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Objective: Adolescence is a developmental stage in which
the incidence of psychiatric disorders, such as anxiety
disorders, peaks. Selective serotonin reuptake inhibitors
(SSRIs) are the main class of agents used to treat anxiety
disorders. However, the impact of SSRIs on the developing
brain during adolescence remains unknown. The authors
assessed the impact of developmentally timed SSRI ad-
ministration in a genetic mouse model displaying elevated
anxiety-like behaviors.

Method: Knock-in mice containing a common human
single-nucleotide polymorphism (Val66Met; rs6265) in
brain-derived neurotrophic factor (BDNF), a growth factor
implicated in themechanism of action of SSRIs, were studied
based on their established phenotype of increased anxiety-
like behavior. Timed administration of fluoxetine was de-
livered during one of three developmental periods (postnatal
days 21–42, 40–61, or 60–81), spanning the transition from
childhood to adulthood. Neurochemical and anxiety-like
behavioral analyses were performed.

Results:Weidentifieda “sensitiveperiod”duringperiadolescence
(postnataldays21–42) inwhichdevelopmentallytimedfluoxetine
administration rescued anxiety-like phenotypes in BDNF
Val66Met mice in adulthood. Compared with littermate
controls, BDNFMet/Metmiceexhibiteddiminishedmaturation
of serotonergic fibers projecting particularly to the prefrontal
cortex, as well as decreased expression of the serotonergic
trophic factorS100B in thedorsal raphe. Interestingly,deficient
serotonergic innervation, aswell asS100B levels,were rescued
with fluoxetine administration during periadolescence.

Conclusions:Thesefindings suggest that SSRI administration
during a “sensitive period” during periadolescence leads to
long-lasting anxiolytic effects in a genetic mouse model of
elevated anxiety-like behaviors. These persistent effects
highlight the role of BDNF in the maturation of the serotonin
systemand the capacity to enhance its development through
a pharmacological intervention.
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The incidence of anxiety disorders peaks during adolescence
(1). More than 75% of adults with anxiety disorders met
diagnostic criteria as children or adolescents (2, 3). However,
because of a lack of sufficient diagnoses or specialized
therapeutics, less than one in five children or adolescents
withanxietywill receive treatment (4). In2004, theU.S.Food
and Drug Administration (FDA) issued a black-box warning
for selective serotonin reuptake inhibitors (SSRIs), the main
class of pharmacological agents used to treat depression and
anxiety disorders, for children and adolescents because of a
risk of suicidality (5). Within 2 years after the FDA advisory
was issued, SSRI prescription rates for pediatric populations
decreased (6, 7). However, the impact of SSRIs on brain
development during adolescence remains unknown.

Preclinical studies in rodents and nonhuman primates
have shown that administration of SSRIs during peri-
adolescence leads to persistent neurochemical changes into
adulthood. In both rodent and nonhuman primates, a pro-
longedup-regulationof the serotonin transporter (SERT)has

been found in the cortex and the hippocampus after fluox-
etine treatment during the juvenile or periadolescent stages
of life (8–10). Interestingly, in primates, no effects were
observed on fear-related or social behaviors (8). In rodents,
early-life fluoxetine was found not to change anxiety-like or
fear extinction behaviors in adulthood (11–13), although
conflicting reports exist (14, 15). Notably, all preclinical
studies were performed in wild-type animals that did not
exhibit elevated depressive or anxiety-like phenotypes, for
which SSRIs are indicated in human populations.

In this context, genetically engineered mice expressing
reduced levels of brain-derived neurotrophic factor (BDNF),
a neurotrophin involved in neuronal growth and plasticity,
display increased anxiety-like and depressive-like behaviors
(16, 17). Additionally, SSRI-associated up-regulation of BDNF
is thought to be a key mechanism by which the long-term
effects of SSRIs on neuronal plasticity are mediated (18, 19).
This genetic knock-in mouse model of a common single-
nucleotide polymorphism (SNP) in the human BDNF gene
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(rs6265) may hold particular relevance to human pop-
ulations, as this SNP in humans is associated with altered
susceptibility to anxiety and depressive pathology (20–22).
This SNP leads to substitution of the conserved valine with a
methionine at position 66 in the BDNF polypeptide (17),
resulting in decreased BDNF bioavailability (23, 24). Of note,
BDNF Val66Met mice reproduce the phenotypic hallmarks
of human carriers, including altered anxiety- and fear-related
behaviors (17, 25), and this phenotype is not responsive to
fluoxetine administered in adulthood (17, 26).

In this study, we sought to determine whether de-
velopmentally timed SSRI administration in BDNFMet/Met

mice during periadolescence would lead to persistent neu-
rochemical and behavioral changes in adulthood. The peri-
adolescent period, which corresponds to the transition from
childhood to adolescence, is when BDNF levels rise signifi-
cantly (27, 28). Thus, we hypothesized that pharmacological
intervention during periadolescence, which would further
elevate both serotonin and BDNF levels, may alter sub-
sequent developmental trajectories for the neuronal pop-
ulations dependent on these neuromodulators and alter the
emergenceof anxiety and fear-related behavioral phenotypes
in the BDNFMet/Met mice.

METHOD

Animals
Separate cohorts of male BDNF Val66Met mice (17), back-
crossed ($10 generations) ontoC57BL/6Nbackground,were
used for each experiment. Animal care was in accordance
with Weill Cornell Medical College’s Institutional Animal
Care and Use Committee and NIH’s Guide for the Care and
Use of Laboratory Animals.

Fluoxetine Administration
Fluoxetine was dissolved in drinking water, delivered ad
libitum (29). Fresh drug was delivered twice a week, and
intake was monitored by bottle weight before and after
consumption. Fluoxetinewas dissolved in drinkingwater at a
concentration of 160 mg/L, which has been established to
correspond to therapeutic serum levels of 18 mg/kg per day
(30–32). Control animals received tap water.

Novelty-Induced Hypophagia
Mice received 3 consecutive days of training (days 1–3) in dim
lighting, acclimating to milk delivery (30). A dual-bearing
sipper tube (5-oz. bottle)was inserted in thehomecage’swire
lid, containing 90% sweetened condensedmilk diluted in tap
water for several hours a day. On day 4 (home cage test), mice
were individually placed in the home cage for testing in dim
lighting.Latency todrinkwas scoredovera 10-minuteperiod.
On day 5, in the novel cage test, mice were placed in a clean
cage with no bedding, under bright light conditions, with
white paper underneath. Excess light was directed at the
sipper bottle. Latency to drink was scored over a 10-minute
period by a rater blind to genotype.

Elevated Plus Maze
The elevated plus maze consisted of two opposite enclosed
armswith 14-cmopaquewalls and twoopen arms of the same
size (30 cm 3 5 cm), made of white polycarbonate. An in-
frared digital camera with the video recorder under the
control of the Ethovision software program (Noldus, Lees-
burg, Va.) recorded and analyzed mouse movement in
10-minute sessions in low light (∼4 lux). Anxiety-like be-
haviorwas reported as entries into and time spent in the open
arms.

Cued Fear Extinction
The fear conditioning apparatus consisted of a mouse shock
chamber (CoulbournInstruments,Whitehall, Pa.) ina sound-
attenuated box (33). Briefly, mice were fear conditioned with
three tone-shock pairings, consisting of 30-second pre-
sentation of 5 kHz, 70 dB tones (conditioned stimulus; CS)
coterminating with a 0.7 mA foot shock (unconditioned
stimulus; US) during the last 1.0 second of the tone, with an
intertrial interval of 30 seconds. Twenty-four hours after fear
conditioning, the extinction procedure began, in which mice
were exposed tofive presentations of theCS in the absence of
theUS in contextB, a cylindrical arena. Extinction trialswere
repeated daily for 4 days. Experiments were controlled by a
computer, using the Graphic State software program
(Coulbourn Instruments). Mice were videotaped for sub-
sequent analysis by raters blind to genotype. Freezing was
definedas theabsenceofvisiblemovement except that required
for respiration (34). The percentage time spent freezing was
calculated by dividing the amount of time spent freezing during
the 30-second tone presentations by the duration of the tone.
Early trials represent the average of the trials on day 1 of ex-
tinction (24 hours after conditioning), and late trials represent
the average of the trials on day 4 of extinction (96 hours after
conditioning).

BDNF ELISA
BDNF enzyme-linked immunosorbent assay (ELISA) was
used (G7611; BDNF Emax Immunoassay System, Promega,
Madison, Wisc.) according to the manufacturer’s instruc-
tions. Mice were sacrificed by carbon dioxide followed by
decapitation. The left and right hippocampi were lysed in
800 mL of lysis buffer (13Tris buffered saline [TBS], 1%
NP-40, 1% Triton-100, 1 mM PMSF, 10% glycerol, and a
protease inhibitor cocktail [Sigma]) (35). Lysates were ro-
tated for 30 minutes at 4°C and then centrifuged for
10 minutes at 4°C at maximum speed, and the clarified su-
pernatant was collected. Using the Bradfordmethod, protein
levels were quantified, and 150 mg were loaded per well.

Immunohistochemistry
Mice were sacrificed and coronal brain sections were cut as
described elsewhere (33). Free-floating serial sections were
incubated for 30 minutes in blocking solution containing 4%
normal horse serum and 1% bovine serum albumin in TBS
with 0.2% Triton X-100 (TBS-Tx), then incubated overnight
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at 4°C with a mixture of goat anti-S100B (1:800, Sigma)
and rabbit anti-SERT primary antibody (1:1000, Sigma) in
blocking solution. Sections were then washed in TBS and
incubated for 2 hours with a cocktail of Alexa Fluor labeled
donkey antigoat and antirabbit IgG secondary antibodies (1:
500, Alexa Fluor 555 and 488) in TBS-Tx. Slides were cov-
erslipped by mounting medium containing DAPI.

Stereological Estimation of Cell and Fiber Density
Stereological estimation of cell density was performed using
the StereoInvestigator software program (MicroBrightField,
Williston, Vt.). After systemic random sampling as described
elsewhere (33), all sampled sections containing brain regions
of interest were included and contours of brain regions (the
medial prefrontal cortex, the hippocampus, and the dorsal
raphe)weredrawn.Systematic randomsamplingwasapplied
to each individual contour. The total area of brain regionswas
estimated by drawn contours. Total cell numbers were es-
timated using a fractionator, with a counting frame size of
25325340 mm and a sampling grid size of 1003100 mm.
Detection of fiber density was performed using a perimetrics
method. Briefly, sections were traced under a 43 lens and
then perimetrics probe analysis was done under a 403 lens.
The counting frame was set to 25325 mm, and the radius of
the Merz coherent test system was set to 5 mm. The total
length of all sampling sites was automatically calculated. For
each animal, fiber density was obtained from the sum of the
lengths divided by the sum of the area for all included
sections.

Statistics
When two means were compared, statistical significance
was calculated using two-tailed Student’s t tests with p
values #0.05 considered significant. For comparisons with
two factors, two-way analysis of variance with Bonferroni
post hoc correction was used.

RESULTS

Developmental Onset of Anxiety-Like Behaviors in
BDNFMet/Met Mice
When placed in conflict settings, adult BDNFMet/Met mice
exhibit elevated anxiety-like behavior compared with
littermate controls (BDNFVal/Val) (17, 36). However, de-
velopmental emergence of this phenotype has not been
investigated in male BDNFMet/Met mice. To this end, ado-
lescent (postnatal day [P] 30) and adult (P60) male BDNF
Val66Met mice were tested on two standard measures of
anxiety-related behavior, the elevated plusmaze andnovelty-
inducedhypophagia paradigms.AtP30, therewasno effect of
genotype on entries into and time spent in the open arms of
the elevated plus maze (Figure 1A,B) or on latency to drink
sweetened milk in a stressful environment (Figure 1C). How-
ever, exploration of the open arms was significantly lower
(percent of time in open arm, F=124.3, df=1, 56, p,0.0001;
percent entries in open arm, F=141.0, df=1, 56, p,0.0001)

(Figure 1A,B), while latency to drink milk was greater
(F=20.53, df=1, 35, p,0.0001) (Figure 1C) for adult BDNFMet/Met

mice comparedwith age-matched BDNFVal/Val controls. Thus,
as previously described in females (36), male BDNFMet/Met

mice exhibit a late developmental onset of anxiety-like
phenotypes.

Effects of Early-Life Fluoxetine on Anxiety-
Like Behaviors
Wehypothesized thatwhile adultBDNFMet/Metmice exhibit
a blunted behavioral response to chronic fluoxetine treat-
ment (17, 26) compared with BDNFVal/Val littermates, early-
life pharmacological intervention, prior to phenotype onset,
may have long-term anxiolytic effects. To test this, we ad-
ministered fluoxetine (18 mg/kg per day) to BDNFMet/Met

mice in drinking water during one of three developmental
periods (P21–P42, P40–P61, or P60–P81), with controls re-
ceivingwater alone. Anxiety-related behaviorswere assessed
28 days after the last day of fluoxetine administration
(Figure 2A). A significant decrease in latency to drink milk
was observed in BDNFMet/Met mice treated with early-life
(P21–P42) fluoxetine compared with control BDNFMet/Met

mice (F=8.2, df=1, 60, p,0.01) (Figure 2B), suggesting that
developmental SSRI intervention rescues anxiety-like phe-
notypes in a genetic mouse model of diminished BDNF
bioavailability. This effect of fluoxetine treatment was also
confirmed on the elevated plus maze test with treated
BDNFMet/Metmicedisplayingasignificant increase inentries
(F=13.84, 1, 64, p,0.001) and time spent (F=18.19, df=1, 64,
p,0.001) in the open arm compared with BDNFMet/Met

controls (Figure2C,D).Additionally, an interaction (genotype
by treatment) was observed for entries into (F=34.92, 1, 64,
p,0.0001) and time spent (F=34.86, 1, 64, p,0.0001) in the
open arm. A significant effect of genotype for thewater-alone
groups (Figure 2B–D) confirmed the previously observed
anxiety-related phenotype in BDNFMet/Met mice (17).

No significant changes in behavior were observed for
BDNFMet/Met mice treated with fluoxetine at P40–P61
(F=0.9, 1, 44, p.0.05) (Figure 2E) or P60–P81 (F=0.02, 1, 45,
p.0.05) (Figure 2F) compared with water-alone controls of
the same genotype. As expected, there was no long-term
effect of fluoxetine in BDNFVal/Val mice (Figure 2B–F) (11,
13). Taken together, these results suggest that a pharmaco-
logical intervention during a defined time frame in postnatal
development has long-term anxiolytic effects in BDNFMet/Met

but not wild-type mice.

Effects of Early-Life Fluoxetine on Fear-Learning
BDNFMet/Met mice have been shown to exhibit deficits in
cued fear extinction, where the contingencies between a cue
(tone) and a paired aversive outcome (shock) no longer hold
(37). In wild-type mice, effects of fluoxetine on fear learning
depend on the developmental stage of treatment (11, 12, 38);
however, there are no persistent effects of drug on fear
conditioning and extinction in wild-type mice treated at
P21–P49 (11). To determine whether early-life (P21–P42)
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fluoxetine attenuates fear-extinction deficits associated with
theMet allele, Val66Metmice treated at P21–P42 underwent
fear conditioning in adulthood followed by an extinction
paradigm. We found no effect of early-life fluoxetine on
freezing behavior in either BDNFMet/Met or BDNFVal/Val

mice comparedwithwater-alone controls of these respective
genotypes (F=0.4, df=1, 42, p.0.05) (see Figure S1 in the data
supplement that accompanies the online edition of this ar-
ticle). There was only the expected effect of genotype on
extinction learning (F=61.56, df=1, 42, p,0.0001) (see Figure
S1). Thus, our findings suggest that the effects of early-life
fluoxetine inBDNFMet/Metmiceare restricted toanxiety-like
phenotypes.

Effect of Early-Life Fluoxetine on ProBDNF andMature
BDNF Levels
Fluoxetine functions through augmenting BDNF levels (18,
19, 39–41). When fluoxetine was administered at P21–P42,
P40–P61, or P60–P81 to mice expressing C-terminal
HA-tagged BDNF (BDNF-HA) (35), hippocampal BDNF
levels increased for all treatmentperiodsbutnormalizedafter
a 3-week drugwashout (effect of treatment, F=35.14, df=1, 85,
p,0.0001) (see Figure S2A in the online data supplement).
This effect was also confirmed usingWestern blot analysis of
proBDNF and mature BDNF levels (see Figure S2B). In-
terestingly, the ratio of proBDNF to mature BDNF is highest
after early-life fluoxetine exposure (see Figure S2B). Addi-
tionally, fluoxetine treatment did not affect levels of the
proBDNF receptor, p75, whose expression is higher at P42
compared with later time points (see Figure S2C). These
results indicate that proBDNF signaling is more robust after
fluoxetine treatment early in life compared with later de-
velopmental stages.

Interestingly, early-life fluoxetine also did not change
hippocampal BDNF levels in BDNFMet/Met mice, even
though levels in BDNFVal/Val mice were significantly in-
creased (F=9.11, df=3, 19, p,0.01) (see Figure S2D). These
results suggest that the mechanism of behavioral rescue in
BDNFMet/Met mice did not depend on increasing hippo-
campal BDNF levels.

Effects of Early-Life Fluoxetine on Serotonergic
Fiber Density
Serotonergic neurons from the dorsal raphe project to
cortico-limbic structures involved in regulation of anxiety
and depend on BDNF for trophic support (42, 43). We hy-
pothesized that serotonergic innervation is impaired in
BDNFMet/Met mice. We performed immunohistochemical
analysis for serotonin transporter immunoreactive fibers in
the infralimbic prefrontal cortex of BDNFVal/Val and
BDNFMet/Met mice at P21 and P42. We observed that at P21
there was no effect of genotype on fiber density (Figure 3A).
At P42 there was a significant increase in fiber density for
BDNFVal/Val mice compared with the P21 time point (effect
of genotype, F=19.76, df=1, 16, p,0.001; effect of age, F=14.60,
df=1, 16, p,0.01); however, this effect of agewas not observed

FIGURE 1. Anxiety-Like Behaviors in Adolescent and Adult Wild-
Type (Val/Val) and BDNFMet/Met (Met/Met) Micea

a Adolescent (postnatal day 30; P30) and adult (postnatal day 60; P60)
wild-type (Val/Val) mice and BDNFMet/Met (Met/Met) littermates
were assessed on the elevated plusmaze. As shown in panels A andB,
there was no effect of genotype at P30 on entries into and time
spent in the open arms of the elevated plus maze, whereas both
measures were significantly lower at P60 in BDNFMet/Met mice
compared with BDNFVal/Val controls. Similarly, in panel C, latency to
first event of drinking milk in a stressful environment (the novelty-
induced hypophagia task) showed no effect of genotype at P30
but was significantly longer at P60 in BDNFMet/Met mice compared
with BDNFVal/Val controls. Means and standard deviations (error
bars) are based on the analysis of eight to 15 mice per group.

**p,0.01. ****p,0.0001.
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FIGURE 2. Effect of Early-Life Fluoxetine on Anxiety-Like Behavior in BDNFMet/Met Micea

a Panel A is a diagramof fluoxetine (FLX) intervention at three developmental periods in BDNF Val66Metmice followed by behavioral testing. Littermate controls of
both genotypes received water alone. Anxiety-like behaviors were assessed in BDNFMet/Met (Met/Met) mice and littermate controls (Val/Val) treated with fluox-
etine orwater alone at postnatal days 21–42 (P21–P42) in the novelty-induced hypophagia task (panel B) and the elevated plusmaze (panels C andD). Latency to
drinkmilk in the novelty-inducedhypophagia taskwas assessed inwild-type (Val/Val) andBDNFknock-in (Met/Met)mice treatedwithfluoxetineorwater alone at
postnatal days 40–61 (P40–P61) (panel E) and postnatal days 60–81 (P60–P81) (panel F). Means and standard deviations (error bars) are based on the analysis of
22 mice per group.

*p,0.05. **p,0.01. ***p,0.001.
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in BDNFMet/Met mice, where the fiber density was not sig-
nificantly different from at the P21 time point. This deficit
persists into adulthood (effect of genotype, F=30.43, df=1, 16,
p,0.0001) (Figure 3B; water-alone group). These results
suggest that the adolescent P21–P42 period is crucial for the
development of the serotonergic system in mice and that the
BDNF Val66Met SNP is associated with impaired seroto-
nergic development and innervation of the infralimbic pre-
frontal cortex. These observations are in accordance with
previous human and rodent studies showing that BDNF
deficiency leads to deficits in serotonergic neuron develop-
ment (44–49).

Interestingly, early-life fluoxetine ameliorated the de-
ficient serotonergic innervation of the infralimbic prefrontal
cortex in BDNFMet/Metmice and had no significant effects in
BDNFVal/Val controls (effect of treatment, F=26.55, df=1, 16,
p,0.0001) (Figure 3B). This effect was also observed in the
ventral CA1 of the hippocampus (effect of genotype, F=41.54,
df=1, 16, p,0.0001; effect of treatment, F=22.05, df=1, 16,
p,0.001) (see Figure S3A in the online data supplement).
However, when fluoxetine was administered at P60, there
were no changes in serotonergic fiber density in the infra-
limbic prefrontal cortex of treated BDNFMet/Met mice
comparedwith controls of the samegenotype (F=4.0, df=1, 16,
p.0.05) (see Figure S3B). This suggested that increasing
serotonergic tone during adolescence, a period when the
serotonergic system begins to decline in BDNFMet/Met mice,
is crucial for long-term anxiety-related behaviors. Further-
more, no effects of genotype or treatment were observed in
number of serotonergic cell bodies in the dorsal raphe
(F=0.27, df=1, 16, p.0.05) (seeFigureS3C), suggestingaltered
morphology but no loss of serotonergic neuron numbers in
BDNFMet/Met mice.

Effects of Early-Life Fluoxetine on S100B Levels
S100B has established functions as an astrocyte-derived
trophic factor for serotonergic neurons, and its expression
is altered by change in serotonergic tone (50, 51). To de-
terminewhether the BDNFVal66Met SNP is associatedwith
changes in S100B expression, we analyzed S100B immuno-
reactive cell density in the dorsal raphe nucleus of BDNF
Val66Met mice. We found a significant decrease in S100B-
expressing cells in BDNFMet/Met mice compared with con-
trols (effect of genotype, F=24.83, df=1, 16, p,0.0001), which
was rescued with fluoxetine treatment in early life (effect of
treatment, F=31.45, df=1, 16, p,0.0001) (Figure 4) but not
fluoxetine administered at P60 (F=2.59, df=1, 16, p.0.05) (see
Figure S4A in the data supplement). An effect of early-life
fluoxetine on S100B expression, but not of genotype, was also
observed in the hippocampus (effect of treatment, F=16.11,
df=1, 16, p,0.01; effect of genotype, F=2.91, df=1, 16, p.0.05)
(see Figure S4B). Finally, since the time points of behavioral
and immunohistochemical analyses differed for the three
treatment groups (P70, P89, and P109), we assessed whether
therewas an effect of age in adultmicewhowere treatedwith
water alone. We performed statistical analyses comparing

expression of S100B, serotonergic fiber density, and novelty-
induced hypophagia latency across age groups within each
genotype group and found no significant effects of age (see
Table S1 in the data supplement).

Our findings suggest that deficits in trophic support of
serotonergic neurons in BDNFMet/Met mice lead to altered
serotonergic innervation of brain areas regulating anxiety-
related outputs in these mice. Pharmacologically elevating
serotonergic tone and S100B expression during a “sensitive
period” in development persistently ameliorates deficiencies
in the serotonin systemand lowersanxiety-likephenotypes in
BDNFMet/Met mice.

DISCUSSION

Anxiety disorders emerge in childhood and adolescence
(52–55), a developmental time frame characterized by
transitional changes in emotional behavior aswell as cortico-
limbic neurocircuit maturation (56). Here, we identify in a
genetic mouse model of the common human BDNF SNP a
“sensitive period” during the transition into adolescence
(P21–P42) in which a timed pharmacological intervention
rescued subsequent expression of elevated anxiety-like
phenotypes. We found that the anxiety-like behaviors in
BDNFMet/Met mice, which emerge in late adolescence
(Figure 1) (36), were rescued with early-life (P21–P42) flu-
oxetine treatment,whichpersistently elevated a serotonergic
trophic factor, S100B, and enhanced maturation of seroto-
nergic projections particularly to the infralimbic prefrontal
cortex. To our knowledge, this is the first report of a de-
velopmentally timed pharmacological treatment that fully
rescues a genetically induced anxiety-related behavioral
phenotype during a discrete developmental window.

This P21–P42 “sensitive period” in BDNFMet/Met mice is
well outside the limits of a previously identified early post-
natalwindowwhen environmental perturbation of serotonin
signaling leads to persistently altered emotional behaviors.
Postnatal (P4–P21) exposure to the serotonin inhibitors
fluoxetine, clomipramine, or citaloprambut not desipramine,
a norepinephrine transporter inhibitor, has been shown to
elevate anxiety-like behaviors in adult wild-type animals (12,
57–59). However, there are conflicting reports on whether
SSRI exposure in periadolescence and adolescence has ef-
fects on adult emotional behavior. Mice receiving fluoxetine
during the P14–P42 period exhibit an anxiogenic response
when behavior is assessed immediately after treatment, al-
though the effect is lost in adulthood (13). In addition, ado-
lescent (P12–P21, P21–P49, P22–P41) or adult (P56–P84)
fluoxetine administration did not lead to long-term changes
in anxiety-like or fear extinction behaviors in wild-type mice
(11, 12). On the other hand, rats receiving fluoxetine during
the P25–P46, P35–P49, or P67–P88 periods spend signifi-
cantly less time in the open arm of the elevated plus maze at
1–3 weeks after drug cessation (14, 15, 60), which suggests
species-specific effects of SERT blockade across develop-
ment (61). The reported discrepancies could be due to a
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FIGURE 3. Effect of Development and Early-Life Fluoxetine on Serotonergic Fiber Density in BDNFMet/Met Micea
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number of methodological factors, such as the dosage, de-
livery route, and duration of fluoxetine treatment. Our study
shows that wild-type mice do not exhibit long-term alter-
ations in anxiety and fear learning behaviors when treated
during the P21–P42 period. These findings are in accordance
with previous studies showing thatfluoxetine administration
during adolescence, including the P21–P49 period, or during
adulthood does not lead to long-term changes in anxiety-like
or fear extinction behaviors in wild-type mice (11, 12). Fur-
thermore, it is important to point out that the anxiolytic
fluoxetine effects we observed in BDNFMet/Met mice are due
to developmental compensation of trophic support.

Additionally, it has been shown that early-life exposure to
fluoxetine or ketamine may have persistent antidepressant
effects in rodents. Fluoxetine exposure at P35–P49 in mice
resulted in suppressed depression-like behavior (14). Re-
peated ketamine exposure in rats at P35–P49 resulted in
anxiolytic- and antidepressant-like responses 2 months after
drugexposure (62). Furthermore,fluoxetineexposureduring
adolescence (P35–P49) in rats resulted in long-lasting de-
creases in behavioral reactivity to forced swimming stress
(60). These reports highlight the need for further research
into the enduring impact antidepressants may have on the
developing nervous system.

Previously, the variant BDNF Met allele has been asso-
ciated with decreased 5-HT1A receptor binding as well as
SERT density in the cortex and hippocampus in human
carriers (44, 45). In accordance, BDNFMet/Met mice ex-
hibit perturbations in the serotonergic system as a result
of reduced trophic support (Figure 3A,B). Our results
are also consistent with a report from a study in BDNF
haploinsufficient (BDNF+/2) mice indicating a reduction
in serotonergic fibers in the cortex and hippocampus of
these mice (46).

Interestingly, our results indicate that early-lifefluoxetine
alters the density and complexity of serotonergic projections
in BDNFMet/Met mice (Figure 3A,B), suggesting that at
P21–P42 serotonergic neurons inBDNFMet/Metmice, but not
in wild-type mice, are still responsive to changes in envi-
ronmental stimuli.Administrationoffluoxetine to ratsduring
periadolescence (P21–P35) results in significant increases in
S100B in multiple brain regions that persist into adulthood
(63). In vitro and in vivo studies indicate that S100B has
trophic effects on serotonergic neurons (50, 64, 65). Indeed,
10-week-old mice overexpressing S100B exhibit increased
density of serotonergic fibers in the hippocampus (66).
Persistent elevation in S100B expression induced by fluox-
etine administered during periadolescence (Figure 4) may
mediate the rescue of anatomical and behavioral phenotypes
related to the serotonin system in the BDNFMet/Met mice.

An unexpected finding in our study was that fluoxetine
administration at P21–P42 failed to increase hippocampal
BDNF levels inBDNFMet/Metmice (see Figure S2D in the data
supplement), whereas it robustly increases BDNF levels in
wild-type andBDNF-HA reportermice (see Figure S2A–D). A
previous report in BDNF Val66Met heterozygous mice
showed that while there is a significant reduction in BDNF
protein levels in the hippocampus of BDNFVal/Met mice
compared with wild-typemice, there is no effect of genotype
onmRNA levels (26). As the variant BDNFMet polypeptide is
inadequately trafficked into secretory vesicles (23, 67), an-
terograde delivery of BDNF to the hippocampus from other
brain regions could account for diminished total levels.

Another possible explanation for the effects of early-life
fluoxetine in BDNFMet/Met mice could be that fluoxetine
pharmacokinetics differ with age. However, previously it has
been shown that continuous administration of a fixed flu-
oxetine dosage provides clinically relevant steady-state

FIGURE 4. Effect of Early-Life Fluoxetine on S100B Expression in
BDNFMet/Met Micea
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plasma drug levels in juvenile mice that do not vary signifi-
cantly with age.

CONCLUSIONS

This study, to our knowledge, is the first to demonstrate that
timed SSRI administration during a “sensitive period” in
periadolescence leads to long-lasting anxiolytic effects in a
genetic mouse model displaying elevated anxiety-like be-
haviors. Our results highlight the role of BDNF inmaturation
of the serotonin system and the capacity to enhance its de-
velopment through a timed pharmacological intervention.
While the clinical implications on the effects of SSRIs ad-
ministered during periadolescence cannot be made directly,
these findings suggest that transiently elevating serotonergic
tone during a “sensitive period” affects anxiety-related be-
haviors, particularly when the serotonergic system is un-
derdeveloped. There is evidence that including environmental
exposuresaswell asdevelopmental stage ingeneticassociation
studies may enhance the ability to identify clinically relevant
genetic effects (68). We recently applied a similar mouse-
human translational approach to identify developmental
stage–specific effects of a common human polymorphism in
an endocannabinoid-regulating gene (33, 69).
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