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Abstract

Background: Epidemiological reports indicate that mood-related disorders are common in the 

adolescent population. The prevalence of juvenile major depressive disorder has resulted in a 

parallel increase in the prescription rates of fluoxetine (FLX) within this age group. Although such 

treatment can last for years, little is known about the enduring consequences of adolescent 

antidepressant exposure on memory-related performance.

Methods: We exposed separate groups of adolescent (postnatal day [PD] 35) male and female 

C57BL/6 mice to FLX (20 mg/kg) for 15 consecutive days (PD35–49). Three weeks after FLX 

exposure (PD70), we assessed learning and memory performance on a single-day training object 

novelty recognition test, or a spatial memory task on the Morris water maze (MWM).

Results: We found that FLX pretreatment did not influence performance on either the object 

novelty recognition task or the MWM, 24 hr after training. Conversely, 48 hr post spatial-training 

on the MWM, FLX pretreated male mice spent significantly less time on the quadrant of the 

missing platform during a standard probe trial. No differences in MWM performance were 

observed in the adult female mice pretreated with FLX.

Limitations: A limitation of this study is that normal adolescent mice (i.e., non-stressed) were 

evaluated for memory-related behavior three weeks after antidepressant exposure. Thus, it is 
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possibility that FLX pre-exposure in combination with animal models for the study of depression 

may yield different results.

Conclusion: Together, these results demonstrate enduring spatial memory-related deficiencies 

after pre-exposure to FLX during adolescence in male, but not female, C57BL/6 mice.

INTRODUCTION

Adolescence is a stage of development in which the incidence of mood-related disorders 

emerges. As a result, antidepressant medications, primarily selective serotonin reuptake 

inhibitors (SSRIs), are frequently administered to the juvenile population (Emslie and Judge, 

2000; Schroder et al., 2017a). In particular, the prescription rate of fluoxetine (FLX), when 

compared to other antidepressants, has been consistently high in populations younger than 

20 years of age – given that it is the only pharmacotherapeutic agent approved by the Food 

and Drug Administration for the treatment of pediatric major depressive disorder. Despite 

the heightened rates of antidepressant drug exposure, the long-lasting impact of FLX 

treatment during developmental periods prior to adulthood have not been thoroughly 

investigated (Olivier et al., 2011).

Accumulating preclinical investigations on the enduring consequences of early-life drug 

treatment, specifically during adolescence, have started to question the safety of exposure to 

antidepressant medications. While results are not always conclusive (Izquierdo et al., 2016; 

Norcross et al., 2008), generally, juvenile exposure to FLX results in neurobiological and 

behavioral alterations in adulthood (Olivier et al., 2011; Shrestha et al., 2014). For example, 

adolescent exposure to FLX modifies the reward valence of both natural (Iñiguez et al., 

2010) and drug (Flores-Ramirez et al., 2018; Iñiguez et al., 2015) rewards later in life; per 

the sucrose and cocaine place conditioning behavioral paradigms. Thus, implicating 

potential long-lasting alterations in drug seeking behavior (Bardo and Bevins, 2000). 

Furthermore, juvenile FLX exposure mediates a prolonged anxiogenic-like behavioral 

phenotype (Homberg et al., 2011; Sass and Wortwein, 2012). These enduring FLX-induced 

changes in reward- and stress-related stimuli may be indicative of a generalized depressive 

phenotype (Flores-Ramirez et al., 2018; Popa et al., 2008), particularly because FLX re-

exposure in adulthood normalizes some of these behavioral adaptations (Iñiguez et al., 2010; 

Karpova et al., 2009).

Responses to stress and drug-associated stimuli are correlated with learning and memory 

performance (Kennedy et al., 2016); as such, it is possible that adolescent antidepressant 

exposure may result in prolonged changes in memory function. Indeed, a study in male rats 

indicates that adolescent FLX exposure impairs spatial memory performance on a Morris 

water maze (MWM) task in adulthood (Sass and Wortwein, 2012). Yet, how such treatment 

influences memory performance, in females specifically, is currently not known. This is 

surprising, given that females are more likely than males to be diagnosed with mood related 

disorders, and thus, be exposed to SSRIs (Schroder et al., 2017b). Furthermore, ontogenic 

animal studies assessing drug-induced changes in behavior often report differential 

outcomes as a function of sex (Bevins and Charntikov, 2015; Mateos-Garcia et al., 2015); 

hence, stressing the need for investigations evaluating prolonged SSRI-induced changes in 
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behavior between males and females. To address this issue, the purpose of this study is to 

evaluate how adolescent FLX exposure influences episodic (object recognition) and spatial 

(MWM) memory performance in adulthood, in male and female C57BL/6 mice.

METHODS

Animals

Male and female C57BL/6 mice were bred from individuals originally purchased from 

Charles River Laboratory (Hollister, CA). Mice were housed in standard polypropylene 

cages containing wood shavings and placed on a 12 hr light/dark cycle (lights on at 7 a.m.) 

under unrestricted access to food and water. Experiments were conducted in compliance 

with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and 

with approval of the Institutional Animal Care and Use Committee at California State 

University San Bernardino and The University of Texas at El Paso.

Antidepressant Treatment and Experimental Design

Fluoxetine hydrochloride (FLX) was obtained from Spectrum Chemicals (Gardena, CA), 

dissolved in sterile distilled water (VEH), and administered via intraperitoneal (IP) 

injections, in a volume of 2 mL/kg. Separate groups of mice (Table 1) were treated with 

FLX (20 mg/kg) or VEH for 15 consecutive days (postnatal day [PD] 35–49). The age at the 

start and duration of antidepressant exposure (PD35–49) was selected because it roughly 

approximates adolescence in humans (Abreu-Villaca et al., 2010; Andersen, 2003). The FLX 

dose/regimen (20 mg/kg/day) was selected because it yields significant effects on 

depression-related behavior and gene expression in rodents (Englander et al., 2005; Iñiguez 

et al., 2010; LaPlant et al., 2010; Surget et al., 2011). After FLX treatment, performance on 

an episodic or spatial memory-related task (described below) was assessed 21 days after the 

last day of treatment (i.e., PD70+). Specifically, we conducted three separate sets of 

experiments to examine how juvenile exposure influenced responses to episodic (Fig. 1A; 

object recognition) and spatial memory (Fig. 1B; MWM) in adulthood. Since we observed 

enduring SSRI-induced alterations in spatial memory performance in male mice only (Fig. 

3), we conducted an additional experiment to assess whether the age of antidepressant 

exposure (i.e., adolescence vs. adulthood) was responsible for the behavioral changes 

observed (Fig. 5). To do this, we conducted a similar experiment in adult male mice, as a 

positive control group (Fig. 1C). Here, adult male mice (PD70) were exposed to FLX for 15 

consecutive days (PD70–84). Twenty-one days post antidepressant exposure (PD105), they 

were assessed for memory performance in the MWM test.

Object Recognition Test

The object-recognition test is commonly used to assess episodic memory in rodents 

(Ennaceur and Delacour, 1988), given that it capitalizes on rodents’ natural affinity for 

novelty. Testing was performed in four phases (handling, habituation, sample, and choice; 

Fig. 1A), adopting a similar protocol to what has been previously described (Frick and 

Gresack, 2003). In the first phase (habituation), mice were handled (5 min) for five 

consecutive days (PD63–67). On the last day of handling, mice were also habituated (second 

phase) to the testing apparatus (42 × 42 × 42 cm white open field box), as well as for the 
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following two days (PD67–69) in the absence of any object for three min each day. No data 

were collected during handling or habituation. We adopted this procedure to reduce levels of 

stress/anxiety prior to the sample phase, since juvenile FLX pre-treatment induces an 

anxiogenic effect in adulthood (Homberg et al., 2011; Iñiguez et al., 2010) – potentially 

reducing motivation to explore the objects. Twenty-four hr later (sample phase; PD70), 

animals were re-habituated to the testing box for 1-min, and then placed in a holding cage 

while two identical objects (clear plastic cups; 9 cm in diameter, 4 cm in height) were placed 

in the left and right corners (~1.5 cm from the wall) of the box. Mice were immediately 

placed back into the testing box and allowed to freely investigate the identical objects until 

they accumulated 30 sec exploring the objects. Subjects were excluded from the experiment 

if they did not reach 30 sec of cumulative exploration time within a 7-min session. Twenty-

four hr later (choice phase; PD71), one copy of the familiar object (clear plastic cup) and a 

new object (yellow plastic square; 9 cm in length, 4.5 cm in height) were placed in the same 

location as in the sample trial (i.e., for object recognition memory). The location of the novel 

object was counterbalanced (left vs. right) across mice to control for potential side-

preference bias. Dependent variables recorded were the latency (sec) to approach, as well as 

the total time (sec) spent with the novel object during the 5-min recognition test (choice 

phase).

Morris Water Maze (MWM)

The MWM consisted of a circular water tank, 97 cm in diameter and 58 cm in height. The 

maze was filled with water to a depth of 18 cm. The water was made opaque with white 

nontoxic paint, and its temperature was maintained at 24±1°C using a standard heat-lamp. 

Around the perimeter of the water tank, four starting points (north, south, east, west) were 

equally positioned, thus dividing the maze into four equal quadrants. During spatial training 

and testing day (described below), the escape platform (10 × 10 cm2) was submerged to a 

depth of 0.5 cm on the south-east quadrant. Extra-maze cues were placed throughout the 

walls of the testing room. MWM behavioral testing was conducted as previously described 

(Iñiguez et al., 2012), adopting four phases: habituation, training, test day, and probe trial 

(Fig. 1B).

Habituation.—All mice were handled for five days (5-min each time) in order to habituate 

them to the experimenter (PD65–69 for adolescent FLX pretreated mice [Fig. 1B]; PD100–

104 for adult FLX pre-treated mice [Fig. 1C]). On the last day of handling (PD69 and 

PD104, respective of FLX pretreatment age), mice were also habituated to the testing room 

for 20 min. This approach was adopted to reduce stress/anxiety, given that juvenile FLX 

exposure results in an enduring anxiogenic phenotype (Iñiguez et al., 2014a; Iñiguez et al., 

2010; Warren et al., 2011). Lastly, mice were habituated to the water immersion process (as 

previously described: Gresack and Frick, 2006; Iñiguez et al., 2012). Here, mice were given 

4 shaping trials. On trial 1, each mouse was placed for 10 sec on the escape platform (visible 

above water). For the remaining trials, each mouse was placed at three distances 

progressively further from the platform and allowed to swim to the platform. If the mouse 

did not find the platform within 60 sec, it was gently led to the platform by the experimenter. 

No data were collected during habituation.
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Spatial Training.—Water maze training was performed as previously described (Gresack 

and Frick, 2006; Packard and Teather, 1997). The mice received one training session of 

eight-trials (training day; PD70 and PD105, respective of FLX pre-treatment age). Mice 

were placed in the water maze at one of the four starting points and allowed 60 sec to freely 

swim and find the submerged escape platform. Every starting point was used twice within 

the eight trials in a randomized fashion. If a mouse did not locate the hidden platform within 

the allotted 60 sec, the experimenter gently directed it to the escape platform. Once on the 

escape platform, each mouse was allowed to remain on the platform for 10 sec. After every 

trial, each mouse was dried with a towel and placed in a holding cage for a 45 sec inter-trial. 

Immediately after the last training trial, mice were returned to their home-cage.

Spatial Test Day.—Twenty-four hr after the last training trial (PD71 and PD106, 

respective of FLX pre-treatment age), the mice were returned to the MWM for a single 

memory retention trial. All mice were released from the same starting point (north point). 

Latency (sec) and velocity (cm/sec) to find the escape platform were recorded via an 

automated computer tracking system (EthovisionXT, Noldus, Leesburg, VA). Lower swim 

latencies were interpreted as better memory performance (Leon et al., 2010), while swim 

velocity was used as a control for potential differences in locomotor-induced swimming 

ability as a function of FLX pre-exposure (Iñiguez et al., 2012).

Probe Trial.—Twenty-four hr after Test Day (i.e, 48 hr after spatial training), mice returned 

one last time to the MWM for a single 60 sec swim trial (PD72 and PD107, respective of 

adolescent and adult FLX pre-exposure). In this case, the escape platform was removed from 

the maze, and all mice were released from the same starting point (north point). The 

following measures were recorded during the probe trial: latency (sec) to reach the location 

where the escape platform was originally located (i.e., time to reach platform location), and 

total time spent within the quadrant (south-east) that contained the escape platform during 

spatial training and test day.

Data Analysis

Data was analyzed using two-way analysis of variance (ANOVA) for repeated measures, 

with drug pretreatment (between measure: VEH vs. FLX) and swim-trial (repeated measure: 

8-trials) as sources of variance. Separate analyses were conducted between male and female 

mice, given that baseline sex differences are commonly reported for both spatial navigation 

and object recognition tasks (Frick and Gresack, 2003). Correspondingly, separate analyses 

were performed as a function of age given locomotor-induced differences between the age 

groups (Flores-Ramirez et al., 2018). When appropriate, two-group comparisons were 

conducted using two-tail Student’s t-tests. Data are expressed as the mean ± standard error 

of the mean (SEM). Statistical significance was defined as p<0.05.

RESULTS

Novel Object Recognition Test

Adolescent FLX exposure (PD35–49) did not influence novel object recognition memory 

performance when assessed in adulthood (PD70+; Fig. 2). Specifically, FLX pre-exposed 
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male (Fig. 2A–B) or female (Fig. 2D–E) mice did not differ in the time to initially approach 

the novel object, nor in the total amount of time spent exploring it, when compared to their 

respective VEH-pretreated controls (PD71; n= 10–11/group). Similarly, no differences in 

total locomotor activity (distance traveled) were observed in male (Fig. 2C) or female (Fig. 

2F) mice, as a function of antidepressant pre-treatment.

Morris Water Maze

Male adolescent FLX exposure (PD35–49) impairs MWM performance in 
adulthood (PD70+).—Figure 3 shows the effects of juvenile FLX pre-treatment on a 

MWM spatial acquisition task in adulthood (PD70+). There were no statistical mean group 

differences on time (latency) to locate the platform, or swim velocity (cm/sec), as a function 

of adolescent FLX pretreatment (see Fig. 3A–B, respectively). Significant main effects for 

swim trial (repeated measure) on latency to locate the platform (F7,140= 2.65, p<0.05) and 

for swim velocity (F7,140= 6.04, p<0.05) indicated that mice learned to locate the platform, 

similarly, across the training regardless of FLX pretreatment. Specifically, there was a 

decrease in latency (Fig. 3A) and velocity (Fig. 3B) to reach the platform when comparing 

Trials 4–8 (latency) and Trials 3–8 (velocity) to Trial 1 (p<0.05, respectively). Figure 3C–D 

shows no differences between the groups on the time (latency), or swim velocity, to locate 

the escape platform on Test Day (PD71). Conversely, 48 hr after spatial training (PD72), 

adolescent FLX pretreatment altered spatial memory performance, during a probe trial, in 

adult male mice. In this case, FLX-pretreated animals displayed a trend for longer latency 

(time) to reach the original location of the missing platform when compared to controls (t20= 

1.65, βp= 0.057; Fig. 3E). Furthermore, FLX pretreated male mice spent significantly less 

time in the quadrant corresponding to the missing platform (south-east), when compared to 

VEH pretreated male mice (t20= 2.03, p<0.05; Fig. 3F). This suggests that adolescent FLX 

pretreatment impaired memory performance during the probe trial, in male mice.

Female adolescent FLX exposure (PD35–49) does not influence MWM 
performance in adulthood (PD70+).—Figure 4 shows the effects FLX pre-treatment 

during adolescence on a MWM spatial acquisition task in adulthood. No statistical mean 

group differences on time (latency) to locate the platform, or swim velocity (cm/sec), as a 

function of adolescent FLX pretreatment (see Fig. 4A–B, respectively), were found between 

the groups. Significant main effects for swim trial (repeated measure) on latency to locate 

the platform (F7,126= 3.68, p<0.05) and for swim velocity (F7,126= 5.45, p<0.05) showed 

that mice learned to locate the platform across the training trials in a similar fashion, 

regardless of juvenile FLX pretreatment. Specifically, there was a decrease in latency (Fig. 

4A) and velocity (Fig. 4B) to reach the platform when comparing Trials 5–8 (latency) and 

Trials 3–8 (velocity) to Trial 1 (p<0.05, respectively). Figure 4C–D further shows that FLX 

pretreatment did not influence spatial memory retention, 24 hr after spatial training (i.e., Test 

Day; PD71). No differences in the time (latency), or swim velocity were detected between 

the groups as a function of adolescent drug pre-treatment. Lastly, no differences in spatial 

memory retention between the groups were observed during the probe trial (48 hr post 

spatial training; PD72). Specifically, no differences between the groups were observed on 

the latency to reach the location of the missing platform (Fig. 4E), nor differences in swim 

velocity across the 60 sec swim trial (Fig. 4F). Collectively, these data indicate that 
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adolescent FLX pretreatment does not influence MWM performance in adulthood, in female 

C57BL/6 mice.

Adult male FLX exposure (PD70–84) does not influence MWM performance 
later in life (PD105+).—Figure 5 demonstrates the effects of FLX pre-treatment on a 

MWM spatial acquisition task in adulthood (PD105+). No statistical mean group differences 

on time (latency) to locate the platform, or swim velocity (cm/sec), as a function of 

adolescent FLX pretreatment (see Fig. 5A–B, respectively) were observed between the 

experimental groups. Significant main effects for swim trial (repeated measure) on latency to 

locate the platform (F7,126= 2.30, p<0.05; Fig. 5A) and for swim velocity (F7,126= 3.94, 

p<0.05; Fig. 5B) indicated that mice learned to locate the platform across the training trials, 

similarly, regardless of pre-exposure to FLX. Specifically, there was a decrease in latency 

(Fig. 5A) and velocity (Fig. 5B) to reach the platform when comparing Trials 6–8 (latency) 

and 4–8 (velocity) to Trial 1 (p<0.05, respectively). Figure 5C–D further shows that FLX 

pretreatment did not influence memory retention on Test day, 24 hr after spatial training 

(PD106). No differences in the time (latency; Fig. 5C), or swim velocity (Fig. 5D) were 

detected between the groups. Lastly, no differences in spatial memory retention were 

observed during the probe trial (48 hr post spatial training; PD107). Here, no differences 

between the groups were observed on latency to reach the location of the missing platform 

(Fig. 5E), nor differences in the time spent in the quadrant that previously contained the 

platform (Fig. 5F). Collectively, these data indicate that FLX exposure in adulthood does not 

influence MWM performance 21-days after treatment, in male C57BL/6 mice.

Effects of FLX on Body Weight

Enduring effects of FLX exposure in adolescent male mice.—Figure 6A shows 

the effects of adolescent FLX exposure (PD35–49) on body weight in male C57BL/6 mice. 

A mixed-design repeated measures ANOVA revealed that weight was influenced by a main 

effect of FLX treatment (between measure: F1,574=19.93, p<0.05), a main effect of day of 

antidepressant exposure (repeated measure: F14,574=12.16, p<0.05), and their interaction 

(FLX by day of exposure; F14,574=26.96, p<0.05). Post-hoc analyses revealed that when 

compared to controls (n=21), FLX-exposed mice (n=22) displayed lower body-weight as of 

the second day of treatment (PD36), remaining lower throughout FLX exposure (PD49). No 

enduring differences in body weight, as a function of adolescent FLX pre-exposure, were 

observed at PD70 (i.e. prior to behavioral testing in adulthood; see Figure 6A, right panel).

Enduring effects of FLX exposure in adolescent female mice.—Figure 6B shows 

the effects of adolescent FLX exposure (PD35–49) on body weight in female C57BL/6 

mice. A mixed design repeated measures ANOVA showed that weight decreased as a 

function of FLX treatment (between measure: F1,532=37.75, p<0.05), day of antidepressant 

exposure (repeated measure: F14,532=90.10, p<0.05), as well as their interaction (FLX by 

day of exposure; F14,532=10.59, p<0.05). Tukey post-hoc analyses revealed that when 

compared to controls (n=20), FLX-exposed adolescent female mice (n=20) displayed lower 

body-weight as of the second day of treatment (PD36), remaining lower until the end of 

FLX exposure (PD49). No enduring differences in body weight, as a function of FLX pre-
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exposure, were apparent at PD70 (i.e. prior to behavioral testing in adulthood (Figure 6B, 

right panel).

Enduring effects of FLX exposure in adult male mice.—The effects of FLX 

exposure (PD70–84) on body weight in adult male C57BL/6 mice can be observed in Figure 

6C. A mixed-design repeated measures ANOVA revealed a main effect of FLX treatment 

(between measure: F1,252=4.99, p<0.05), a main effect of day of antidepressant exposure 

(repeated measure: F14,252=68.59, p<0.05), as well as their interaction (FLX by day of 

exposure; F14,252=25.25, p<0.05). Tukey post-hoc analyses showed that adult FLX-exposed 

mice (n=12) displayed lower body-weight as of the third day of treatment (PD72), when 

compared to their VEH-treated counterparts (n=8), an effect that remained throughout FLX 

exposure (PD84). No differences in body weight, as a function of antidepressant 

pretreatment were apparent at PD105 (i.e. prior to behavioral testing in adulthood; see 

Figure 6C, right panel)

DISCUSSION

Mounting preclinical evidence suggests that prolonged exposure to antidepressant 

medications, during the juvenile stage of development, alter responses to a variety of stress-

and reward-related stimuli in adulthood (Flores-Ramirez et al., 2018; Karpova et al., 2009; 

Olivier et al., 2011). However, less is known about the potential enduring side effects of such 

treatment on memory function. Thus, the present investigation was designed to examine if 

adolescent (PD35–49) exposure to the antidepressant FLX (20 mg/kg/day) would result in 

long-lasting alterations on memory-related performance (PD70+), using male and female 

C57BL/6 mice as a model system. We report that juvenile FLX exposure impairs spatial, but 

not episodic memory function, in a sex specific manner, 21 days post treatment.

Episodic memory, per the object recognition task, was not altered in adulthood as a function 

of SSRI history. No differences in either the latency (sec) to approach the novel object, nor 

the total time spent exploring it, were evident in either male (Fig.2A–B), or female (Fig. 

2D–E) mice, as a result of adolescent FLX pre-exposure. Likewise, no differences in the 

distance traveled (cm) during the 5-min memory retention trial were noted between the 

experimental groups (Fig. 2C and 2F, respectively). This indicates that FLX pre-exposure 

does not influence locomotor activity and/or body weight later in life (Fig. 6), similar to 

what has been previously reported in both rats (Amodeo et al., 2015; Iñiguez et al., 2010) 

and mice (Flores-Ramirez et al., 2018; Iñiguez et al., 2014a). Conversely, juvenile SSRI 

exposure resulted in a long-term spatial memory deficit in male (Fig. 3), but not female mice 

(Fig. 4). On the MWM task, both adult male and female mice (PD70+), pre-exposed to FLX 

during adolescence (PD35–49), displayed normal spatial acquisition for the location of a 

submerged escape platform (Fig. 3A–B and 4A–B), as well as in memory retention, 24 hr 

after the 8-training trials (Fig. 3C–D and 4C-D). However, 48 hr after spatial training, male 

(Fig. 3E–F), but not female mice (Fig. 4E–F), displayed impaired memory performance 

during a standard probe trial. In the absence of the escape platform, FLX-pretreated male 

mice displayed increases in the latency (sec) to reach the area that previously contained the 

escape platform, while also spending less time (sec) within the quadrant that previously 

contained it, when compared to respective controls. These results support previous work 
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where adult male rats pre-exposed to FLX during adolescence displayed impaired MWM 

performance (Sass and Wortwein, 2012). Yet, here, we extend these findings to adult male 

C57BL/6 mice with juvenile FLX history. Importantly, our experimental approach 

uncovered that males are more vulnerable to prolonged SSRI-induced spatial memory 

related deficits than their female counterparts – highlighting that ontogenic antidepressant 

exposure mediates long-lasting effects differentially between males and females (Gemmel et 

al., 2019).

Preclinical studies indicate that psychotropic drug and/or stress exposure alter behavior 

differentially, as a function of sex (Izquierdo et al., 2016; Luine et al., 2017). Similarly, 

under normal conditions, male and female rodents display differences in memory-related 

performance across numerous behavioral tasks, including object recognition and MWM 

performance (Frick and Gresack, 2003). Yet, less is known on how juvenile SSRI 

antidepressant exposure may influence specific types of memory in adulthood. Thus, our 

results directly highlight the importance of sex as a factor influencing behavioral alterations 

in adulthood, as a function of juvenile antidepressant history. To further explore if this 

lasting FLX-induced spatial memory deficit in male mice was dependent on the age of 

antidepressant exposure (i.e., adolescence vs. adulthood), we exposed adult (PD70) male 

mice to FLX for 15 consecutive days (PD70–84). Twenty-one days later (PD105), we tested 

these mice in a similar MWM task (see Fig. 1C). Not surprisingly, we found that adult FLX 

pre-exposure did not influence spatial memory performance later in life (Fig. 5); an age-

dependent effect that has been previously reported in male rodents when assessing 

sensitivity to both natural and drug rewards (Iñiguez et al., 2014b; Iñiguez et al., 2010), as 

well as affect-related stimuli (Iñiguez et al., 2014a; Karpova et al., 2009). Collectively, our 

findings indicate that adolescence is a developmental window that is sensitive to lasting 

SSRI-induced alterations in spatial memory in male, but not female, C57BL/6 mice.

While the antidepressant-induced neurobiological factors underlying this lasting sex-

dependent memory impairment have not been directly examined, recent data suggest that 

early-life FLX exposure mediates enduring neuroplastic alterations in brain regions 

associated with memory performance (Airan et al., 2007; Shrestha et al., 2014). For 

example, in males, juvenile FLX exposure has been found to arrest hippocampal spine 

densities in adulthood (Norrholm and Ouimet, 2000), thus, potentially underlying the spatial 

navigation impairment observed during the probe trial of the MWM task. This is likely the 

case, given that spatial memory performance is hippocampal-dependent under normal 

conditions (Jessberger et al., 2009; Snyder et al., 2005). Additionally, this lasting FLX-

induced neurobiological alteration in hippocampal spine density could further explain why 

juvenile SSRI pre-treatment did not alter spatial navigation in female mice, since FLX alters 

hippocampal neurogenesis differentially between males and females (Rayen et al., 2015). 

Specifically, early-life FLX exposure leads to enduring increases in hippocampal cell 

survival in female, but not male mice (Hodes et al., 2010) – likely underlying the resilient 

phenotype observed in the female groups. Of course, future detailed investigations will be 

needed to delineate the role that lasting FLX-induced hippocampal neuroplastic changes 

play in MWM performance between males and females.
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A limitation of the present investigation is that we administered FLX to normal adolescent 

mice (i.e., non-stressed), and evaluated memory-related behavior three weeks post 

antidepressant exposure. Therefore, it is possible that FLX pre-exposure in animal models 

for the study of depression (Iñiguez et al., 2018; Iñiguez et al., 2014b; Krishnan and Nestler, 

2011) may yield different results. However, we must note that previous research where FLX 

was administered in both stressed and non-stressed animals induced similar neurobiological 

effects in brain regions associated with learning/memory performance (Todorovic and 

Filipovic, 2017). Comparably, acute FLX exposure in normal human volunteers has been 

shown to impair emotional-memory performance (Capitao et al., 2015). Accordingly, our 

data from normal animals may highlight the translational implications of our work to normal 

human volunteers. Another limitation is that we did not control for sex steroid hormones in 

our experimental design. The estrous cycle influences memory performance (Frick and 

Gresack, 2003; Gresack and Frick, 2006), which, in turn, may potentially underlie the 

resilient-like findings within the female groups (Fig. 3) – given the neurogenic effects of 

estrogen (Galea, 2008).

We demonstrate that juvenile exposure to FLX results in spatial memory deficits in male, but 

not female C57BL/6 mice, later in life. This finding underscores the need for future work 

aimed at delineating the enduring neurobiological factors that underlie this prolonged FLX-

induced spatial memory impairment in a sex specific manner. Understanding sex differences 

in long-term SSRI-induced cognitive deficits will inform about the safety and/or 

consequences associated with juvenile antidepressant exposure.
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Highlights

• Adolescent fluoxetine history impairs spatial memory in adult male mice.

• Adolescent exposure to fluoxetine does not influence spatial memory in adult 

female mice.

• Adolescent exposure to fluoxetine does not impact episodic memory in 

adulthood.

Flores-Ramirez et al. Page 14

J Affect Disord. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Experimental timeline. Adolescent (postnatal day [PD] 35) male and female C57BL/6 mice 

received fluoxetine (FLX; 20 mg/kg; IP) or water/control (VEH) for 15 consecutive days. 

Twenty-one days later (PD70+), separate groups of male and female mice were evaluated on 

memory performance on the (A) object recognition (B) or Morris water maze tests. (C) To 

evaluate whether the observed FLX-induced alterations on the Morris water maze in male 

mice were the result of age of FLX exposure, we conducted a similar experiment where 

adult male mice were exposed to FLX for 15 days (PD70–84). Three weeks post FLX 

exposure (PD105) mice were evaluated on the MWM task.
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Figure 2. 
Fluoxetine (FLX; 20 mg/kg) exposure during adolescence (PD35–49) did not influence 

responses to a novel object recognition test in adulthood (n= 10–11/group), in either male 

(top panels) or female (bottom panels) C57BL/6 mice. Adult mice pretreated with FLX 

during adolescence did not differ in the latency (sec) to initially approach (males, A; 

females, D), or the total time spent exploring a novel object, when compared to respective 

(VEH) pre-treated controls (males, B; females, E). No differences in total locomotor activity 

were observed as a function of antidepressant pre-exposure (males, C; females, F). Data are 

presented as mean ± SEM.
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Figure 3. 
Fluoxetine (FLX; 20 mg/kg) exposure during adolescence did not influence acquisition 

performance during the spatial training phase (8 trials) of the Morris water maze task 

(PD70+; n= 10–11/group). Latency (A) and swim velocity (B) decreased across the training 

trials, indicating that mice acquired the memory task, independent of FLX history. On test 

day (24 hr post spatial training), no differences between the FLX and VEH pretreated mice 

were noted in latency to locate the escape platform (C) or swim velocity (D). Twenty-four hr 

later, during the probe trial (PD72), FLX pretreated animals took longer to reach the 

quadrant that had previously contained the escape platform (E) and spent significantly less 

time in it (F). Data are presented as mean + SEM. *Indicates p<0.05 when compared to 

VEH; β indicates p=.057 when compared to VEH.
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Figure 4. 
Fluoxetine (FLX; 20 mg/kg) exposure during adolescence did not influence memory 

performance in adulthood (PD70+; n= 10 per group) in female c57BL/6 mice. Latency (A) 

and swim velocity (B) decreased across the training trials, indicating acquisition of the 

memory task. No differences on latency to locate the escape platform (C) or swim velocity 

(D) between the groups were noted on test day (PD71). Twenty-four hr later (PD72), during 

a standard probe trial, no differences on latency to reach the area that previously contained 

the escape platform (E) were observed between the groups. Similarly, no differences in the 

time spent in that quadrant (F) were apparent on the probe trial. Data are presented as mean 

+ SEM.
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Figure 5. 
Fluoxetine (FLX; 20 mg/kg) exposure in adult male mice (PD70–84) does not influence 

spatial memory performance later in life (PD103–105). Latency (A) and swim velocity (B) 

decreased across the training trials, indicating acquisition of the memory task. No 

differences on latency to locate the escape platform (C) or swim velocity (D) were noted 

between the groups during the test day (PD106). Twenty-four hr later (PD107), during a 

standard probe trial, no differences in latency to reach the area that previously contained the 

escape platform (E) were noted between the groups. Similarly, no differences in the time 

spent in that quadrant that previously contained the platform (F) were apparent. Data are 

presented as mean + SEM.
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Figure 6. 
Enduring effects of fluoxetine (20 mg/kg) exposure on body weight. (A) When compared to 

controls (VEH), FLX-exposed adolescent male mice displayed lower weight gain as of the 

second day of antidepressant exposure (PD36), remaining lower until PD49. Twenty-one 

days after FLX treatment (PD70), no differences in body weight were noted between the 

groups. (B) Similarly, adolescent female c57BL/6 mice displayed lower body weight 24 h 

after the beginning of FLX treatment (PD36), when compared to controls. On PD70 (21 

days after the last day of FLX exposure), no differences in body weight were apparent 

between the groups. (C) When compared to VEH-pretreated mice, adult FLX-exposed mice 
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displayed lower body weight as of the third day of treatment (PD72). Twenty-one days after 

the last day of FLX exposure (PD105), no differences in body weight between the groups 

were observed. Data are presented as mean + SEM. *Significantly different when compared 

to VEH (p<0.05). Arrow indicates 21 days of drug washout.
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Table 1.

Experimental groups.

Sex Drug n Age Interval Procedure Data

Male VEH
FLX

10
11

PD35–49
PD35–49 21 d Novel object recognition

(PD70+) Fig. 2A–C

Female VEH
FLX

10
10

PD35–49
PD35–49 21 d Novel object recognition

(PD70+) Fig. 2D–F

Male VEH
FLX

11
11

PD35–49
PD35–49 21 d Morris water maze

(PD70+) Fig. 3

Female VEH
FLX

10
10

PD35–49
PD35–49 21 d Morris water maze

(PD70+) Fig. 4

Male VEH
FLX

8
12

PD70–84
PD70–84 21 d Morris water maze

(PD105+) Fig. 5

d, day; FLX, fluoxetine; PD, postnatal day; VEH, vehicle-control
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