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Introduction
Major depressive disorder (MDD) is a severe and debilitating ill-
ness that affects millions of people across the globe (Ferrari et al., 
2013). The prevalence of this disorder is particularly high within 
the juvenile population, given that up to 11% of adolescents are 
diagnosed with MDD (Costello et al., 2002). This is problematic 
because, if untreated, depressed adolescents display higher sui-
cide attempts (Miranda and Shaffer, 2013), engage in illicit drug 
use (Copeland et al., 2009), and become involved in risky behav-
ior (Duell et al., 2018). Currently, the most prescribed pharmaco-
therapeutic agent for the management of juvenile MDD is the 
selective serotonin reuptake inhibitor (SSRI), fluoxetine (FLX) 
– as other antidepressants do not consistently ameliorate depres-
sive symptomology within this population (Emslie and Judge, 
2000). As a result, there has been a significant increase in the 
prescription rates of FLX in individuals within their teenage 
years (Schroder et al., 2017). This is unfortunate, given that phar-
macodynamic differences, across numerous psychotropic agents, 
are commonly reported between developing and adult organisms 
(Iñiguez et al., 2008; Scalzo and Spear, 1985). Further aggravat-
ing this issue, there is a dearth of preclinical studies that have 
assessed for potential long-lasting side effects as a function of 

juvenile antidepressant pre-exposure (Izquierdo et al., 2016; 
Olivier et al., 2011).

Exposure to antidepressants during adolescence, specifically, 
is concerning because preclinical studies suggest that there are 
indeed long-lasting neurobiologic alterations as a function of 
SSRI history. For example, adolescent FLX exposure has been 
shown to mediate a prolonged increase in sensitivity to anxiogenic 
stimuli (Homberg et al., 2011; Karpova et al., 2009), induce 
impairments in spatial memory performance (Sass and Wortwein, 
2012), and increase the incentive valence of both natural (Iñiguez 
et al., 2010a) and drug rewards (Iñiguez et al., 2015). Collectively, 
this complex behavioral profile may suggest that juvenile FLX 
exposure mediates a phenotype indicative of altered drug-seeking 
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behavior in adulthood. Nevertheless, it should be noted that the 
majority of these preclinical studies have been conducted using 
male subjects as a model system. This is an unexpected experi-
mental approach, given that clinical data suggest that females are 
more likely than males to be diagnosed with a mood disorder 
across their lifetime (Kessler, 2003), and thus, are more likely to 
be prescribed with FLX (Hoffmann et al., 2014). To address this 
gap in the literature, the purpose of this investigation is to assess 
the prolonged effects of adolescent FLX exposure on the incen-
tive motivation for cocaine and sucrose, in female C57BL/6 mice.

Materials and methods

Animals

Female C57BL/6 mice were utilized in the current investigation 
(Charles River, Hollister, California, USA). Mice were housed in 
polypropylene cages (3–4 per cage), which were bedded with 
wood shavings, and had access to food and water ad libitum. The 
colony room was maintained at a temperature between 21–23 C°, 
under a 12-hour light/dark cycle (lights on at 07:00). All studies 
were conducted in compliance with the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals 
(National Research Council, 2011), and with approval of the 
Institutional Animal Care and Use Committee at the University 
of Texas at El Paso, USA. 

Drugs

Fluoxetine hydrochloride was purchased from Spectrum 
Chemicals (Gardena, California) and was dissolved (250 mg/L) 
in water (vehicle (VEH)). FLX was delivered ad libitum in the 
drinking water (changed weekly) in light protected bottles 
(Model PC9RH8.5RD; Ancare, Bellmore, New York, USA). This 
approach was taken in order to reduce animal attrition due to tis-
sue necrosis post chronic injections (Perrone et al., 2004), or 
SSRI-induced constipation (Baek et al., 2015). The dose of FLX 
was selected because it yields a dosage close to 25 mg/kg 
(Dulawa et al., 2004) – taking into account that females and ado-
lescents metabolize FLX faster than males and/or adults 
(Anderson, 2005; Hodes et al., 2010; Wegerer et al., 1999). 

Cocaine hydrochloride was purchased from Sigma-Aldrich (St 
Louis, Missouri, USA) and was diluted with sterile 9% saline and 
administered in a volume of 2 mL/kg via intraperitoneal (IP) 
injection at 0, 2.5, 5, or 7.5 mg/kg. Antidepressant treatment and 
timeline of experimental design is depicted in Figure 1.

Experimental design

An initial experiment was conducted to examine whether the 
FLX dose/regimen selected would induce an antidepressant-like 
behavioral effect in adolescent female mice. To do this, PD35 
female mice were exposed to FLX in their drinking water for 15 
consecutive days (PD35–49). Twenty-four hour post-FLX expo-
sure (PD50), the adolescent mice were tested on the tail suspen-
sion test. Based on the results of this experiment (i.e. decreased 
immobility; Figure 2(c)), separate groups of PD35 female mice 
were randomly selected to receive FLX for the same number of 
days (PD35–49). However, in this case, the female mice were left 
undisturbed in their home-cage, for 21 days, post antidepressant 
exposure (Figure 1(a)). At PD70 (i.e. adulthood) the mice were 

Figure 1. Experimental design. Separate groups of adolescent 
(postnatal day (PD)-35) and adult (PD70) female C57BL/6 mice 
received vehicle (VEH) or fluoxetine (FLX; 250 mg/mL, in their drinking 
water) for 15 consecutive days. Twenty-one days later, mice were 
tested on their preference for cocaine (0, 2.5, 5, or 7.5 mg/kg) using 
the place conditioning test, or sucrose (1%) preference using the two-
bottle choice test. Specifically, (a) adolescent FLX pretreated animals 
initiated behavioral testing at PD70, while (b) adult FLX pre-exposed 
mice initiated behavioral testing at PD105.

Figure 2. Effects of adolescent fluoxetine (FLX) exposure on body 
weight gain and the tail suspension test. (a) Body weight increased 
across days of treatment (postnatal day (PD) 35–49), regardless of FLX 
or water-control (CON) conditions. However, when compared to CON 
mice, FLX-exposed mice displayed lower weight gain as of the second 
day (PD36) of antidepressant exposure (p<0.05). Twenty-one days later 
(PD70), no differences in body weight were noted between the groups 
(p>0.05; inset). Data are presented as average weight across days and 
antidepressant exposure (mean±standard error of the mean (SEM), 
in g). (b) Twenty-four hours post antidepressant exposure (PD50), a 
separate group of adolescent mice was tested in the tail suspension 
test. FLX-exposed mice displayed higher time (s) to adopt a posture of 
immobility, (c) as well as a lower time spent immobile, when compared 
to CON mice (p<0.05). Data are presented as total time in seconds 
(mean±SEM). *Significantly different when compared to CON (p<0.05).
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tested on behavioral responses to cocaine using the conditioned 
place preference (CPP) paradigm, or their sensitivity to a natural 
reward (sucrose preference test). Next, to examine whether the 
altered responses to both cocaine and sucrose observed in adult-
hood (Figure 3) were the results of the age of FLX exposure (ado-
lescence vs adulthood), we conducted a separate set of similar 
experiments using adult (PD70) female mice (matched for FLX 
treatment and behavioral testing time; Figure 1(b)). Briefly, as 
with the adolescent mice, we first examined if the same FLX 
regimen (250 mg/L; PD70–84) would also mediate an antide-
pressant-like effect (decrease total immobility; Figure 4(c)) in the 
tail suspension test, 24 hour post antidepressant exposure (i.e. 
PD85). Also, we evaluated whether such treatment altered prefer-
ence for cocaine or sucrose, 21 days post antidepressant exposure 
(see Figure 5). Separate groups of animals were used across all 
experiments in order to avoid potential testing carryover effects 
(see Table 1 for list of experimental groups). A video tracking 
system (EthovisionXT; Noldus, Leesburg, Virginia, USA) was 
used to record the behavioral data, except the tail suspension test, 
which was scored by observers unaware of antidepressant treat-
ment conditions.

Tail suspension test

The tail suspension test is a measure of behavioral despair in 
which rodents are suspended by their tail during a single trial of 
six minutes. Initially, mice engage in escape-directed activity, but 
eventually adopt a posture of immobility. Increases in immobility 
have been characterized as indicative of depressive-like behavior 
(Iñiguez et al., 2016; Porsolt, 2000), which is reversed by phar-
macological antidepressant treatment – a response correlated to 
human antidepressant efficacy (Cryan et al., 2005). The total time 
(s) spent immobile during the last five minutes of the test was the 
dependent variable. If mice climbed up their tail, they were gen-
tly returned to the hanging position; mice that climbed up their 
tail more than two times were excluded from the experiment.

Conditioned Place Preference

CPP was carried out as previously described (Iñiguez et al., 
2010b), using a three-compartment apparatus (Alcantara et al., 

Figure 3. Effects of adolescent fluoxetine (FLX) exposure on reward-
related behavior in adulthood. (a) Three-weeks after adolescent 
antidepressant exposure (postnatal day (PD)-70+), FLX-pretreated 
mice displayed decreased sensitivity to 5 and 7.5 mg/kg cocaine, 
when compared to water-pretreated control (CON) mice receiving the 
same doses of cocaine (n=9–11 per experimental group; p<0.05). 
*Within cocaine-dose group comparison (p<0.05). αSignificantly 
different when compared to age-matched controls conditioned to saline 
(p<0.05). (b) Adolescent FLX pretreatment reduced preference for a 
1% sucrose solution three weeks after antidepressant exposure (n=12 
per group; p<0.05). (c) No differences in total liquid intake were 
observed between the experimental groups (p>0.05).

Figure 4. Effects of adult fluoxetine (FLX) exposure on body weight 
gain and the tail suspension test. (a) Body weight increased across 
days of treatment (postnatal day (PD) 70–84), regardless of FLX or 
water-control (CON) conditions. However, when compared to CON mice, 
FLX-exposed mice displayed lower weight gain as of the second day of 
antidepressant exposure (PD71), remaining lower until PD78 (p<0.05). 
Twenty-one days post FLX exposure (PD105) no differences in body 
weight were noted between the groups (p>0.05; inset). Data are 
presented as average weight across days and antidepressant exposure 
(mean±standard error of the mean (SEM), in g). (b) Twenty-four hours 
post antidepressant exposure (PD85), a separate group of adult mice 
was tested in the tail suspension test. FLX-exposed mice displayed 
higher time (s) to adopt a posture of immobility, (c) as well as a lower 
time spent immobile, when compared to CON mice (p<0.05). Data 
are presented as total time in seconds (mean±SEM). *Significantly 
different when compared to CON (p<0.05).
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2014). The compartments differed in floor texture, as well as wall 
coloring and pattern. On the preconditioning day (Day 1), mice 
had free access to explore the entire apparatus for 25 min in order 
to obtain baseline preference to any of the three compartments 

(side compartments: 23×16×36 cm; middle compartment: 
9×16×36 cm, L×W×H). Conditioning trials (25 min, two per 
day) were given on four consecutive days (Days 2–5). During the 
conditioning trials, mice received a saline injection (1 mL/kg, IP) 
and were confined to the preferred compartment of the apparatus 
(biased procedure; Bardo and Bevins, 2000). After three hours, 
mice received cocaine (0, 2.5, 5, or 7.5 mg/kg, IP) and were con-
fined to the opposite (non-preferred) side compartment. Doses of 
cocaine were selected based on prior work (Hilderbrand and 
Lasek, 2014). On test day (preference, Day 6), mice were again 
allowed to freely explore the entire apparatus for 25 min (i.e. 
PD75 for mice that received FLX-pretreatment during adoles-
cence, and PD110 for mice that received FLX-pretreatment as 
adults). Data were calculated as a preference score by subtracting 
the time (s) spent in the cocaine-paired side during test day (Day 
6) from the time spent on the same compartment during the pre-
conditioning day (Day 1). Thus, a positive number indicates 
higher preference for the cocaine-paired side, whereas a negative 
number would indicate avoidance of the cocaine-paired side.

Sucrose preference

The sucrose preference test consisted of a two-bottle procedure in 
which mice were given the choice between consuming water or a 
1% sucrose solution (Wallace et al., 2008). Mice were habituated 
to drink water from two separate bottles, 21-days post FLX expo-
sure (PD70-74 for the adolescent pretreated group, and PD105-
109 for the adult pretreated group). Twenty-four hours later, one 
of the bottles was replaced with a 1% sucrose solution, while the 
other bottle contained water (PD75 for the adolescent antidepres-
sant pretreated group, and PD110 for the adult antidepressant 
pretreated group). The position of the sucrose bottle was counter-
balanced (left vs right) across the different cages to control for 
potential side-preference bias. Preference for sucrose over water 
(sucrose/(sucrose+water)) was used as a measure for sensitivity 
to reward (Warren et al., 2011).

Statistics

Data were analyzed using analysis of variance (ANOVA) tech-
niques, with FLX pre-treatment (between measure), days of FLX 

Figure 5. Enduring effects of adult fluoxetine (FLX) exposure on 
reward-related behavior. (a) Three-weeks after adult antidepressant 
exposure, FLX-pretreated mice displayed decreased sensitivity to 5 and 
7.5 mg/kg cocaine, when compared to water-pretreated control (CON) 
mice exposed to the same doses of cocaine (n=10 per experimental 
group; p<0.05). *Within cocaine group comparison (p<0.05). 
αSignificantly different when compared to age-matched controls 
conditioned to saline (p<0.05). (b) Adult FLX pretreatment reduced 
preference for a 1% sucrose solution three weeks after antidepressant 
exposure (n=12 per group; p<0.05). (c) No differences in total liquid 
intake were observed between the experimental groups (p>0.05).

Table 1. Experimental groups.

Group Drug n Age Time Procedure Data

1 CON 10 PD35–49
24 h Tail suspension test (PD50) Figure 2(b) and (c)

FLX 10 PD35–49
2 CON 41 PD35–49

21 d Cocaine place preference (PD70–75) Figure 3(a)
FLX 40 PD35–49

3 CON 12 PD35–49
21 d

Sucrose preference (PD70–75)
Figure 3(b) and (c)

FLX 12 PD35–49
4 CON 10 PD70–84

24 h Tail suspension test (PD85) Figure 4(b) and (c)
FLX 10 PD70–84

5 CON 40 PD70–84
21 d Cocaine place preference (PD105–110) Figure 5(a)

FLX 40 PD70–84
6 CON 12 PD70–84 21 d Sucrose preference (PD105–110) Figure 5(b) and (c)
 FLX 12 PD70–84  

CON: control; d, day; FLX: fluoxetine; h, hour; PD: postnatal day.
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exposure (repeated measure), and cocaine post-treatment 
(between measure) as sources of variance. Separate analyses 
were performed between adolescent and adult groups to avoid 
age-specific influences on locomotor activity. Tukey post-hoc 
tests were used to examine all pairwise comparisons. Planned 
comparisons were also conducted to examine the hypothesis that 
FLX pretreatment will alter cocaine-induced reward. Two-tailed 
Student’s t-tests were used for analyses implicating two-group 
comparisons. Statistical significance was defined as p<0.05. 
Data are presented as mean±standard error of the mean (SEM).

Results

FLX decreases body weight in adolescent 
female mice

Figure 2(a) shows the effects of adolescent antidepressant expo-
sure (PD35–49) on body weight (g). A mixed-design repeated 
measures ANOVA showed that weight was influenced by a main 
effect of FLX treatment (between measure: F1,123=10.39, 
p<0.05), a main effect of day of antidepressant exposure 
(repeated measure: F14,1722=370.88, p<0.5), as well as their 
interaction (FLX by day of exposure; F14,1722=5.34, p<0.05). 
Post-hoc analyses revealed that when compared to controls 
(n=63), FLX-exposed mice (n=62) displayed lower body-weight 
as of the second day of treatment, remaining lower throughout 
FLX exposure (p<0.05, respectively). No enduring differences 
in body weight, as a function of FLX pre-exposure, were observed 
at PD70 (i.e. prior to behavioral testing in adulthood, p>0.05; see 
Figure 2(a) inset).

Adolescent FLX exposure decreases 
immobility in the tail suspension test

Figure 2(b) and (c) displays the effects of FLX (PD35-49) on the 
adolescent tail suspension test. Twenty-four hours after antide-
pressant exposure (PD50), adolescent female mice exposed to 
FLX displayed an increased latency (s) to become immobile 
when compared to the VEH group (t18=5.0, p<0.05; Figure 2(b)). 
The FLX-treated mice also displayed a lower time immobile 
(t18=6.1, p<0.05), when compared to VEH controls (Figure 
2(c)), during the last five minutes of the test (n=10 per group). 
Together, this indicates that the FLX dose/regimen selected, 

mediates a traditional antidepressant-like effect in adolescent 
female C57BL/6 mice.

Adolescent FLX exposure decreases cocaine 
preference in adulthood

Figure 3(a) shows the lasting effects of adolescent FLX expo-
sure (PD35–49) on cocaine (0, 2.5, 5, or 7.5 mg/kg) CPP in 
adulthood (PD70+; n=81). Time spent in the cocaine-paired 
side varied as a function of adolescent FLX exposure (pretreat-
ment main effect: F1,73=11.48, p<0.05), as well as cocaine 
exposure in adulthood (post-treatment main effect: F3,73=25.69, 
p<0.05). Neither VEH- nor FLX-pretreatment (n=10 per 
group) resulted in preference for any of the compartments 
when mice were conditioned to saline (p>0.05). In contrast, 
we found that VEH-pretreated mice conditioned to 2.5 (n=11), 
5 (n=10), or 7.5 mg/kg (n=10) cocaine, displayed reliable con-
ditioning, when compared to VEH-pretreated/saline-condi-
tioned mice (αp<0.05). Planned comparisons indicated that 
FLX pretreatment also mediated reliable conditioning to the 
compartment paired with 2.5 (n=11), 5 (n=9), and 7.5 (n=10) 
mg/kg cocaine, when compared to FLX-pretreated/saline-con-
ditioned mice (p<0.05, respectively). Interestingly, the FLX-
pretreated female mice conditioned to 5 and 7.5 mg/kg cocaine 
spent significantly less time in the drug-paired compartment 
when compared to VEH-pretreated mice receiving the same 
doses of cocaine in adulthood (p<0.05, respectively). No dif-
ferences in distance traveled (cm), as a function of adolescent 
FLX pretreatment, were observed during the preconditioning 
phase (PD70, p>0.05; Figure 6(a)) – indicating no differences 
in general locomotor activity between the groups.

Adolescent FLX exposure decreases sucrose 
preference in adulthood

Figure 3(b) and (c) shows the lasting effects of adolescent FLX 
exposure (PD35–49) on sucrose preference in adulthood 
(PD70+). A student’s t test indicated that adult female mice 
exposed to FLX during adolescence (n=12) displayed a decrease 
in preference for a 1% sucrose solution when compared to VEH-
pretreated (n=12) controls (t22=12.89, p<0.05; Figure 3(b)). No 
differences in total liquid intake (water+sucrose) were observed 
between the groups (p>0.05; Figure 3(c)).

Figure 6. Enduring effects of fluoxetine (FLX) exposure on general locomotor activity. Three-weeks after (a) adolescent (postnatal day (PD)-70; 
or (b) adult (PD105) antidepressant treatment, no differences in distance traveled (cm) were noted between the groups (p>0.05). Data shown as 
mean±standard error of the mean (SEM).
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FLX decreases body weight in adult female 
mice

Figure 4(a) shows the effects of adult antidepressant exposure 
(PD70–84) on body weight (g). A mixed-design repeated meas-
ures ANOVA showed that weight was influenced by a main effect 
of FLX (between measure: F1,122=10.17, p<0.05), a day main 
effect of antidepressant exposure (repeated measure: 
F14,1708=68.28, p<0.05), as well as their interaction (FLX by day 
of exposure; F14,1708=28.74, p<0.05). Post-hoc analyses revealed 
that when compared to controls (n=62), adult mice exposed to 
FLX (n=62) displayed lower body weight as of the second day of 
treatment (PD71), remaining lower till PD78 (p<0.05, respec-
tively). No differences in body weight were observed the last six 
days of FLX exposure (PD79–84; p>0.05). Similarly, no endur-
ing differences in body weight, as a function of FLX pre-expo-
sure, were observed later in life (PD105), prior to behavioral 
testing (see Figure 4(a) inset).

Adult FLX exposure reduces immobility in the 
tail suspension test

Figure 4(b) and (c) displays the effects of FLX (PD70-84) on the 
adult tail suspension test. Twenty-four hours after antidepressant 
exposure (PD85), adult female mice exposed to FLX (n=10) dis-
played an increased latency (s) to become immobile (t18=6.84, 
p<0.05), when compared to their VEH-treated counterparts (n=10; 
Figure 4(b)). The FLX-treated mice also displayed a lower time 
immobile (t18=3.37, p<0.05), when compared to VEH-controls 
(Figure 4(c)), during the last five minutes of the test. Together, this 
indicates that the FLX dose/regimen selected, mediates a tradi-
tional antidepressant-like effect in adult female C57BL/6 mice.

Adult FLX exposure reduces cocaine 
preference later in life

Figure 5(a) shows the enduring effects of adult FLX exposure 
(PD70–84) on cocaine CPP (n=80). Here, the time spent in the 
cocaine-paired side varied as a function of adult FLX exposure 
(pretreatment main effect: F1,72 =7.63, p<0.05), as well as 
cocaine exposure later in life (post-treatment main effect: 
F3,72=8.72, p<0.05). Neither the VEH-pretreated (n=10) nor the 
FLX-pretreated (n=10) animals displayed a preference for any of 
the compartments when they were conditioned to saline (p>0.05). 
In contrast, preplanned comparisons indicated that female mice 
pre-exposed with VEH (PD70–84) conditioned to 2.5 (n=10), 5 
(n=10), and 7.5 mg/kg (n=10) cocaine showed reliable condition-
ing when compared to VEH-pretreated/saline-conditioned mice 
(αp<0.05, respectively). Similarly, the FLX-pretreated mice 
conditioned to 5 (n=10) and 7.5 (n=10), but not 2.5 (n=10), mg/
kg cocaine showed reliable conditioning when compared to 
FLX-pretreated/saline-conditioned mice (p<0.05). Interestingly, 
FLX-pretreated mice conditioned to 5 and 7.5 mg/kg cocaine 
spent significantly less time in the drug-paired compartment 
when compared to VEH-pretreated mice receiving the same 
doses of cocaine (p<0.05, respectively). No differences in total 
distance traveled (cm) were noted between the FLX-pretreated 
animals and their respective VEH-pretreated controls during the 
preconditioning phase (PD105; Figure 6(b)).

Adult FLX exposure decreases sucrose 
preference later in life

Figure 5(b) and (c) shows the effects of adult FLX exposure 
(PD70–84) on sucrose preference, 21 days post antidepressant 
exposure (n=12 per group). A student’s t test indicated that FLX 
pre-exposed mice displayed a decrease in preference for a 1% 
sucrose solution when compared to VEH-pretreated controls 
(t22=12.89, p<0.05; Figure 5(b)). No differences in total liquid 
intake (water+sucrose) were observed between the groups 
(p>0.05; Figure 5(c)).

Discussion
SSRIs, like FLX, are often prescribed to the adolescent female 
population for the treatment of numerous illnesses, although, pri-
marily for the management of MDD (John et al., 2016; Schroder 
et al., 2017; Steiner et al., 1995). This is unexpected, given that 
pharmacodynamic differences between developing and adult 
organisms are commonly reported as a function of psychotropic 
drug exposure (Correll et al., 2011; Iñiguez et al., 2008), and that 
such treatments mediate long-lasting neurobehavioral alterations 
(Brooks et al., 2016; Olivier et al., 2011). Another problem is that 
animal studies examining for potential enduring side effects, as a 
result of early-life psychotropic exposure, have largely excluded 
females as subjects. Recent data, in male rodents, indicate that 
juvenile exposure to FLX increases sensitivity to the rewarding 
properties of cocaine in adulthood (Iñiguez et al., 2015), poten-
tially altering drug-abuse vulnerability. However, whether ado-
lescent FLX exposure results in prolonged alterations in 
sensitivity to reward-related stimuli, in females specifically, has 
not been evaluated. As such, the purpose of the present investiga-
tion was to examine if changes in responses to cocaine and 
sucrose would be observed in adult female mice (PD70+) pre-
treated with FLX during adolescence (PD35–49).

To do this, we first assessed whether the FLX dose/regimen 
selected (250 mg/kg in drinking water for 15 days) would medi-
ate an antidepressant-like effect in juvenile (PD35–49) and adult 
(PD70–84) female mice. Specifically, we tested whether or not 
FLX would decrease immobility in the tail suspension test, a 
behavioral measure of despair that is widely used to evaluate 
antidepressant-like efficacy across the literature (Cryan et al., 
2005). Not surprisingly, independent of age of antidepressant 
exposure, we found that SSRI treatment increased escape-
directed behaviors (i.e. increase in the time to become immobile, 
along with decreased total immobility; Figures 2(b) and (c) and 
4(b) and (c)) – a traditional antidepressant-like effect. 
Furthermore, adolescent and adult FLX exposure resulted in 
decreases in body weight-gain across days of treatment (Figures 
2(a) and 4(a)), given that FLX increases energy expenditure 
(Bross and Hoffer, 1995; Scabia et al., 2018), similar to results 
that others have previously reported (Amodeo et al., 2015). 
However, the decreases in body weight were not observed 
21-days post treatment in either age group, thus, suggesting that 
FLX history does not result in enduring decreases of body weight 
in female C57BL/6 mice.

Adolescent FLX exposure decreased sensitivity to both drug- 
and natural- reward related stimuli in adulthood. Specifically, in 
the cocaine place conditioning experiments (Figure 3(a)), FLX-
pretreated mice displayed lower preference scores for cocaine at 
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the 5 and 7.5 mg/kg doses, when compared to respective saline-
pretreated controls exposed to the same cocaine regimen. 
Importantly, no differences in general locomotor activity were 
noted between the groups on the preconditioning day (Figure 
6(a)), thus, uncovering a decrease in the reward incentive of 
cocaine (Bardo and Bevins, 2000). To further explore whether 
this decrease in preference for cocaine would generalize to a 
natural reward, we examined the effects of adolescent antidepres-
sant exposure on the two-bottle choice sucrose test in adulthood 
(Figure 3(b) and (c)). Here, we found that FLX-pretreated ani-
mals displayed a decrease in preference for a 1% sucrose solu-
tion, without altering total liquid intake – a response that is 
commonly described as an anhedonia-like phenotype (Willner 
et al., 1987). Interestingly, this behavioral profile is in direct con-
trast with previous work conducted in male rodents, which shows 
that the male animals display an enduring increase in preference 
to both cocaine (Iñiguez et al., 2015) and sucrose (Iñiguez et al., 
2010a), as a function of adolescent FLX treatment (20 mg/kg). 
This is an important finding, as it demonstrates how juvenile 
SSRI exposure mediates differential effects on reward sensitivity 
as a function of sex in adulthood.

To evaluate whether the decreased sensitivity to reward-
related stimuli was dependent on the age of FLX exposure (i.e. 
adolescence), we followed with a series of similar experiments 
using adult (PD70) female mice (see Figure 1(b)), as a positive 
control group for age of SSRI exposure. Unexpectedly, adult 
antidepressant pretreatment (PD70–84) resulted in a similar 
behavioral response when these animals were tested for cocaine 
preference, 21-days after FLX pre-treatment (Figure 5(a)). 
Specifically, the adult FLX-pretreated mice conditioned to 5 and 
7.5 mg/kg cocaine, displayed lower preference scores when com-
pared to the VEH-pretreated animals exposed to the same doses 
of the stimulant. Analogously, when assessing sensitivity to 
sucrose, we found also that FLX pre-exposure decreased prefer-
ence for the 1% sucrose solution later in life (Figure 5(b) and (c)). 
Collectively, our data are consistent with previous work con-
ducted in female rodents indicating that neonatal (PD5–18) expo-
sure to SSRIs causes enduring depression-related behaviors, as 
per reductions in the rewarding properties of sucrose (Popa et al., 
2008). Yet, here, we extend these findings to the adolescent 
(PD35–49) and adult (PD70–84) stages of development.

The clinical implications of our findings are challenging to 
interpret. For example, reductions in cocaine and sucrose prefer-
ence may help explain why clinical data suggest that SSRIs may 
reduce the risk of substance abuse, particularly for cocaine 
(Moeller et al., 2007; Oliveto et al., 2012; Walsh et al., 1994), 
implying that if cocaine and sucrose are less rewarding, this phe-
notype may be indicative of reduced drug abuse potential. 
However, a different interpretation of this reward devaluation 
may be indicative of a prolonged anhedonia-like profile after 
antidepressant exposure (Popa et al., 2008). Supporting this 
notion, recent clinical findings suggest that SSRI discontinuation 
leads to enduring decreases in pleasurable stimuli, such as sexual 
performance (Reisman, 2017). Therefore, our preclinical work 
demonstrates that FLX pre-exposure could potentially model an 
endophenotype of depressive-like behavior (Neill et al., 1990) 
that mimics depressed female patients with SSRI history (Khazaie 
et al., 2015; Reisman, 2017).

The neurobiological mechanisms underlining this lowered 
reward behavioral phenotype are currently not known. Since 

behavioral assessment was conducted 21 days after FLX expo-
sure, we argue that the decreases in sensitivity to cocaine and 
sucrose are the result of enduring neuroplastic adaptations. For 
example, in male rodents, adolescent FLX exposure results in 
long-term molecular signaling alterations within discreet mood-
related brain regions, such as the ventral tegmental area (Iñiguez 
et al., 2014), the amygdala (Homberg et al., 2011), the frontal 
cortex (Wegerer et al., 1999), and the hippocampal formation 
(Klomp et al., 2014). Interestingly, in adult female rats, chronic 
exposure to FLX (20 mg/kg) alters hippocampal neurogenesis 
one month after antidepressant exposure (Airan et al., 2007), 
potentially mediating, at least in part, the lowered sensitivity to 
reward-related behavior observed in the present investigation. Of 
course, future work will be needed to directly examine how 
enduring FLX-induced changes  in hippocampal neuroplasticity 
may influence sensitivity to reward-related stimuli, given that 
this brain region is implicated in modulating preference for 
cocaine in the place-conditioning paradigm (Meyers et al., 2003, 
2006; Nygard et al., 2013).

A limitation of the present investigation is that we did not 
control for estrous cyclicity in our experimental animals. 
Estradiol has been proposed to be a modulator of reinforcing 
stimuli, including drugs of abuse like cocaine (Kerstetter et al., 
2012; Kerstetter and Kippin, 2011). As such, future studies will 
be necessary to delineate the potential role that sex steroids may 
play in the behavioral responses observed, as a function of FLX 
pre-exposure. Another limitation of our work is that we are 
evaluating alterations in reward three-weeks post-FLX expo-
sure in normal animals. However, given that FLX is prescribed 
to the female population for numerous illnesses in addition to 
MDD, such as anxiety, premenstrual dysphoric disorder, and 
pain (Mika et al., 2013; Steiner et al., 1995), we believe that this 
is an appropriate approach to initially assess for enduring side 
effects as a function of antidepressant exposure. Lastly, because 
of metabolic differences between adolescents and adults, it is 
possible that blood concentrations of FLX and its metabolites 
differed between the age groups during treatment (since FLX 
was available ad lib in drinking water). Thus, future studies will 
be required to determine the exact FLX plasma concentrations 
that mediate the enduring anhedonia-like behavior, as a func-
tion of age.

The high prescription rate of SSRIs for the management of 
mood-related illnesses in the female population is undeniable 
(Schroder et al., 2017). Yet, most preclinical studies examining 
for potential long-lasting antidepressant-induced consequences 
have mostly included male animals, so the possibility of sex dif-
ferences in the outcome of drug-induced side effects, later in life, 
has been largely ignored. Here, we report that exposure to FLX in 
adolescent and adult female C57BL/6 mice decreases cocaine 
and sucrose preference, 21-days post antidepressant exposure – a 
profile indicative of an anhedonia-like phenotype. In light of this, 
future work will be necessary to delineate the precise neurobio-
logical mechanisms by which FLX history decreases sensitivity 
to cocaine and sucrose, in females specifically, in an age inde-
pendent manner.
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