the prefrontal cortex
was applied at PND 35, coupled with western blot confirmation of selected proteins.

Methods
Prenatal treatment

Male and female Sprague-Dawley rats (220–250 g, 70-100d) were mated overnight and gestational day 0
(GD 0) was determined through vaginal smear and the presence of spermatozoids. From GD 11 until birth
(PND 1), pregnant dams were intraperitoneally (IP) injected daily with 12 mg/kg of fluoxetine[37] (FLX,
Patheon France) as the experimental group while the control group was injected with equal volumes of
normal saline (NS).
Animals

All offspring were maintained on a 12 h light/dark cycle (light from 7 a.m. to 7 p.m.) at constant room
temperature (23–25 °C) and humidity (60%) with free access to food and water. The numbers of pregnant
rats from the FLX and NS groups were 30 and 27 respectively, these were generated from 3 different
batches. Male and female offspring were examined for general physical development including body
weight, eye opening, incisor eruption, surface righting reflex and cliff avoidance, from PND 1 to 21[38, 39].
The free suspension test was performed every other day during PND 12–20[39]. Animals were weaned on
PND 21 and kept in same-sex cages (5 rats/cage). The offspring then underwent a battery of behavioral
tests including the buried food pellet test, open field and social ability test. The timeline of the experiment,
the batches and number of animals used in all the experiments including behavioral tests, MRS, 5-HT
assay, western blot, and proteomics are described in Fig. 1 and Table 1 respectively. All experiments were
performed in accordance with the Animal Experimentation Ethics Committee at the Kunming Medical
University.
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Table 1
Sample size, batch and age of rats for in vivo and ex vivo experiments and the sequence of different

experiments

In vivo Experiments NS FLX Age at
Testing (PND)

Batch

Physical
development

Body
weight

14♂, 13♀ 13♂, 14♀ 1,4,7,10,14,17,21 A

Eye opening 13♂, 13♀ 13♂, 14♀ 14–16 A

Incisor
eruption

14♂, 13♀ 14♂, 13♀ 11–14 A

Neurological
reflexes

Righting
reflex

11♂,13♀ 8♂, 14♀ 3–7 A

Cliff
avoidance

14♂, 13♀ 13♂, 14♀ 4–7 A

Core
behavior

Suspension
test

14♂, 13♀ 13♂, 14♀ 12,14,16,18,20 A

Buffed food
pellet test

14♂, 13♀ 13♂, 14♀ 27 A

Open field 14♂, 12♀ 13♂, 13♀ 28–30 A

Sociability
test

12♂, 10♀ 10♂, 10♀ 33–35 A

Brain metabolites (MRS) PFC RPN PFC RPN 35 C

4♂,4♀ 4♂,
4♀

4♂,4♀ 4♂, 4♀

 

Ex vivo Experiments NS FLX Age at Testing (PND) Batch

ELISA for 5-HT PFC RPN PFC RPN 35 A

3♂,
3♀

3♂,
3♀

3♂,
3♀

3♂, 3♀

Western blot for SERT and
TPH

PFC RPN PFC RPN 7 A,B,C

7♂,
6♀

7♂,
6♀

6♂,
8♀

5(SERT)/6
(TPH) ♂,
8♀

NS, normal saline group; FLX, fluoxetine group; PND, postnatal day; SERT, Serotonin transporter; TPH,
Tryptophan hydroxylase; PFC, prefrontal cortex; PRN, raphe nucleus; ELISA, enzyme-linked
immunosorbent assay; IF, Immunofluorescence.
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In vivo Experiments NS FLX Age at
Testing (PND)

Batch

PFC RPN PFC RPN 35

7♂,
4♀

7♂,
4♀

5♂,
3♀

5♂, 3♀

IF for SERT and TPH PFC RPN PFC RPN 35 A,B

3♂,
3♀

3♂,
3♀

3♂,
3♀

3♂, 3♀

Proteomics PFC PFC 35 A

3♂, 3♀ 3♂, 3♀

NS, normal saline group; FLX, fluoxetine group; PND, postnatal day; SERT, Serotonin transporter; TPH,
Tryptophan hydroxylase; PFC, prefrontal cortex; PRN, raphe nucleus; ELISA, enzyme-linked
immunosorbent assay; IF, Immunofluorescence.

General Physical Development And Neurological Reflex

All pups alive at the time were examined for general physical development, including body weight at PND
1, 4, 7, 10, 14, 17 and 21, eye opening at PND 14–16, and incisor eruption at PND 11–14[39].

In addition, neurological reflexes such as the surface righting reflex (PND 3–7) and cliff avoidance (PND
4–7) were measured. The righting reflex[40] was assessed by measuring the ability to turn ventrally within
30 s after being placed in a dorsal position. Pups were scored 1 if they could turn within 30 s. Otherwise,
they scored 0. Cliff avoidance was measured according to the Altman and Sudarshan[41] method. The
pup was placed on a table with its nose and forepaws just over the edge. The reflex was considered to be
formed if the pup crawled away from the edge within 10 s, in which case they scored 1. Otherwise, they
scored 0.

Behavioral Tests

Suspension test

At PND 12, 14, 16, 18 and 20, the pups neuromotor function was measured using the suspension test [39].
The forepaws of the rat were placed on a homemade T-type fixed horizontal metal cross bar (0.5 cm D × 
30 cm H). The experimenter loosen their hand when the rat held the bar, meanwhile, started to record the
suspension time.
Buried food pellet test

A modified version of the buried food pellet test was carried out at PND 27, using an exogenously scented
pellet[42, 43]. Before the test, the rats were familiarized with the experimental facility, by being placed in the
plastic test cage (45 × 24 × 20 cm) for 10 min daily over the 3 days prior to trials. Rats from the NS and



Page 8/35

FLX groups were given a food-restricted diet (0.5 g chow/rat/24 h) for 1 day before testing. They still had
free access to water. In the test, a rat was placed randomly in the test cage where a 1 g food pellet was
buried 0.5 cm below the surface of a 3 cm deep layer of bedding materials. The location of the pellet was
changed daily at random. The latency to find the food pellet was recorded and defined as the time
between placement of the rat in the cage and discovery of the food pellet by grasping it with its forepaws
or teeth. Each experimental rat was allowed to consume the pellet and then returned to its cage after the
test. Rats that did not find the food pellet within 5 min were removed and placed back into their home
cage (regarded as 5 minutes latency for the analysis). The bedding material in the test cage was changed
between trials[44].
Open field test (OFT)

The open field test was implemented at PND 28–30 and followed methods previously published [45]. The
apparatus, constructed of plywood and painted black, consisted of a 100 cm L × 100 cm W × 50 cm H
area and had a defined central area (50 cm L × 50 cm W) and periphery. All animals were tested between
9:00 a.m. and 6:00 p.m. At the beginning, the rats were gently placed in the center of the open field and
allowed to explore undisturbed for 5 min. No observers were present in the room during the testing. The
duration of time spent in the central area and total distance traveled in the field were analyzed by using a
Smart 3.0 tracking system. The apparatus was wiped with water and dried with tissues after each trail.
Social ability test

The social ability test was adapted from Nadler[46], and was performed on offspring at PND 33–35. A 3-
chamber apparatus (60 × 22 × 40 cm) made from polycarbonate was used. It contained two removable
partitions (22 × 40 cm) separating it into three equal chambers, with a square opening (10.5 × 5.5 cm) on
each removable partition allows rats to move cross the chambers. One wire cage (10 × 15 cm) was put
into each side chambers of the apparatus. Before the test, partitions of each side were removed, the
experimental rat was placed into the middle chamber for 5 min and allowed to explore. We observed no
difference in the preference for the either side chamber. After 5 min habituation period, one unfamiliar
and contemporary SD rat was placed in one of the wire cages in one of the side chambers. And then, both
of the removable partitions were opened to allow the test subject to explore the three chambers freely, for
10 min. The position of the strange rat was changed randomly between left and right side chambers
between trials. The distances rat moved in each chamber and the entries into each side chamber were
analyzed by using a Smart3.0 tracking system. The apparatus was wiped with water and dried with
tissue after each trail.
Western Blot

Brain samples were collected from the NS- and FLX-exposed rats. The prefrontal cortex and raphe nuclei
were dissected over ice and quickly stored at -80℃ until they were processed. Brain tissues were
homogenized by sonication in a RIPA lysis buffer containing protease and phosphatase inhibitor
cocktails. The supernatant was collected after centrifugation at 12000 rpm for 20 min at 4 °C. The
concentration of protein was quantified by a bicinchoninic acid assay (BCA kit, Thermo scientific) and all
the samples were equalized to 20 µg. Procedures for western blot followed those described previously[47,
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48]. The primary antibodies to the following proteins: anti-β-actin (1:1000, SANTACRUZ, SC-47778), anti-
SERT (1:2000, Abcam, ab181034), anti-TPH (1:500, Abcam, ab52954) were incubated with the membrane
in the antibody dilution buffer with gentle agitation overnight at 4 °C, then incubated with the secondary
antibody (1:2000 dilution, P044801, Dako, Glostrup, Denmark) for 1 h at room temperature. The signal
was revealed by chemiluminescent detection method (ECL, Amersham, Buckinghamshire, UK). Finally,
protein bands were analyzed and quantified using the gel image processing system Image J, and
normalized with β-actin concentrations.

Immunofluorescence

Rats were sacrificed after anesthesia with 5% chloral hydrate via intraperitoneal injection and then
perfused with 4% paraformaldehyde. The brains were extracted and put into 15% and then 30% sucrose
solution successively until the brains sank to the bottom. The brains were then embedded in Optimal
Cutting Temperature compound (OCT) and stored at -80℃. After this, a frozen section machine was used
to cut brains into coronal slices of 10 µm thickness (including the prefrontal cortex and raphe nuclei)
before being stored at -20℃. Identification of brain areas was carried out according to Paxinos and
Watson rat brain atlas[49]. Slices were washed and then blocked using goat serum for 2 h at room
temperature. Afterwards, they were incubated with primary antibody (1:1000, anti-NeuN, Abcam Company,
ab104224; 1:1000, anti-SERT, Abcam Company, ab44520; 1:50, anti-TPH, ab52954, Abcam Company)
overnight at 4℃ in a humidified container. Slices then were incubated with secondary antibody (Goat
Anti-Mouse IgG labeled with FITC Fluorescein, Proteintech; Goat Anti-Rabbit IgG labeled with Cy3
Fluorescein, Proteintech) on a shaker at room temperature for 2 h in dark room. Slices were washed and
then were cover slipped with Prolong Gold with DAPI (P36931, Invitrogen, CA, USA). Slides were
subsequently imaged on a fluorescence microscope.

Assay of 5-HT in the prefrontal cortex and raphe nucleus

Sandwich enzyme-linked-immunosorbent assay (ELISA) was used to detect the protein level of 5-HT in
the prefrontal cortex and raphe nuclei in the NS and FLX groups at PND 35. At PND 35, rats were rapidly
sacrificed after anesthesia with chloral hydrate via intraperitoneal injection. The prefrontal cortex and
raphe nuclei were dissected over ice using a rat brain matrix and immediately stored at -80 °C until use.
Samples were weighed and placed into a lysis buffer (RIPA) and homogenized. Then, samples were
centrifuged at 12000 rpm for 20 min and the supernatants were collected and frozen at -80 °C until
assays were conducted. 5-HT level was measured using the rat 5-HT ELISA kit (Bio-Swamp Life science)
in accordance with the manufacturer’s instructions. Samples and standards were duplicated and run in
the same assay.

1 H-MRS acquisition

In vivo 1H-MRS experiments were performed on a 7 T/20 cm Bruker Biospec scanner (Ettlingen, Germany)
[50, 51], with a 72 mm-diameter linear transmitter coil for excitation and a 40 mm-diameter coil for signal
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reception. Animals were anaesthetized during scanning with a 3% isoflurane/air mixture. T2-weighted
scout images were acquired with a two-dimensional rapid acquisition with a relaxation enhancement
(RARE) sequence (repetition time/echo time = 2000/36 ms, RARE factor = 8, field of view (FOV) = 3 cm × 
3 cm, matrix size = 256 × 256, slice thickness = 0.8 mm) to localize voxels of interest for in vivo 1H-MRS.
Single-voxel spectra were acquired sequentially from the medial prefrontal cortex (voxel size: 2 × 2.5 × 2.4
mm3) using a spectroscopy sequence (repetition time/echo time = 2500/20 ms, spectral bandwidth = 
4 kHz, 2048 data points, and 512 averages). The voxel used was necessarily larger than the actual rat
medial prefrontal cortex, but the majority of the scanned volume was medial prefrontal cortex. First- and
second-order localized shimming was performed automatically with the FieldMap protocol provided by
the Bruker console, resulting in an average full-width at a half maximum linewidth with a water signal ≤ 
10 Hz. To acquire a spectra of metabolites, the water signal was suppressed by VAPOR (variable power
radiofrequency pulses with optimized relaxation delays).

1 H-MRS spectral analysis

The MR spectra were processed using the LCModel software (LCModel Version 6.3-1A; Stephen
Provencher, Oakville, ON, Canada) to quantify the metabolite contents[51]. No extra data processing steps
were employed other than those incorporated inside LCModel. The signals within the chemical shift
ranged from 0.5 to 4.5 p.p.m. and were fitted as a superposition of a set of the in vitro basis spectra
provided by the LCModel package using a constrained regularization algorithm. The lipid and
macromolecule signals were simulated automatically by LCModel and decayed rapidly. The time-domain
model functions of metabolites, including total choline (tCho), total creatine (tCr) and N-acetylaspartate
(NAA) were estimated in the medial prefrontal cortex and raphe nucleus[52]. Only the results that fit with a
Cramér‐Rao lower bound of 15% were reported and kept for further analysis. For each spectrum, the level
of total creatine (tCr) was used as the internal reference to quantify other metabolites. Group differences
in NAA/tCr, tCho/tCr ratios were analyzed.

Proteomics

Three male and three female rats from each of the NS and FLX groups were rapidly sacrificed after
anesthesia with chloral hydrate via intraperitoneal injection at PND 35. The prefrontal cortex was
dissected over ice and immediately stored at -80 °C. It was then homogenized in 2D lysis buffer[53, 54] (7M
Urea, 2M Thiourea, 10 mmol DTT, 2% CHAPS, 0.5% IPG buffer) for 30 s and centrifuged at 12000 rpm for
20 min to remove cell debris. Supernatant for 2-DE was collected, and the proteins were separated by two-
dimensional polyacrylamide gel electrophoresis (PAGE). Following this, the protein spots were visualized
by silver staining. Afterwards, the proteins were digested with trypsin. The peptide extracts and the
supernatant of the gel spot were combined and then completely dried.

The resulting peptides were extracted and analyzed by mass spectrometry (MS). Samples were re-
suspended with 5 µL 0.1% TFA followed by mixing in a 1:1 ratio with a matrix consisting of a saturated
solution of α-cyano-4-hydroxy-trans-cinnamic acid in 50% ACN, 0.1% TFA. Then 1µL of this mixture was
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spotted on a stainless-steel sample target plate. Peptide MS and MS/MS were performed on an ABI 5800
MALDI-TOF/TOF Plus mass spectrometer (Applied Biosystems, Foster City, USA). Data were acquired in a
positive MS reflector using a CalMix5 standard to calibrate the instrument (ABI5800 Calibration Mixture).
Afterwards, both the MS and MS/MS data were integrated and processed using the GPS Explorer V3.6
software (Applied Biosystems, USA) with default parameters. Based on combined MS and MS/MS
spectra, proteins were successfully identified based on 95% or higher confidence interval of their scores in
the MASCOT V2.3 search engine (Matrix Science Ltd., London, U.K.). The samples of the prefrontal cortex
were collected from prenatal NS or FLX-exposed rats for western blot validation (primary antibody:
1:2000, anti-14-3-3 gamma, Abcam Company, ab137048; 1:10000, anti-CRMP3, Abcam Company,
ab128875; 1:1000, anti-peroxiredoxin 3, Abcam Company, ab73349). The western blot procedures were
the same as described above.

Statistical analysis

All statistics were carried out using SPSS software version 23 (SPSS Inc, USA). There are sex differences
in most of the experiments, so all results are presented by sex. Repeated measures analysis of variance
were carried out on the general physical development, neurological reflex and social ability tests, whilst
the buried food pellet test and open field test were analyzed with a 2 (groups (FLX, or NS)) × 2 (sex (male
or female)) general linear model (GLM). Bonferroni was performed for post hoc comparisons to
determine differences between and within-subject. The protein levels of 5-HT and the MRS results were
analyzed using GLM and Bonferroni post hoc comparison. The western blot validation of proteomics was
analyzed using an independent sample T test. The threshold for statistical significance was p < 0.05.

Results
1 General physical development

1.1 Body weight

First, data were combined across sex for analysis. There was a significant main effect of time [F(6, 50) = 
712. 84, p < 0.01], group [F(1, 50) = 96.93, p < 0.01] and sex [F(1, 50) = 4.29, p = 0.044]. As expected, the weight
increased over the course of experiment. However, the FLX-exposed rats show significantly reduced body
weight compared to the control group. The dataset was split by sex for further analysis.

In male offspring, there was a significant main effect of time [F(6, 20) = 405.03, p < 0.01], group [F(1, 25) = 
40.51, p < 0.01] and an interaction between group and time [F(6, 20) = 8.64, p < 0.01]. On post hoc
comparisons, the body weight of the FLX group was lighter than the control group at PND 1,4,7,10,14,17
and 21 (p < 0.01) (Fig. 2A).

In female offspring, there was a significant main effect of time [F(6, 20) = 313.69, p < 0.01], group [F(1, 25) = 
58.01, p < 0.01] and an interaction between group and time [F(6, 20) = 13.10, p < 0.01]. Post hoc
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comparisons confirmed that body weight of the FLX-exposed rats was lighter than the control rats
between PND 1 and 21 (p < 0.01) (Fig. 2B).
1.2 Eye Opening

All offspring began to open their eyes at PND 15 and all were completely open at PND 16. There was a
significant main effect of time [F(4, 49) = 270.86, p < 0.01], indicating as expected, that eye opening became
more visible over time. However, there was no main effect of group or sex and no significant interaction
of group × sex or time × sex.

1.3 Eruption Of Incisors

Eruption of incisors occured at PND 12 and completed at PND 14. Again, there was a significant main
effect of time [F(3, 50) = 136.13, p < 0.01], indicating eruption of incisors became more visible over time.
However, there was no main effect of group or sex and no significant interaction of group × sex or time × 
sex.

2. Neurological Reflexes

2.1 Righting reflex

There was a significant main effect of time [F(4, 42) = 3.81, p = 0.005] and group [F(1, 42) = 18.87, p < 0.01].
However, there was no significant main effect of sex and no significant interaction of group × sex or time 
× sex. The righting reflex score significantly increased overtime. The FLX group have a significantly
delayed righting reflex compared with the NS group. The dataset was split by sex for further analysis.

In males, there was a significant main effect of group [F(1, 17) = 5.41, p = 0.033], post-hoc analysis
confirmed that delayed righting reflex in the FLX group occurred during PND 4–7 (p < 0.05) (Fig. 2C).

In females, there was a significant main effect of time [F(4, 22) = 3.76, p = 0.007] and group [F(1, 25) = 16.13,
p < 0.01] and post-hoc analysis (Bonferroni test) revealed a significantly delayed righting reflex in the FLX
group occurred during PND 3–7 (p < 0.05) except PND 5 ( Fig. 2D).
2.2 Cliff Avoidance

There was a significant main effect of time [F(3, 50) = 13.98, p < 0.01], meaning cliff avoidance became
more visible over time, as would be expected. However, there was no main effect of group or sex and no
significant interaction of group × sex or time × sex.

3. Behavioral Tests

Suspension test

The suspension test was used to assess neuromotor function. Firstly,data were combined across sex for
analysis. There was a significant main effect of time [F(4, 50) = 106.77, p < 0.01] and group [F(1, 50) = 12.85,
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p = 0.001]. However, there was no significant main effect of sex and no significant interaction of group × 
sex or time × sex. The suspension time significantly increased over the course of tests. The FLX group
showed significantly delayed neuromotor function compared with the NS group. The dataset was split by
sex for further analysis.

In males, repeated-measures ANOVA showed no significant difference of suspension time between the
FLX and control group. However, there was a significant main effect of time [F(4, 25) = 53.52, p < 0.01]. Post
hoc analysis confirmed that suspension time was significantly reduced in the FLX group compared to
control group at PND 14 (p = 0.022) (Fig. 2E).

In females, there was a significant main effect of time [F(4, 22) = 55.06, p < 0.01], group [F(1, 25) = 21.93, p < 
0.01] and an interaction between group and time [F(4, 22) = 6.91, p < 0.01] and post hoc analysis revealed
suspension time was significantly reduced in the FLX group at PND 14 (p = 0.022), 18(p = 0.002), and
20(p = 0.005) compared to control group(Fig. 2F).
Buried Food Pellet Test

A 2 (groups (FLX or NS)) × 2 (sex (male or female)) general linear model (GLM) was performed to
investigate whether the FLX and control groups differed in the latency to find buried food pellets. There
was a significant main effect of group [F(1, 50) = 9.06, p = 0.004] and an interaction between group and
sex [F(1, 50) = 5.11, p = 0.028]. Thus the dataset was split by sex for further analysis. In female rats there
was no significant difference between FLX and NS groups in the latency to find buried food pellets. Whilst
male, rats prenatally exposed to FLX show significantly longer latency to find buried food pellets than the
male NS group [F(1, 50) = 13.89, p < 0.01] (Fig. 2G).

Open Field Test

Data from the OFT were analyzed by a 2 (groups (FLX, or NS)) × 2 (sex (male or female)) general linear
model (GLM). The total distance travelled in 5 min in the open field was taken as a measure of motor
function and anxiety-related behaviors were measured by duration in the central area. The duration in the
central area show no significant main effects of group or sex, however, there was an interaction between
group × sex [F (1, 48) = 7.58, p = 0.008]. Thus the dataset was split by sex for further analysis. Male rats
who were prenatally exposed to FLX spent significantly less time in the center area compared to the male
NS group [F (1, 48) = 4.86, p = 0.032] (Fig. 2G ), whilst the females showed no difference between groups
(Fig. 2H). There was no significant main effect of sex or group on total distance moved in the area,
without significant interaction between group and sex (Fig. 2I).

Social Ability

Social interaction was evaluated by comparing distance walked in the strange rat chamber with distance
walked in the empty chamber. In addition, locomotor activity and sociability were assessed by the number
of entries from center chamber to another chamber (the chamber with stranger rat or empty chamber).
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There was a significant main effect of distance [F(2, 38) = 42.44, p < 0.01] and group [F(1, 38) = 12.37, p = 
0.001]. However, there was no significant main effect of sex and no significant interaction of group × sex
or distance × sex. The dataset was still split by sex for further analysis to keep a consistent of analysis
with other tests.

In males, there was a significant main effect of distance [F(2, 20) = 15.07, p < 0.01] and group [F(1, 20) = 7.79,
p = 0.011]. The results of the sociability test showed that the male NS group moved significantly more
distance in the strange rat chamber than in the empty chamber (strange rat chamber vs empty chamber,
p = 0.004). However, in the male FLX group there was no significant difference in the distance moved in
the chamber containing a stranger compared to the empty chamber (strange rat chamber vs empty
chamber, p = 0.287). Furthermore, FLX-exposed rats moved less distance in the chamber containing a
strange rat than NS-exposed rats, but the difference was not significant (FLX-exposed rats in the strange
rat chamber vs NS-exposed rats in the strange rat chamber, p = 0.069), initiating fewer social interactions
than controls (Fig. 2J). In addition, in males, there was a significant main effect of number of entries into
each side chamber [F(1, 20) = 20.78, p < 0.01]. However, there was no main effect of group or significant
group × entries interaction. Post hoc testing confirmed that the prenatal FLX exposed group showed no
significant difference in the number of entries into the strange rat or empty side chambers. Whereas, the
NS group had a higher number of entries into the strange rat side chamber than the empty side (p < 0.01),
indicating a social deficit and decreased locomotor activity in FLX group. (Fig. 2K).

In females, there was a significant main effect of distance [F(2, 18) = 44.51, p < 0.01] and group [F(1, 18) = 
4.87, p = 0.04]. The female NS exposed group moved significantly more distance in the chamber
containing a strange rat than in the empty chamber (strange rat chamber vs empty chamber, p = 0.001).
FLX-exposed female rats also moved significantly more distance in the chamber containing a strange rat
than in the empty chamber (strange rat chamber vs empty chamber, p < 0.001). There was no difference
between the prenatal FLX and NS-exposed female rats in terms of the distance moved in the chamber
containing a stranger (Fig. 2L). There was a significant main effect of number of entries into each side
chamber in females [F(1, 18) = 44.28, p < 0.01].However, there was no main effect of group or significant
group × entries interaction. Post hoc testing confirmed that both FLX and NS groups showed an increased
number of entries into strange rat side chamber compared to the empty side (p < 0.001). At the same time,
there was no significant difference in the number of entries into the strange rat chamber or the empty side
chamber between the two groups (Fig. 2M). These results indicate that FLX and NS-exposed rats had no
significant difference in locomotor activity and sociability in females, whereas, the male offspring
prenatally exposed to FLX showed impaired sociability and decreased locomotor activity.

4. Western Blot And Immunofluorescence Of SERT and TPH

SERT and TPH expression in the prefrontal cortex and raphe nuclei were measured at PND 7 and PND 35
using western blot and immunofluorescence.

SERT expression
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There were no significant main effect of sex or group on SERT expression in the prefrontal cortex at PND
7, without significant interaction of group × sex. Both male and female rats showed no significant effect
on SERT expression in the prefrontal cortex at PND 7. There was a significant main effect of sex [F(1, 23) 
= 4.63, p = 0.042] in the raphe nuclei at PND 7. But there was no significant main effect of group nor any
sex × group interaction. The dataset was therefore split by sex for further analysis, also (Fig. 3A, B). There
were no significant main effects of group on SERT level in the prefrontal cortex at PND 35. Post-hoc
comparisons revealed that SERT expression decreased in prenatal FLX exposed male offspring in the
prefrontal cortex at PND 35 (p = 0.039). There were no significant main effect of sex or group on SERT
expression in the raphe nuclei at PND 35, without significant interaction of group × sex. Both male and
female rats showed no significant effect on SERT expression in the raphe nuclei at PND 35 (Fig. 3C, D).
SERT+ cells were observed in the neurons of the prefrontal cortex in all the groups using
immunofluorescence (Supplementary Fig. 2).

TPH expression

There was a significant main effect of sex [F(1, 23) = 9.34, p = 0.006] in the prefrontal cortex at PND 7. But
there was no significant effect of group or significant group × sex interaction. The dataset was split by
sex for further analysis. Only male rats prenatally exposed to fluoxetine had significantly increased
expression of TPH in the prefrontal cortex at PND 7 (p = 0.037). There were no significant main effects of
sex or group on TPH expression in the raphe nuclei at PND 7. No sex × group interaction was observed on
TPH expression. Both male and female rats showed no significant effect on TPH expression in the raphe
nucleus at PND 7 (Fig. 3E, F). However, there was a significant main effect of group [F(1, 15) = 6.50, p = 
0.022] on TPH expression in the prefrontal cortex at PND 35. Although there was no significant effect of
sex or significant group × sex interaction. The dataset was split by sex for further analysis. Only male rats
prenatally exposed to FLX had a significantly increased expression of TPH in the prefrontal cortex at PND
35 (p = 0.014). Both male and female rats showed no significant effect on TPH expression in the raphe
nuclei at PND 35 (Fig. 3G, H). TPH+ cells were observed in neurons of the prefrontal cortex in all the
groups by immunofluorescence (Supplementary Fig. 3).

5. 5-HT Level

5-HT levels in the prefrontal cortex and raphe nuclei were measured at PND 35 with sandwich enzyme-
linked-immunosorbent assay. There was a significant main effect of group [F(1, 8) = 8.94, p = 0.017] on 5-
HT levels in the prefrontal cortex at PND 35. But there was no significant main effect of sex nor any sex × 
group interaction. The groups were split by sex for further analysis. Post-hoc comparisons revealed that
the male rats in FLX group had a lower 5-HT level in the prefrontal cortex compared to male NS control
rats at PND 35 [F(1, 8) = 9.89, p = 0.014], whilst there was no difference in the females (Fig. 4A, B). There
was no significant difference in 5-HT levels in the raphe nuclei of both sexes at PND 35 (Fig. 4A, B).
These results indicate that prenatal FLX exposure resulted in decreased 5-HT levels in the prefrontal
cortex of male rats at PND 35.
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6. Brain Metabolites Measured by H-MRS

Brain metabolites of NAA/tCr and tCho/tCr were measured in the medial prefrontal cortex of FLX and NS
groups at PND 35.

In the medial prefrontal cortex, there was a significant main effect of group on NAA/tCr [F(1, 12) = 11.54, p 
= 0.005], but no significant main effect of sex or any group × sex interaction. Post-hoc testing confirmed
that there was a significant lower metabolism of NAA/tCr in the FLX group compared with the control
group in male rats (p = 0.008), while the females showed no difference. There was no significant main
effect of sex or group on brain metabolites of tCho/tCr in FLX and NS-exposed rats in the medial
prefrontal cortex, without significant group × sex interaction (Fig. 5).

7. Proteomics

2DE and MALDI-TOF-MS/MS were conducted to examine whether prefrontal cortex protein expression
was altered by prenatal fluoxetine exposure. Wide-range pH 3–10 strips were used to investigate whether
there was differential expression of proteins in the FLX group, compared with the NS group.

In males, protein spots were visualized by silver staining across 6 gels (saline: n = 3 males, FLX: n = 3
males). The partial least squares discriminant analysis (PLS-DA) included all spots, which clearly
separated protein expression in rats exposed to FLX from NS controls (Fig. 5F). A 1.5-fold change was
used as a threshold to identify the differential proteins in the 2-DE gels. Analysis of covariance revealed
significant differences in protein expression in 24 spots. Six of these spots with the smallest differences
within groups and the most remarkable differences between groups were selected for mass spectrometry.
Specific proteins which were found to be differentially expressed included tubulin beta-3 chain (TUBB3),
14-3-3 protein gamma (14-3-3-γ), aconitate hydratase mitochondrial (mAH), fructose-bisphosphate
aldolase A (FBA), dihydropyrimidinase-like 4 (DPYSL4), and voltage-dependent anion-selective channel
protein 2 (VDAC2), which were classified into signal transducers, energy metabolism, neurogenesis, anion
transport and apoptosis (Table 2). TUBB3, is a beta-tubulin isotypes which exists in microtubules, it has
an important role in axon guidance and maturation[55]. 14-3-3-γis a cytoplasmic protein, which is involved
in signal transduction[56]. DPYSL4 is a protein which is highly expressed in the nervous system, and has
the ability to inhibit axonal growth in the process of neurogenesis[57]. VDAC2 participates in anion
transport and the apoptotic signaling pathway[58]. mAH plays an important role in the tricarboxylic acid
cycle and is involved in energy metabolism[59]. FBA is a type of glycolytic enzyme, associated with the
biosynthetic processing of ATP and cell shape[60].
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Table 2
Differential Proteins in the prefrontal cortex of male rats in both FLX and NS groups

Spot
No.

Fold
difference
(F/N)

P value Protein name NCBI no. Biological
processi

9 0.390187↓ 0.000607 Tubulin beta-3 chain Gi| 246118 axon guidance
and maturation

117 0.461474↓ 0.003486 14-3-3 protein gamma Gi| 56010 signal
transduction

6809 2.066525↑ 0.005514 Dihydropyrimidinase-like 4 Gi| 25417 neurogenesis

7207 2.08296↑ 0.00668 Voltage-dependent anion-
selective channel protein 2

Gi|
100911742

anion
transport,
apoptotic

7807 0.49573↓ 0.00056 Aconitate hydratase Gi|
102553494

energy
metabolic
process

8415 2.180734↑ 0.000295 Fructose-bisphosphate aldolase
A

Gi| 24189 energy
metabolic
process

In females, protein spots were visualized by silver staining across 6 gels (saline: n = 3 females; FLX: n = 3
females). The partial least squares discriminant analysis (PLS-DA) included all spots, which clearly
separated protein expression in rats exposed to FLX from NS control (Fig. 5G). To identify protein
expression differences in the 2-DE gels, a 1.5-fold change was used as a threshold. Analysis of
covariance revealed significant expression differences in 15 spots. Seven spots were selected with the
smallest differences within groups and the most remarkable differences between groups for mass
spectrometry. Specific proteins which were found to be differentially expressed included disulfide-
isomerase A3 (PDIA3), annexins (ANX), s-formylglutathione hydrolase (SFGH). proteasome subunit beta
type-7 (PSMB7), and peroxiredoxin 3 (PRDX3), which were classified into redox homeostasis, catabolic
processing and cell migration (Table 3). PDIA3 an oxidoreductase, with a specific effect on glycoproteins
due to links with calreticulin and calnexin[61]. Annexins act as Ca2+ binding proteins in a variety of
species. Previous studies showed that Annexin A3 (ANXA3) is related to cell migration and plexus
formation in endothelial cells[62]. SFGH, a kind of anti-oxidant, the function is to catalyze the conversion
of S-formylglutathione to glutathione. Also, close to cellular oxidative stress[63]. PSMB7 is an ATP-
dependent protease complex and is essential for protein catabolic process[64]. PRDX3, an antioxidant
enzyme can reduce hydrogen peroxide into water, eliminating approximately 90% mitochondrial hydrogen
peroxide. It is essential for the cell redox homeostasis[65].
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Table 3
Differential proteins in the prefrontal cortex of female rats in both FLX and NS groups

Spot
No.

Fold
difference
(N/F)

P
value

Protein name NCBI no. Biological process

80 1000000↑ 0.04 Protein disulfide-
isomerase A3

Gi| 29468 redox homeostasis

360 1.79013↑ 0.04 Annexin A3(ANXA3) Gi| 25291 cell migration and plexus
formation

361 1.61714↑ 0.04 S-formylglutathione
hydrolase

Gi|
102549599

catabolic process,
oxidative stress

421 1.60494↑ 0.01 Proteasome subunit
beta type-7

Gi| 85492 protein catabolic process

464 1.60614↑ 0.04 Peroxiredoxin 3 Gi| 64371 cell redox homeostasis

Western blot analysis of the prefrontal cortex from animals without behavioral testing confirmed that
DPYSL4 expression was significantly elevated in male rats exposed to FLX (Fig. 5H). Moreover, males
prenatally exposed to FLX showed significantly lower expression of 14-3-3 protein gamma (Fig. 5I) in the
prefrontal cortex, as compared with NS males. In females PRDX3 was significantly lowered in the
prefrontal cortex of rats prenatally exposed to FLX versus NS (Fig. 5J).

Discussion
We believe this study provides the first evidence that postnatal behavioral differences in the offspring of
dams exposed to prenatal SSRI are accompanied by differences and dysfunction of the 5-HT system in
the prefrontal cortex; and that both the behavioral and neurochemical sequelae are sex-dependent. We
found that fluoxetine exposure, via the mother, showed delayed physical development, increased anxiety
and impaired social interaction in offspring, particularly in male offspring, this mimics the phenotype of
autism in humans. Moreover, prenatal fluoxetine exposure significantly affected development of the
serotonergic neurotransmission system (down-regulation of 5-HT and SERT expression and up-regulation
of TPH levels) in the prefrontal cortex of male offspring. We also found that prenatal FLX exposure
significantly decreased NAA/tCr with 1H-MRS in the prefrontal cortex. Thus these data contribute to our
understanding that prenatal FLX exposure simulates the phenotype of autism in rat offspring, probably
resulting from dysfunction of the serotonin system. In addition, we show for the first time that prenatal
exposure to SSRIs in rats leads to long-term alterations in protein expression in the prefrontal cortex,
which is also sex-dependent. More specifically, proteins involved in signal transduction, energy
metabolism and neurogenesis were found to have altered expression levels in prenatal FLX exposed male
offspring, including 14-3-3-γ-protein, mAH, FBA, DPYSL4, and VDAC2; while prenatal FLX exposed female
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offspring had proteomic changes in proteins involved inredox homestasis, apotosis and inflammation in
the prefrontal cortex, including elevated levels of PDIA3, PRDX3, and ANXA3.

Abnormal neurophysical development in offspring

The physical development of the FLX exposed rat offspring was assessed based on a battery of tests
recommended by Bairy and Madhyastha[66]. In the present work, the offspring exposed to FLX had a
lower body weight, delayed righting reflex, abnormal motor function and olfactory function compared to
NS control rats. The weight gained during preweaning was reduced in rat offspring exposed to FLX during
fetal life. This is consistent with the findings from previous studies[38, 66]. In addition, FLX exposed
offspring showed significantly delayed righting reflex in both sexes, compared to NS exposed control
offspring. This delay corresponds well with findings from Deiro and colleagues, who found a delay in
reflex development in rats postnatally exposed to citalopram[67]. In the suspension test, FLX exposed
offspring fell earlier than the NS exposed control group offspring in early-life, this was especially
apparent in females. In the buried food pellet paradigm, only male offspring prenatally exposed to FLX
showed a longer time to search for the food pellet in our study. This increased time spent searching for
the buried food pellet could indicate reduced olfactory function. This is consistent with a study by Kroeze
et al. reporting that the development of olfactory function is delayed in male rats who are exposed to FLX
during the perinatal period [38].

Increased anxiety-like behavior

The total distance in the open field may be used as an indicator of locomotor activity[68], whilst the time
spent in the central area may be used as an indicator of anxiety-like behavior, in rats [69]. In this study, an
increase in anxiety-like behavior in the open field test was found in male offspring prenatally exposed to
FLX. This is broadly consistent with previous reports that perinatal exposure to FLX causes increased
anxiety in the open field in offspring[70-72]. However, these studies did not separate by sex. Moreover,
some studies have shown that perinatal FLX exposure does not alter anxiety in adolescent or adult
animals[73-75]. The different timing and dose of FLX exposure may account for these discrepancies.

Impaired social interaction

In the present study, impaired social interaction was observed in male offspring prenatally exposed to
FLX, this is congruent with a previous report[76]. In addition, lower sexual activity has been reported in
male offspring perinatally exposed to SSRI[9, 77]. There is a wealth of literature that describes the
relationship between 5-HT and social interaction. For example, SSRIs and 5-HT releasing drugs are known
to reduce social behavior as well as sexual behavior in humans [78-82].

Dysfunction of 5-HT system

The 5-HT system plays a key role in neurodevelopment which may contribute to the neurophysical and
behavioral alterations mentioned above. In this study, prenatal FLX exposure caused down-regulation of
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5-HT levels in the prefrontal cortex of male offspring. It is known that intracellular and extracellular 5-HT
levels are controlled by the expression of SERT and TPH[83]. Concordantly, we found that SERT levels in
the prefrontal cortex were significantly reduced at PND 35 in male offspring exposed to FLX prenatally.
Thus FLX exposure during fetal development changes the serotonin homeostasis. Changes in
serotonergic function and signaling have been reported to be associated with ASD[84]. For example,
SPECT analysis has shown reduced SERT binding capacity in the medial frontal cortex of autistic
children,[85]. In addition, SERT is encoded by SLC6A4, and found associations of the SLC6A4
polymorphism with ASD

[86, 87]. Furthermore mutant SERT knockout mice  have been reported to display increased anxiety- and
depression-like behaviors, decreased social behavior, and exaggerated response to environmental stress,
imitating the phenotype of autism[88].  

TPH is the rate-limiting enzyme in the synthesis of 5-HT. In our study, we observed a significant increase
in prefrontal TPH expression in male offspring at PND 7 and PND 35 exposed to FLX compared to the NS
exposed control group. We suspect this may be due to the negative feedback of down-regulated 5-HT in
the brain. Klomp et al[89] has previously reported that there is increased TPH immunoreactivity in the
dorsal raphe nuclei of FLX treated rats in adolescence, but the TPH levels are then reduced once they
become adult rats. In addition, Baik and colleague[90] have reported in vitro measurement of TPH mRNA
is increased after the FLX treatment. On the other hand,, some studies have shown that neonatal
exposure to another SSRI, citalopram, results in a significant reduction in TPH expression in the male
raphe nuclei and this persists into adulthood[77, 91]. The different timing and drug of exposure may
account for these differences between our study and others in the effects on TPH expression.

Decreased levels of NAA/tCr in the medial prefrontal cortex

In our study, we observed a decreased level of NAA/tCr in the medial prefrontal cortex in male offspring
prenatally exposed to FLX. NAA is synthesized in the mitochondria and located predominantly in neural
bodies, dendrites, and axons[92]. As a marker of neuronal activity, a regional decrease of NAA may be an
indication of neuronal malfunction [93]. Emiko and colleagues[94] have reported a reduction of NAA/tCr in
the anterior cingulate cortex and left dorsolateral prefrontal cortexof autistic individuals. Through the use
of MRS their team[95] have also demonstrated reduced NAA in the left amygdala and the bilateral orbito-
frontal cortex in autistic children. In addition Horder and colleagues[96] have reported that NAA
concentration both in the basal ganglia and the dorsolateral prefrontal cortex is significantly decreased in
autistic adults compared to a neurotypical control group. This finding was positively correlated with
impaired social communication. It is possible that the neuronal dysfunction in the medial prefrontal
cortex shown in this study may have contributed to the deficits in sociability or anxiety-like behavior.
Importantly, we have provided the first in vivo evidence to demonstrate the sex differences of NAA/tCr
levels in rat offspring prenatally exposed to FLX compared to controls. This has translational
implications for research in children with autism or other neurodevelopmental disorders.
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The differentially expressed proteins screening by proteomics

In the present study, we demonstrated a wide spectrum of proteomic changes in the prefrontal cortices of
adolescent male and female rats with prenatal exposure to FLX. Based on the uniprot database and
previous studies[97-100], we have found that the FLX exposed males showed differential expression of
proteins involved in signal transduction, energy metabolism and neurogenesis, whereas the FLX exposed
females showed differential expression of proteins involved in redox homeostasis.

Signal transducer

Male offspring with prenatal FLX exposure had down-regulation of 14-3-3 protein gamma in the PFC; this
was confirmed by western blot analysis. The family of 14-3-3 proteins consists of seven distinct isoforms
(β,γ,ε,ζ,η,σandτ), which bind a multitude of signaling molecules to control signal transduction[101].
Studies have shown that deletions of the 14-3-3 protein family are associated with a variety of
neuropsychological disorders, including autism[102], schizophrenia[103] and bipolar disorder[104, 105].
Studies have found that deficits of 14-3-3 proteins could be associated with autism spectrum disorder,
due to disruption of melatonin synthesis[106, 107]. Moreover, Cheah and colleagues[108] confirmed that
reduced levels of 14-3-3ζ causes neurodevelopmental anomalies in mice similar to neuropsychiatric
disorders such as autism spectrum disorder, schizophrenia and bipolar disorder. Other researchers have
reported that 14-3-3ζ deficient mice show behavioral and anatomical defects related to
neurodevelopmental disorders by affecting hippocampal and ventricular function[109]. Diminished 14-3-3
proteins have also been demonstrated in the prefrontal cortex in a maternal separation model[110]. These
findings are congruous with our data presented here. The relationship between decreased 14-3-3 proteins
and autism in male offspring requires further investigation.

Energy metabolism

Our study found a significant decrease in the level of the energy metabolism-associated protein; mAH, in
male offspring prenatally exposed to FLX. This is consistent with findings in autistic children[99]. In
addition, FBA, another energy metabolism-associated protein, was significantly increased. A similar
finding has been reported by Głombik et al, who found up-regulation of FBA in the hippocampus in male
offspring prenatally exposed to chronic FLX administration[111].

Neurogenesis

The results of the present study demonstrate that, DPYSL4, a neurogenesis-associated protein, is
significantly increased in the PFC in male offspring prenatally exposed to FLX. DPYSL4 is also known as
collapsin response mediator protein 3 (CRMP3), and belongs to the cytosolic phosphoprotein family,
consisting of five homologous cytosolic proteins, CRMP1-5[112]. Studies have shown that CRMP3
participates in axonal outgrowth[113], axonal guidance[114] and neuronal plasticity[115], similar to
CRMP4[116]. Additionally, a previous study has reported elevated expression levels of CRMP4 in a mouse
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model of depression[97]. It has further been reported that Crmp4-KO mice show ASD characteristics, such
as decreased social interaction and altered sensory responses and most of these changes were more
severe in male Crmp4-KO mice than in females[117].

Redox homeostasis

Biomarkers of oxidative stress have been reported in many neuropsychiatric disorders, including
autism[118-121], Parkinson’s disease[122], Alzheimer’s disease[123], schizophrenia[124] and bipolar
disorder[125]. In our study, we found significantly decreased levels of the redox homeostasis-associated
proteins PDIA3 and PRDX3 in the PFC in female offspring prenatally exposed to FLX. Rose et. al. have
reported decreased redox/antioxidant capacity and increased oxidative stress in the post-mortem autism
brain[99]. This is also in agreement with the hypothesis of oxidative stress in the induction of autism
reported by Parker et al[118].

Limitations

We first acknowledge that only one social ability test might not be enough to investigate the complex
picture of social function. Since impaired social function is one of the core behavioral phenotypes of
autism, more complex social tests should be applied on this model in the future. Second, we observed the
expression levels of SERT and TPH only on neuron. It would be more precise if the expression levels of
SERT and TPH in serotoninergic neurons are detected and quantified in the future experiments.   

Conclusion
To the best of our knowledge, these experiments provide the first direct experimental evidence that sex-
dependent ex vivo dysfunction of the serotonergic system, and in vivo metabolic changes, and behavioral
effects of prenatal FLX exposure are linked. A proteomic study also showed sex-dependent, prenatal FLX
dependent differential protein expression in the PFC. Further studies will target these proteins as
promising candidates for controlling the effects of prenatal FLX admission.
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Figures

Figure 1

Flow diagram of experiment. Dams were exposed to fluoxetine (FLX) or normal saline (NS) beginning at
gestational day (GD) 11 throughout pregnancy. Developmental tests were measured in lactation period in
offspring. The core behaviors of buried food pellet test, open field test and social behavior were
performed in adolescent offspring. The 5-HT level were measured at postnatal days (PND) 35 using
ELISA assay, while TPH and SERT expression at PND 7 and 35 were detected by western blot and
immunofluorescence (IF) technique. MRS and proteomics were implemented at PND 35.
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Figure 2

Effect of prenatal FLX exposure on body weight in male (A) and female (B) offspring. Effect of prenatal
FLX exposure on the righting reflex in male (C) and female (D) offspring. Effect of prenatal FLX exposure
on the suspension test in male (E) and female (F) offspring. Effect of prenatal FLX exposure in the buried
food pellet test in male and female offspring (G) Effect of prenatal FLX exposure on the open field test in
male and female offspring. (H) time spent in the centre areas in male and female rats. (I) total distances
moved in specific areas in male and female rats. Effect of prenatal FLX exposure on the sociability test in
male and female offspring. (J) the initiation of social interaction by male offspring; (K) the initiation of
social interaction by female offspring; (L) locomotor activity during the sociability test in male offspring;
(M) locomotor activity during the sociability test in female offspring. Data are presented as Mean ±
S.E.M. *p<0.05, #p<0.01. NS, prenatal exposure to normal saline; FLX, prenatal exposure to fluoxetine.
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Figure 3

Effect of prenatal FLX exposure on SERT expression in PFC and RPN in male (A) and female (B) offspring
at PND 7; in male (C) and female (D) offspring at PND 35. Effect of prenatal FLX exposure on TPH
expression in the PFC and RPN in male (E) and female (F) offspring at PND 7; in male (G) and female (H)
offspring at PND 35. All values represented Mean ± S.E.M. *p<0.05. NS, prenatal exposure to normal
saline; FLX, prenatal exposure to fluoxetine. PFC, prefrontal cortex; RPN, raphe nucleus.
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Figure 4

Effect of prenatal FLX exposure on 5-HT levels (ng/ml) in PFC and PRN (PND 35) in male (A) and female
(B) offspring. Results are expressed as Mean ± S.E.M. *p<0.05. NS, prenatal exposure to normal saline;
FLX, prenatal exposure to fluoxetine. PFC, prefrontal cortex; RPN, raphe nucleus.

Figure 5

Representative MRS voxel-of-interest in the mPFC and MRS metabolite levels in male and female
offspring at PND 35 prenatal exposed to FLX and NS. (A) Voxel-of-interest with the size of 2 × 2.5 × 2.4
mm3 was positioned in the medial prefrontal cortex of the male and female offspring. The rat atlas
reference for the mPFC is from the Allen Institute; (B) Representative in vivo 1H spectra with quantum
estimation (QUEST) fitting from the medial prefrontal cortex in male.(C)Representative in vivo 1H spectra
with quantum estimation (QUEST) fitting from the medial prefrontal cortex in female. (D) N-
acetylaspartate (NAA)/total creatine (tCr) in prenatal FLX-exposured group compared with NS-exposured
group of both sexes. (E) total choline (tCho)/total creatine (tCr) in prenatal FLX-exposured group
compared with NS-exposured group of both sexes. Multivariate analysis of proteomic experiment: partial
least squares-discriminative analysis (PLS-DA) carried out using SIMCA-P+12.0 software (Umetrics). The
prefrontal cortex protein profile following FLX exposure could be differentiated from the expression of
saline (controls) exposure in males (F) and in females (G). The XY axis shows the coordinates of the
protein distribution in the partial least squares discriminative analysis. (H) CRMP3 protein level in the PFC
in male offspring. (I) 14-3-3-4 protein level in the PFC in males. (J) Peroxiredoxin 3 protein level in PFC in
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female offspring. Results are expressed as Mean ± S.E.M. *p<0.05, **p<0.01. NS, prenatal exposure to
normal saline; FLX, prenatal exposure to fluoxetine. PFC, prefrontal cortex.
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