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Chapter 8 
Prenatal Fluoxetine impairs non-

hippocampal but not hippocampal 
memory in adult male rat offspring 
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Abstract 

 

Fluoxetine is often prescribed to treat depression during pregnancy. Rodent studies have 

shown that fluoxetine exposure during early development can induce persistent changes in the 

emotional behavior of the offspring. However, the effects of prenatal fluoxetine on memory 

have not been studied to date. This study evaluates memory of adult male offspring from rat 

dams orally administered with a clinically relevant dose of 0.7 mg/kg fluoxetine from 9 weeks 

before pregnancy to 1 week before delivery. Hippocampal-dependent and non-hippocampal-

dependent memory paradigms, i.e. the Morris Water Maze and the Novel Object Recognition, 

respectively, were assessed. Anxiety-like and depressive-like symptoms were also evaluated 

using the Open Field Test, Tail Suspension Test and Sucrose Preference Test. Male rats 

exposed to fluoxetine during the first 2/3 of their gestational period, displayed novel 

recognition memory impairment during adulthood, as well as increased anxiety and 

depressive-like symptoms. In the Morris Water Maze, the offspring of fluoxetine-treated dams 

did not show learning deficits. However, remote memory retention impairment was found 15 

days after training. Additional molecular analyses showed changes in expression of NMDA 

subunit NR2B, and a decrease in NR2A-to-NR2B ratio in the temporal cortex, but not in the 

hippocampus, suggesting changes in NMDA receptor composition. Our data suggests that in 

utero exposure to fluoxetine may induce detrimental effects on non-hippocampal memory and 

on retention of hippocampal-dependent remote memory, which is believed to be stored in the 

cortex. These effects are possibly due to changes in the expression of cortical NMDA receptor 

subunits. These results warrant future studies to assess potential deficits in remote memory 

retention in human offspring exposed to fluoxetine in utero. 
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1. Introduction 

 

Serotonin plays a crucial role in the development of the brain, including processes like 

morphogenesis, synaptogenesis, cell differentiation and migration [1]. Consequently, several 

studies have addressed the potential in utero effects of drugs targeting serotonin that are 

typically prescribed during pregnancy, including their direct or indirect effects on the 

regulation of several processes. Selective serotonin reuptake inhibitors (SSRIs), such as 

fluoxetine, are commonly used to treat depression and anxiety-related disorders in pregnant 

women [2]. Prenatal SSRI exposure has been associated with adverse psychomotor effects in 

infants [3,4]. Prenatal fluoxetine exposure has been suggested to affect cognition in children 

[4,5] and a detrimental effect on IQ has been found in one study [6]. As fluoxetine was the 

first SSRI to be approved for human use over 26 years ago (marketed as Prozac in 1988), the 

long-term effects of in utero exposure on cognition could be assessed through 

epidemiological studies in both adolescent and young adult cohorts, although it has not done 

so far.  

Rodent studies have shown that long term administration of the SSRI fluoxetine 

during gestational and early postnatal periods can induce permanent changes in emotional 

behavior and neuronal plasticity in the adult offspring [7–12]. Similarly, long-term 

neurobiological deficits extending to adulthood have been observed in rats treated neonatally 

with SRRIs [13]. However, the few studies that have evaluated the effects on learning and 

memory in adults exposed to fluoxetine during gestation have been inconclusive and 

somewhat contradictory. Using the Morris Water maze, no effect of prenatal fluoxetine 

administration on hippocampal-dependent spatial memory was found [14–17]. No effects 

were also found when testing recognition of object identity using the object recognition 

memory paradigm [18,19]. On the other hand, impairment of working memory was reported 

in the Y-maze test [7], while both an improvement in memory [20] and no effects [14] in the 

passive avoidance test were reported.  

The mechanism by which chronic fluoxetine affects memory has not been elucidated 

yet, but modulation of glutamatergic transmission by serotonin appears a likely candidate, 

because long-term fluoxetine administration has been shown to induce changes in NMDA 

receptor (NMDAR) subunit stoichiometry in cortical regions (Ampuero et al., 2010) and in 

the hippocampus of adult male rats [22–24]. This stoichiometry is important, as there is a 

developmental switch in the relative expression of NMDA receptor subunits, when the 
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predominant NR2B subunit in early developmental stages is outnumbered by the NR2A subunit 

at later stages [25,26]. Based on evidence suggesting that fluoxetine in utero may induce 

cognitive deficits specific for certain memory domains, we hypothesize that fluoxetine 

exposure in early developmental stages induces changes in glutamatergic receptors 

stoichiometry, resulting in memory impairment.  

The aim of the present study was to evaluate the effects of chronic in utero fluoxetine 

exposure on motivational behavior and memory during adulthood. Hence, in the present 

study, dam-to-be females were treated with fluoxetine from 7 weeks before coitus until one 

week before the end of pregnancy and the offspring were tested in a battery of behavioral tests 

during early adulthood. In addition, the expression of AMPAR and NMDAR subunits was 

assessed in the hippocampus and temporal cortices. 

 

2. Materials and methods 

 

2.1 Animals 

  

All procedures were performed with approval from Universidad Andrés Bello 

Bioethical Committee (Acta 001-2013) and in accordance to the “Guide for the care and use 

of laboratory animals” (8
th

 edition, 2011, US National Research Council) from the National 

Institute of Health. Sprague-Dawley rats were house individually at 22°C, under a 12/12 h 

light/dark cycle, with food and water ad libitum. The animals were only briefly removed from 

their home cages during the behavioral tasks.  

 

2.2 Experimental Design  

 

 The experimental design included administration of fluoxetine to dams and a 

behavioral test battery performed on the adult offspring. The experimental timeline for the 

dams and for the offspring can be found in Figures 1A and 1B, respectively.  
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Figure 1. Experimental timeline dam-to-be females and male offspring. A. Timeline of behavioral 
experiments performed in dam-to-be females subjected to vehicle or fluoxetine treatment for 7 weeks 
before fecundation. Rats were separated into 2 groups, anxiety-like symptoms were measured using 
the open field test (OFT) and rats were either treated with vehicle (n=8) or 0.7 mg/kg fluoxetine (n=9). 
After 6 weeks of treatment, antidepressant-like effects were assessed using the Tail Suspension Test 
(TST) in the metestrous (Diestrous 1) stage, one week before coitus (P = post-natal; ED = embryonic 
day). Weight changes were measured every week since the start of the treatment. B. Experimental 
design of behavioral tests performed with male offspring exposed to vehicle (VEH) or fluoxetine 
(FLX) in utero. Fluoxetine or vehicle treatment was maintained from 6 weeks before coitus until day 
E14 of pregnancy. Adult male offspring were subjected to the following tests: open field test (OFT), 
novel object recognition (NOR), Morris water maze (MWM), tail suspension test (TST) and sucrose 
preference test (SPT). 
 

2.2.1 Dams 

 

Seventeen adult female rats (approximately P95) were randomly assigned to 2 groups 

with daily oral administration of either 0.7 mg/kg Fluoxetine (Ely-Lilly Co., Indianapolis, 

USA; n=9) or vehicle (n=8), dissolved in drinking water. Administration of the drug began 7 

weeks before coitus and ended 2 weeks after conception (Figure 1A). Daily drug intake was 

calculated from the measured daily liquid intake (20-25 ml per animal; 0.01 mg/ml). To 

ensure that each animal received the same fluoxetine dose, the volume of liquid ingested each 

day was used to calculate the concentration of the drug in the bottle needed to meet the 

required intake for the following day. Thus, the volume in which the daily dose of fluoxetine 

was dissolved was adjusted every other day. The 0.7 mg/kg dose has been shown to elicit 

significant antidepressant effects, and to affect synaptic plasticity [27,28]. 
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Pre-treatment anxiety levels were assessed using the Open Field test (OFT) in both 

groups. A vaginal smear was taken daily, between 9:00-10:00 AM, for two weeks to identify 

the phases of the estrous cycle for each individual dam-to-be female. Although the dam-to-be 

females did not undergo any procedure to induce depressive-like symptoms, they were tested 

for possible antidepressant-like effects after 6 weeks of fluoxetine treatment, using the Tail 

Suspension Test (TST) in the metestrus (Diestrus 1) stage, one week before coitus. To allow 

for coitus and successful fecundation, females were placed in a cage with males with proven 

reproductive success during the estrus phase, i.e. from the night of the proestrus to the 

beginning of diestrous phase. The vaginal smears were checked in the morning for sperm or 

the presence of a vaginal plug to evaluate coital success and to determine the date of 

conception ± 0.5 days. Fluoxetine and vehicle administration were maintained until 14 days 

post-coitus, approximately 7 days before delivery, to avoid fluoxetine transfer from dams to 

neonates through milk during lactation. 

 

2.2.2 Offspring  

 

 Pups were weaned and separated by gender and only males were used for behavioral 

experiments. The present study yielded 9 fluoxetine- and 8 vehicle-administered dams with 

their respective litters. Male offspring were pooled according to their prenatal treatment and 

then divided at random into a vehicle-treated group (n=11) and Fluoxetine-treated group 

(n=10) and subjected to the behavioral test battery. Similarly, two other groups of animals 

were selected for Western blot analysis, to ensure that their NMDAR subunit stoichiometry 

was not affected by exposure to the behavioral tests. All behavioral experiments were 

performed at young adulthood (P90).  

 

2.2.3 General layout of the behavioral test battery  

 

Experimental timeline of behavioral experiments is depicted in Figure 1B. The 

behavioral test battery was designed in such a way that the order of tests was from least 

stressful to most stressful, in order to minimize the effects of one test on the results of 

subsequent tests, as was reported elsewhere (Moraga-Amaro et al., 2016). To evaluate the 

effects on anxiety-like behavior, the OFT was performed on day 1. Then, the rats were trained 

and tested for the Novel Object Recognition (NOR) test to assess performance in a non-

hippocampal-dependent long-term memory paradigm (days 3-7). Thereafter, animals were 
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trained for spatial memory in the Morris Water Maze (MWM) test (days 8-10). Memory was 

then evaluated on day 11 (24 h long-term memory test) and on day 25 (remote memory test). 

Finally, depressive-like symptoms were measured using the tail suspension test (TST) on day 

28, followed by the sucrose preference test (SPT, days 29-38). At the end of the study, the 

animals were P128. 

 

2.3 Open Field test 

 

The OFT was used to measure anxiety as used extensively in previous studies, and 

adapted for rats [29]. The arena consisted of a 60x40x40 cm (length x width x height) 

rectangular Plexiglas box, which was placed inside a closed small room, to avoid visual and 

auditory contact with the experimenter. The animals were placed in the center of the box and 

left to explore while they were recorded for five minutes for offline analysis. To perform the 

analysis, the arena was divided into 24 virtual identical 10x10 cm squares. The time spent in 

the center (10 cm from the wall) compared to the periphery (thigmotaxis) was analyzed. 

Locomotion was measured as the number of transitions between squares, with one transition 

being defined as a whole-body movement across one of the 10cmx10cm squares. The arena 

was thoroughly cleaned between trials with 5% ethanol.  

 

2.5 Tail Suspension Test 

 

The TST is a commonly used test to measure learned helplessness in rats and was 

performed as reported in previous studies [21]. In the TST, each animal was hung by the tail 

on a 60 cm tall stand for 6 minutes and recorded for offline analysis. Total immobility time 

was measured and used as the outcome parameter for learned helplessness.  

 

2.7 Sucrose Preference Test 

 

To measure anhedonia in the offspring, we used the free choice SPT modality, as 

reported previously [30]. Rats were trained to drink from pipettes (5 ml/pipette; Greiner Bio-

one) for 3 days, 10 minutes per day. After the training session, they were allowed to drink 

from a 5% sucrose bottle solution for 3 days and then given only water for 3 days. Before the 

day of the test, rats were water deprived for 24 h and on the day 7, sucrose consumption was 

measured as a free choice to water using 3 alternating pipettes containing water and 3 with 
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sucrose (5 ml/pipette) for 10 minutes. Depressive-like behavior was defined as decreased 

preference for sucrose over water.  

 

2.8 Novel Object Recognition 

 

The NOR task was designed to evaluate non-hippocampal memory based on 

spontaneous exploration of novel objects as described before [29]. In brief, a 60x40x40cm 

acrylic cubicle divided virtually into 24 identical squares of 10x10cm was used. Two equal 

glass objects were located on the floor 10 cm away from the walls and from each other. 

Rodents can discriminate between familiar and novel objects, spending more time exploring 

the later. The task, which was performed under dim light (5 lux), consisted of 3 steps: 1) 

habituation to the context (10 minutes/day for 3 days), 2) a training session on day 4, in which 

the animal was allowed to explore 2 identical objects followed by 3) a test session performed 

24 h after the training session (day 5), in which one of the familiar objects was randomly 

replaced by a novel object, at exactly the same location. Both the training and test sessions 

lasted 3 minutes and were recorded for offline analysis. Exploration of the object was 

measured as the time the animals interacted with each object, i.e. sniffed it or touched it either 

with their whiskers, nose or forepaws. Standing on top of the object was not considered 

exploration. The objects used were similar in weight and size and were previously validated 

with an independent group of rats to induce equal amounts of exploration. Total exploration 

time was compared between groups during the training session to ensure that there was no 

location preference for any object. Exploration between objects was scored using the D2-

index, in which the exploration time of the novel object minus the exploration time of the 

familiar object was divided by the total exploration time between the two objects.  

 

2.9 Morris Water Maze 

 

This task was used to assess hippocampal-dependent spatial memory in rodents, with 

minor modifications from a protocol described elsewhere [29]. The apparatus consisted of a 

black circular swimming pool (140 cm diameter, 40 cm deep) that contained water (22±1ºC) 

to 15 cm below the rim. The pool was virtually divided into four quadrants. A circular 

platform (10 cm in diameter) was located 2 cm below the surface and was not visible to the 

rat. Spatial cues were located on the walls of the laboratory room and the observer stood at a 

fixed position. Each animal was trained for 3 days, 5 trials/day, with a different access point 
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for each trial. In each trial the rats were given 60 seconds to reach the hidden platform and 

once the allotted time was over, animals were picked up and moved onto the platform and left 

there for 20 seconds before they were returned to their home cage. Each rat was tested again 

with the platform in place to evaluate memory retention 24 h and 15 d after the end of 

training.  

 

2.10 Western blot analysis 

 

A different batch of 4 dam-to-be females were treated as described in 2.2.1; 2 dams 

were treated with fluoxetine and 2 with vehicle, and their male offspring were pooled 

according to treatment and kept until P138. Randomly selected rats (n=3 per group) were 

euthanized under anesthesia (45 mg/kg ketamine/10 mg/kg xylazine) and their brains were 

quickly removed and placed in ice-cold PBS. Their brains were dissected and their 

hippocampi and temporal cortices were extracted under a magnifying glass (KL 1500 LCD) 

using Dumont No.5 forceps. For the temporal cortices, extracted cortical tissue ran medio-

lateral from above the rhinal fissure to the branching of the medial cerebral artery (barrel 

cortex), and rostro-caudal from bregma to the rostral end of the superior colliculus. 

To determine expression levels of NMDA and AMPA receptor subunits in the 

hippocampus and temporal cortex, isolated tissues were sonicated (5 pulses of 2 seconds each 

at intermediate intensity) in ice-cold RIPA buffer (0.1% SDS, 150 mM NaCl, 1% Triton 100, 

1.5% sodium deoxycholate), supplemented with protease and phosphatase inhibitor cocktails 

(Roche, Mannheim, Germany) and proteosome inhibitor MG132 (Sigma Aldrich, St. Louis, 

MO, USA). Hippocampus and temporal cortex lysates were centrifuged at 10.000 g for 10 

min at 4ºC and the insoluble pellets were discarded. Finally, protein concentrations were 

determined in the lysate supernatants using the bicinchoninic acid (BCA) method (Thermo 

Scientific, Rockford, IL, USA). Proteins (25 µg per sample) were resolved by a 10% SDS-

PAGE electrophoresis and transferred to polyvinylidene difluoride membranes (PVDF, 

Thermo Scientific, Rockford, IL, USA). The PVDF membranes were incubated with mouse 

monoclonal primary specific antibodies against AMPAR receptor subunits GluA1 (Clone 

N355/1; UC Davis/NIH NeuroMab Facility Cat# 73-327, RRI-D:AB_2315839), GluA2 (Clone 

L21/32; UC Davis/NIH NeuroMab Facility Cat# 73-002, RRID:AB_10674575) and NMDAR 

subunits NR1 (Clone N308/48; UC Davis/NIH NeuroMab Facility Cat# 73-272, 

RRID:AB_11001716), NR2A (Clone N327/95; UC Davis/NIH NeuroMab Facility Cat# 73- 

288, RRID:AB_2315841) and NR2B (Clone N59/36; UC Davis/NIH NeuroMab Facility Cat# 

8
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73-101, RRID:AB_10672980), followed by incubation with a secondary HRP-conjugated 

anti-mouse IgG antibody (Rockland, Gilbertsville, PA, USA). Immunodetection was carried 

out with SuperSignal West chemiluminescent substrate (Thermo Scientific, Rockford, IL, 

USA) and images at different exposure times were acquired in a ChemidocTM Touch reader 

(BIORAD). Membranes were stripped and re-probed with a mouse monoclonal anti-Hsp90 

α/β antibody F-8 (1:2000, Santa cruz, sc13119) followed by the secondary HRP-conjugated 

anti-mouse antibody (1:5000) as a control for sample loading. Protein bands were quantified 

and normalized relative to the loading control band with ImageJ software (National Institute 

of Health, Bethesda, MD, USA). 

 

2.11 Data analysis and statistics 

 

Data was expressed as mean ± SD. Statistical differences between two groups were 

assessed with the two-tailed unpaired Student‘s t-test for OFT, TST, SPT, NOR and MWM 

long-term and remote memory retention tests, as well as for Western blot analysis. 

Longitudinal data was analyzed using a generalized estimated equation (GEE) model to 

account for missing data, using “time” and “treatment” as factors. Results were considered 

significant when p<0.05. Significant differences are indicated with asterisks: p<0.0001(****), 

<0.001 (***), <0.01 (**) or <0.05 (*). Effect sizes (Cohen’s d) were estimated from the mean 

(M) and standard deviation (SD) according to the formula:  

 

Cohen’s d = (M2 – M1) / SDpooled 

where 

SDpooled = √((SD1
2
 + SD2

2
) / 2) 

 

The effect was classified as: d>0.2=small, d>0.5=medium and d>0.8=large.  

 

3. Results 

 

3.1 Effect of chronic oral fluoxetine administration on female dams. 

 

Dam-to-be females were randomly divided into two groups and either treated with 

vehicle (VEH-dam) or fluoxetine (FLX-dam) and were tested for pre-treatment anxiety-like 

and locomotion differences using the OFT before the beginning of fluoxetine treatment. Dam-
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to-be female rats showed no significant baseline differences between groups in the time spent 

at the center of the OF (Figure 2A, p=0.85, Cohen’s d=0.09; VEH-dam: 15.4±13.7s, n=8; 

FLX-dam: 16.9±19.0s, n=9). In addition, no differences were found in baseline locomotion 

(Figure 2B, p=0.07, Cohen’s d=0.36; VEH-dam: 61.9±18.9dm, n=8; FLX-dam: 62.9±9.2dm, 

n=9), suggesting similar anxiety and locomotion levels among groups before chronic 

fluoxetine administration.  

 

 
Figure 2. Effects of chronic fluoxetine administration on the dam-to-be female rats. A. Time in 
center of the OFT as a surrogate for anxiety-like behavior. B. Locomotion measured in the OFT, as 
number of transitions from one 10x10 cm square to another. C. Immobility time in the TST after 8 
weeks of daily vehicle or fluoxetine treatment. D. Effect of the 8 weeks of fluoxetine administration 
on weight gain. Open circles correspond to vehicle treated rats (VEH-dam) and filled circles to 
fluoxetine treated animals (FLX-dam). Data is presented as mean ± SD. ****p<0.0001.  
 

 

The dam-to-be females did not undergo any procedure to induce depression (see 

discussion). To ensure that the dam-to-be females had no motivational differences induced by 

either the drinking protocol or fluoxetine treatment, their depressive-like behavior was 

measured after 6 weeks of 0.7 mg/kg oral fluoxetine administration using the TST. As 

expected, fluoxetine-treated healthy females showed no differences in immobility time 

compared to the vehicle-treated rats (Figure 2C, p=0.67; Cohen’s d=0.19; VEH-dam: 

102±44s, n=8; FLX-dam: 109±34s, n=9). Thus, 6 weeks of fluoxetine administration had no 

effects on anhedonia in healthy non-depressed female rats. 
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The effect of fluoxetine on weight gain was also measured during the 7 weeks of 

fluoxetine administration (Figure 2D). Within group comparisons showed a time-dependent 

increase in weight gain over time for both groups (p<0.0001). Between-group comparisons 

showed no differences in weight gain due to fluoxetine administration. 

 

3.2 Prenatal exposure to fluoxetine has enduring consequences on affective-

related behavior. 

 

Adult male offspring exposed to fluoxetine during the early gestational stage (E0-E14) 

were first evaluated for anxiety-like and depressive-like symptoms (Figure 1B). Anxiety-like 

behavior was measured in the OFT. Rats prenatally exposed to fluoxetine showed a 

significant decrease in the total time spent in the center of the OF (Figure 3A, p=0.030, 

Cohen’s d=1.04; VEH: 5.6±5.7s, n=11; FLX: 1.3±1.5s, n=10), without a significant 

difference in total locomotion, as measured by transitions in the virtual 10x10 cm squares 

(Figure 3B, p=0.089, Cohen’s d=0.78; VEH: 98.9±26.9, n=11; FLX: 74.8±34.6, n=10). The 

above suggests increased anxiety. 

To assess depressive-like symptoms, the TST and SPT were performed to measure 

both learned helplessness and anhedonia, respectively. Adult rats exposed to fluoxetine in 

utero showed a significant increase in immobility time in the TST (Figure 3C, p=0.004, 

Cohen’s d=1.53; VEH: 100.7±46.5s, n=10; FLX: 160.7±30.5s, n=9). No differences were 

found between groups in their sucrose preference in the SPT (Figure 3D, p=0.18, Cohen’s 

d=0.69; VEH: 83.3±13.8%, n=11; FLX: 75.4±12.2, n=10). Thus, rats exposed in utero to 

fluoxetine showed depressive-like symptoms presented as increased learned helplessness 

behavior, but not anhedonia.  

 

3.3 Prenatal exposure to fluoxetine has permanent effects on long-term memory 

 

To test whether gestational exposure to fluoxetine (E0-E14) induces long-lasting 

memory impairment, the animals were evaluated in hippocampal-dependent (MWM) and 

non-hippocampal dependent (NOR) memory paradigms.   
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Figure 3. Effects of in utero fluoxetine exposure on anxiety-like and depressive-like symptoms in 
adult rats. A. Anxiety-like symptoms were measured in the OFT as the time spent in the center of the 
setup. B. Locomotor activity measured in the OFT. C. Assessment of depressive-like helplessness 
behavior measured as immobility in the tail suspension test (TST). D. Assessment of depressive-like 
anhedonic behavior measured in the sucrose preference test (SPT). Open circles correspond to vehicle-
treated male offspring (VEH) rats and filled circles to fluoxetine-treated male offspring (FLX). Data is 
presented as mean ± SD. *p<0.05, **p<0.01. 
 

To exclude biased results due to exploration differences between groups in the NOR, 

the total exploration time of both objects in the training and test session were compared. No 

statistical differences in exploration were found between groups in the training (Figure 4A, 

p=0.45, Cohen’s d=0.34; VEH: 13.4±4.9s, n=10; FLX: 12.0±3.0s, n=10) or the test phase 

(Figure 4A, p=0.46, Cohen’s d=0.34; VEH: 11.9±3.7s, n=10; FLX: 10.7±3.6s, n=10). In 

addition, to exclude any potential location preference for any of the objects, the time 

exploring each of the two identical objects in the training was measured, showing no apparent 

location preference (Figure 4B, VEH: p=1.0, Cohen’s d=0.00; Object 1=6.8±3.2s, Object 

2=6.8±2.5s, n=10; FLX: p=0.54, Cohen’s d=0.28; Object 1=5.4±2.1s, Object 2=6.0±2.2s, 

n=10). In the test session, the male offspring of vehicle-exposed rats explored the novel object 

significantly more than the familiar one (showing a D2 index higher than 0), while prenatal 

fluoxetine-exposed animals were unable to discriminate the novel from the familiar object 

(Figure 4C, p<0.0001, Cohen’s d=2.52; VEH: 0.4±0.2, n=10; FLX: -0.2±0.3, n=10), showing 

an impairment in memory due to fluoxetine exposure.  
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Figure 4. Effects of in utero fluoxetine exposure on adult memory. Adult male offspring of vehicle 

or fluoxetine-treated dams were subjected to memory tests, including the novel object recognition 

(NOR) and the Morris water maze (MWM). A. Total object exploration time of both experimental 

groups in the NOR training and test. B. Location preference measured as differences in exploration 

time between the identical objects in the training session of the NOR. C. Recognition memory 

measured as D2-index in the NOR test. D. Learning curve in the MWM test, showing the time for the 

animals to reach the platform. E. Long-term spatial memory test 24 hours after the last training session 

for the MWM test. F. Memory retention measured 15 days after the last MWM training session. Open 

circles correspond to vehicle-treated male offspring (VEH) rats and filled circles to fluoxetine-treated 

male offspring (FLX). Data is presented as mean ± SD. *p<0.05, ****p<0.0001. 

 

 When hippocampal-dependent spatial memory was evaluated using the MWM task, a 

normal learning curve was obtained during the 3 training days in both groups of rats, showing 

no differences in learning between groups (Figure 4D, VEH: training 1=37.0±10.5s, training 

2=18.6±8.9s, training 3=8.0±3.8s, n=9; FLX: training 1=40.8±10.6s, training 2=19.1±15.3s, 

training 3=9.8±5.7s, n=10). Both groups showed within-group differences over time between 

training 1 and training 3 (p<0.0001). They did not show any difference in their capacity to 

find the platform when tested 24 h after training (Figure 4E, p=0.42, Cohen’s d=0.37; VEH: 

9.9±8.6s, n=9; FLX: 7.5±3.0s, n=10), suggesting that both groups learned similarly. However, 

when memory retention was tested 15 days after the training, the fluoxetine-exposed offspring 

needed significantly more time to find the platform, suggesting that remote memory retention 

was impaired (Figure 4F, p=0.020, Cohen’s d=1.21; VEH: 13.7±7.7s, n=9; FLX: 30.3±17.9s, 

n=10). Therefore, data from the NOR and MWM show evidence that prenatal fluoxetine 
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exposure has permanent adverse effects on remote memory of hippocampus-dependent 

memory and impaired non-hippocampus dependent memory.  

 

3.4 Prenatal exposure to fluoxetine influences ionotropic glutamate receptor 

subunit expression.  

 

 In an attempt to understand the possible mechanisms that underlies the permanent 

memory impairments induced by prenatal fluoxetine, western blot analyses were preformed to 

determine if gestational fluoxetine administration affected the expression of different subunits 

of AMPA (GluA1 and GluA2) and NMDA (NR1, NR2A and NR2B) glutamate receptors in the 

temporal cortex and the hippocampus. This analysis was performed in brain samples obtained 

from animals exposed in utero to either fluoxetine or vehicle, but did not undergo the 

behavioral battery, in order to rule out any possible effects related to training or differences in 

memory performance. The rats in these groups were matched for age with the groups exposed 

to the behavioral test battery.  

As can be observed in Figure 5, molecular analyses revealed no differences in the 

expression of AMPA receptor subunits GluA1 (temporal cortex: p=0.37, Cohen’s d=0.28, 

VEH: 1.8±0.4, FLX: 1.7±0.2, n=3 each group; hippocampus: p=0.46, Cohen’s d=0.67, VEH: 

0.7±0.1, FLX: 0.6±0.1, n=3 each group) or GluA2 (temporal cortex: p=0.53, Cohen’s d=0.56, 

VEH: 1.7±0.6, FLX: 1.4±0.2, n=3 each group; hippocampus: p=0.74, Cohen’s d=0.30, VEH: 

3.1±0.4, FLX: 2.9±1.0, n=3 each group) in the hippocampus or temporal cortex, when 

comparing in utero fluoxetine-exposed and vehicle-exposed animals.  

When analyzing changes in NMDA receptor subunits, no differences between groups 

were found for NR1 (temporal cortex: p=0.38, Cohen’s d=0.81, VEH: 1.1±0.1, FLX: 1.2±0.1, 

n=3 each group; hippocampus: p=0.38, Cohen’s d=0.81, VEH: 1.3±0.1, FLX: 1.4±0.2, n=3 

each group) and NR2A subunits (temporal cortex: p=0.28, Cohen’s d=1.44, VEH: 0.8±0.1, 

FLX: 0.7±0.0, n=3 each group; hippocampus: p=0.74, Cohen’s d=0.29, VEH: 2.5±0.6, FLX: 

2.4±0.3, n=3 each group). However, a significant increase in NR2B subunit expression was 

found in the temporal cortex, but not in the hippocampus (Figure 5A-B, temporal cortex: 

p=0.0078, Cohen’s d=4.04, VEH: 1.2±0.1, FLX: 1.5±0.1, n=3 each group; hippocampus: 

p=0.74, Cohen’s d=0.29, VEH: 2.6±1.0, FLX: 2.6±1.0, n=3 each group). Moreover, the ratio 

between NR2B/NR2A in temporal cortex from animals exposed in utero to fluoxetine was 

significantly reduced (Figure 5C, p=0.032, Cohen’s d=2.63, VEH: 1.5±0.3, FLX: 2.1±0.1, 

n=3 each group). 
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Figure 5. Protein expression of NMDA receptor subunits was assessed via western blot. The progeny 

of dams treated with fluoxetine during pregnancy were sacrificed at P128 and brains were extracted. 

Protein extracts were prepared from hippocampus and temporal cortex and western blot analyses were 

performed to evaluate the expression of NMDA and AMPA receptor subunits. The analyses were 

performed in 3 rats per group. A. Representative western blot analysis showing protein expression for 

a panel of NMDA and AMPA subunits. B. Densitometry quantification of western blot analyses for 

temporal cortex expression of NR2B subunits. Quantification is relative to the expression of Hsp90. C. 

NR2B/NR2A ratio in temporal cortex. Open bars correspond to vehicle treated male offspring (VEH) 

rats and filled bars to fluoxetine treated male offspring (FLX). Data is presented as mean ± SD. 

*p<0.05, **p<0.01. 

 

4. Discussion 

 

Our results show that gestational exposure to a clinically relevant dose of fluoxetine, 

which did not induce changes in depressive-like behavior or weight gain in dam-to-be 

females, was able to increase anxiety-like and depressive-like symptoms in the adult male 

offspring. In addition, cortex-dependent memory and remote memory retention of 

hippocampal-dependent memory were also affected. Western blot analysis indicated the NR2B 

subunit of the NMDA receptor was upregulated in the temporal cortex, but not in the 

hippocampus. 

A dose of 0.7 mg/kg of fluoxetine dissolved in drinking water was used. This dose is 

clinically relevant [28] as it produces the same plasma level of fluoxetine as the 40 mg/day 

fluoxetine treatment in an average 60 kg person [21], which is the recommended dose by the 

supplier (Prozac FDA Prospect, 2009). This dose is lower than the dose used in most previous 

studies in rodents, which used doses between 7 and 12 mg/kg per day (Ansorge et al., 2008; 

Bairy et al., 2007; Olivier et al., 2011).  

Care was taken to ensure that no behavioral differences were present in the dams that 

could affect the behavior of the offspring. Fluoxetine was administered 6-7 weeks before 

coitus to ensure that potential behavioral or motivational effects from initiation of fluoxetine 

administration did not affect coitus or pregnancy. Moreover, fluoxetine was administered 
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dissolved in drinking water to avoid any stress or discomfort associated with other means of 

administration like injection or oral gavage, which could induce stress and hence affect 

gestational development or maternal behavior. It must be noted though that the usual 

prescription of fluoxetine, which is taken once-or twice a day, leads to one or two daily peaks 

of circulating blood fluoxetine. In our experiment, a steadier concentration of fluoxetine 

would be expected throughout the day, as it was administered orally through drinking water.  

Fluoxetine administration was ceased 14 days after coitus to ensure that the effects 

observed can be attributed exclusively to gestational exposure to fluoxetine and not through 

exposure via lactation, as it has been reported that plasma and brain levels of both fluoxetine 

and its active metabolite norfluoxetine are undetectable a week after cessation of 

administration of a higher dose of 12 mg/kg fluoxetine for 21 days [31]. Also, motivation, 

anxiety and locomotion were measured in the dams and found to be similar for both 

fluoxetine and vehicle treated dams, which rules out behavioral differences in the dams that 

could contribute to behavioral differences in the offspring.  

The optimal model to recapitulate the clinical situation in women treated with 

fluoxetine would be to have female rats that would show depressive-like symptoms, be 

successfully treated with chronic fluoxetine and then would become pregnant while on 

fluoxetine. Although chronic stress is considered an important risk factor for developing 

depression in humans, the disease can still develop in the absence of any relevant life stressor, 

while individuals exposed to chronic stress may not develop depression [32], suggesting that 

chronic stress is not a prerequisite for depression. Because all current depression models in 

rodents are based on chronic stress, which is well known to affect gestation and induce 

detrimental long-term effects in the offspring, including developmental, attentional and 

behavioral abnormalities, as well as psychopathology [33–36], the induction of depressive-

like behavior was not used in this study. If chronic stress was used to induce depressive 

symptoms in the dam to be females, it would be unclear whether the effects seen in the 

offspring after in utero fluoxetine treatment would be attributed to the chronic stress, 

fluoxetine or the combination of both. Hence, to avoid the confounding effects of chronic 

stress and due to the lack of a better model, dams without depression were exposed to 

fluoxetine in the present study.    

Prenatal fluoxetine exposure induced an increase in anxiety-like and depressive-like 

behavior in the adult offspring, but did not affect locomotion. This is consistent with previous 

studies in rodents that have shown increased anxiety [9–12,37] and depressive-like symptoms 

[10–12] in rodents exposed prenatally to fluoxetine. It is important to note that the increase in 
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depressive-like behavior in our study was found in helplessness (TST), but not in anhedonia 

(SPT). Another study also did not find any abnormal behavior in the SPT [10], which may 

suggest that in utero fluoxetine administration may induce specific depressive symptoms.  

There is currently no known mechanism that explains the increase in anxiety or the 

appearance of depressive-like symptoms after gestational fluoxetine exposure. Previous 

studies have reported that prenatal fluoxetine exposure may induce a decrease in serotonin 

levels in the frontal cortex [38], and enhanced inhibitory synaptic activity in neurons of the 

medial prefrontal cortex, as a result of enhanced 5-HT2AR signaling [7], implying that the 

serotonin system in adulthood is affected after in utero exposure to fluoxetine. In utero 

exposure to SSRIs has also been shown to increase behavior associated with increased activity 

of dopamine agonists in the striatum (De Ceballos et al., 1985), reduced levels of beta-

adrenoceptors (De Ceballos et al., 1985) and reduced complexity in dendritic branches of 

cortical layer 2/3 pyramidal neurons [9]. These changes may contribute at least in part to the 

mechanism by which in utero exposure to fluoxetine causes changes in emotional behavior. 

In the present study, the effects of prenatal fluoxetine on hippocampal and non-

hippocampal memory were assessed with the MWM and NOR test respectively. Fluoxetine-

exposed offspring showed normal learning and long-term memory in the MWM test 24 h after 

training. Our results are in agreement with previous studies showing no differences in 

memory performance in the MWM test [16,20]. However, our study showed memory 

impairment in remote memory evaluated 15 days after training, which was not tested in 

previous studies. This result is particularly interesting, as previous studies have shown that 

chronic fluoxetine administration in healthy adult male rats had no effect on MWM learning 

or 24 h memory retention [41–43], but induced impairments in 15-day remote memory, which 

normalized after cessation of fluoxetine treatment [41]. These results suggest a role for 

fluoxetine in remote memory expression and/or retention.  

Rats exposed to fluoxetine in utero also showed significant memory impairment in the 

NOR test, which is a novel finding, since the effects of gestational fluoxetine exposure on 

non-hippocampal memory paradigms have not been evaluated to date. This result is 

interesting, given that the same impairment in the NOR test was also reported as a result of 

chronic and sub-chronic fluoxetine treatment in adult male rats [41–44]. Unlike the 

impairment found in the MWM remote memory, NOR impairment did not disappear after 

fluoxetine withdrawal in adult rats treated with fluoxetine [41]. Taken together, the present 

evidence suggests that fluoxetine, especially in the developing nervous system, may have 

long-lasting effects on memory. However, the mechanisms by which gestational fluoxetine 
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and adult exposure to fluoxetine affect memory are not necessarily similar, as serotonin has 

various crucial roles during the development of the nervous system, including setting the 

topography of thalamocortical projections, guiding serotoninergic innervation and regulating 

the gene expression of many neuropeptides [45,46].  

In adult mammals, including humans, the hippocampus has a pivotal role in the 

acquisition and consolidation of declarative memories, such as spatial memory. However, the 

role of the hippocampus in memory storage recedes gradually during the first weeks after 

learning, and cortical structures become increasingly important in long-term storage of 

declarative memories [47], including cortical regions within the medio temporal lobe 

(perirhinal and entorhinal cortices, which are included in this study as part of the temporal 

cortex) and other limbic cortical regions, like the retrosplenial cortex [48] and the anterior 

cingulate [49]. On the other hand, memory required for NOR depends on an intact perirhinal 

cortex for both acquisition and consolidation [50,51]. Hence, memories that are initially 

acquired by an intact hippocampus will require cortical temporal regions for their remote 

retention. As a consequence, the impairments in the MWM remote-memory and NOR 

acquisition, both of which depend on cortical structures such as the perirhinal cortex, suggest 

that gestational fluoxetine exposure induces permanent detrimental effects on cortical 

function, without affecting hippocampal function. To shed light into this possibility, we 

performed a western blot analysis to determine possible changes in glutamate receptor 

subunits (AMPA and NMDA) in hippocampus and temporal cortex, since these glutamatergic 

receptors are critical for memory, and because long-term fluoxetine administration in adult 

male rats has been shown to induce changes in NMDA receptor subunit stoichiometry in 

cortical regions (Ampuero et al., 2010) and in the hippocampus [22–24].  

Our results showed no differences in the expression of AMPA receptor subunits GluA1 

and GluA2, and NMDA receptor subunits NR1 and NR2A, neither in the hippocampus nor in 

the temporal cortex. However, the NR2B subunit of NMDA receptors was upregulated in adult 

rats after the in-utero fluoxetine exposure, resulting in an increase in the NR2B/NR2A subunit 

stoichiometry in the temporal cortex, but not the hippocampus. A previous study reported that 

animals that underwent perinatal fluoxetine exposure until post-natal day 14 showed reduced 

NR1 and NR2A, but not NR2B subunits, in the frontal cortex and showed no changes at all in 

the hippocampus [52], which is particularly interesting as prenatal fluoxetine has been 

reported to induce memory deficits in working memory using the Y-maze, which is dependent 

on the prefrontal cortex, but not the hippocampus [7]. It is possible that the frontal cortex 

shows a reduction of NR1 and NR2A subunits, while the temporal cortex shows increased 
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NR2B subunits instead. Although there are many differences between our experimental 

protocol and theirs, including different brain regions, doses of fluoxetine, periods of 

administration of fluoxetine and age of sampling, both studies suggest that prenatal fluoxetine 

exposure may affect cortical glutamatergic receptor subunit stoichiometry. 

Besides their well-known role in learning and memory during adulthood, both AMPA 

and NMDA receptors have crucial roles during brain development. For instance, the NR2B 

subunit of the NMDA receptor is predominant in the early postnatal stages of brain 

development, but is ultimately outnumbered by the NR2A subunits in a process known as the 

NR2B-NR2A developmental switch [25,26]. Thus, it is possible that fluoxetine exposure during 

development might impair this developmental switch. Furthermore, pharmacological studies 

have confirmed the participation of NR2B in memory, showing that antagonism of NR2B leads 

to impairment of hippocampal and non-hippocampal dependent memories, which is needed 

for memory formation [53,54].  

In conclusion, our study shows that in utero administration of fluoxetine at a clinically 

relevant dose has long-lasting effects in the adult male offspring. Fluoxetine exposure during 

the first 2 weeks of gestation increases anxiety-like and depressive-like behavior and causes 

remote memory retention deficits of hippocampal-dependent memory and impairment of non-

hippocampal dependent memory, suggesting a memory-related dysfunction in the cortex but 

not the hippocampus. In line with this, an increase in the NR2B/NR2A ratio of NMDA receptor 

subunits was found in the temporal cortex, but not in the hippocampus.  
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