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Early life is a sensitive period, in which enhanced neural plasticity allows the developing brain to adapt to its environment.
This plasticity can also be a risk factor in which maladaptive development can lead to long-lasting behavioral deficits. Here,
we test how early-life exposure to the selective-serotonin-reuptake-inhibitor (SSRI), fluoxetine, affects motivation, and dopaminergic signaling in adulthood. We show for the first time that mice exposed to fluoxetine in the early postnatal period exhibit a reduction in effort-related motivation. These mice also show blunted responses to amphetamine and reduced
dopaminergic activation in a sucrose reward task. Interestingly, we find that the reduction in motivation can be rescued in
the adult by administering bupropion, a dopamine-norepinephrine reuptake inhibitor used as an antidepressant and a smoke
cessation aid but not by fluoxetine. Taken together, our studies highlight the effects of early postnatal exposure of fluoxetine
on motivation and demonstrate the involvement of the dopaminergic system in this process.
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Significance Statement
The developmental period is characterized by enhanced plasticity. During this period, environmental factors have the potential to lead to enduring behavioral changes. Here, we show that exposure to the SSRI fluoxetine during a restricted period in
early life leads to a reduction in adult motivation. We further show that this reduction is associated with decreased dopaminergic responsivity. Finally, we show that motivational deficits induced by early-life fluoxetine exposure can be rescued by
adult administration of bupropion but not by fluoxetine.

Introduction
Multiple environmental factors can change serotonin levels during development, including stress (Papaioannou et al., 2002),
physical abuse (Raineki et al., 2015; Rincón-Cortés et al., 2015),
nutrition (Serfaty et al., 2008), genetic variants (Murphy et al.,
2008), maternal inflammation (Goeden et al., 2016), and recreational and pharmaceutical drugs such as selective-serotoninreuptake-inhibitors (SSRIs; Xu et al., 2004; Suri et al., 2015). Risk
factors for increased serotonin levels during development, e.g.,
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maternal inflammation and gestational SSRIs (used by ;2–5%
of women in the western world during pregnancy; Cooper et al.,
2007; Huybrechts et al., 2013; Ramsteijn et al., 2020) are highly
prevalent. Studies in rodents have shown that administration of
some SSRIs prenatally or in the early postpartum period are
linked to behavioral deficits in adult progeny (Ansorge et al.,
2008; Rebello et al., 2014; Weinstock, 2015; Ramsteijn et al.,
2020). These effects could reflect that this is a peak period for
serotonergic development (Suri et al., 2015), which might make
it more vulnerable to serotonin level modulations (Weinstock,
2015). In contrast, some studies have found positive effects of
early life exposure to specific SSRIs (Altieri et al., 2015), notably
a rescue in deficits caused by maternal depression (Velasquez et
al., 2019). Of concern, some studies have implicated gestational
exposure to SSRIs in the development of psychiatric disorders in
humans (Malm et al., 2016; Singal et al., 2020). However, the
mechanisms by which the administration of specific SSRIs in
early life might affect adult behavior are mostly unknown.
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In rodents, serotonergic neurons emerge on embryonic day
(E)12 (Lauder and Bloom, 1974) and start releasing serotonin at
E13 (Lidov and Molliver, 1982a,b). Serotonin tissue levels peak
in the first postnatal week, declining to adult levels by postnatal
day (P)15 (Hohmann et al., 1988). By comparison, the dopaminergic system develops more slowly, reaching adult levels only
after adolescence. Dopaminergic neurons emerge between E12
and E15 (Olson and Seiger, 1972), but dopaminergic innervation
can increase in some brain regions until P60 (Kalsbeek et al.,
1988). In humans, birth is equivalent to P12–P13 in rodents in
terms of brain serotonergic development (Homberg et al., 2010).
Interestingly, recent work uncovered a robust disynaptic circuit
linking the dorsal raphe (DR), ventral tegmental area (VTA),
and nucleus accumbens (NAc; Beier et al., 2015). We hypothesize
that the earlier developing serotonergic system sending projections to the dopaminergic system enables it to modulate dopaminergic development.
The dopaminergic system modulates multiple aspects of
motivated behavior, specifically effort-related behaviors (Correa
et al., 2016; Robinson et al., 2016; Salamone et al., 2016b). We
have recently shown that early life fluoxetine exposure leads to
deficits in serotonergic activation of dopaminergic neurons,
mediated by impaired glutamatergic co-transmission (Cunha et
al., 2020). We hypothesized that high levels of serotonin during
development impair dopaminergic function, causing dopaminedependent behavioral changes. Here, our novel findings show
that early postnatal exposure to the SSRI fluoxetine (PN-fluoxetine) leads to deficits in motivation. Treated animals showed deficits in motivated responses in a progressive ratio (PR) schedule
of reinforcement during operant conditioning while exhibiting
close to typical performance at lower response ratios, in keeping
with the greater influence of the dopaminergic system in more
effortful conditions (Correa et al., 2016; Robinson et al., 2016;
Salamone et al., 2016b). Supporting our hypothesis that high serotonin levels during early life affect dopaminergic function, we
found that PN-fluoxetine-treated animals had a blunted dopaminergic response to sucrose, measured by fiber photometry, and
reduced increase in dopamine, measured by microdialysis after
an amphetamine challenge. Furthermore, we show that motivation reduction in PN-fluoxetine-treated mice can be rescued in
the adult by bupropion (a norepinephrine-dopamine reuptake
inhibitor, strongly acting on the dopaminergic system; Horst and
Preskorn, 1998) but not by the SSRI fluoxetine.

Materials and Methods
Subjects
Experiments were performed at the Nathan Kline Institute for
Psychiatric Research (NKI). Experiments were conducted blind, using
only an ear tag number as an identifier during experiments, in compliance with the Principles of Laboratory Animal Care National Institutes
of Health guidelines, and under protocols approved by NKI. Mice were
housed in groups (two to four mice of same-sex per cage) and maintained on a 12/12 h light/dark cycle with access to food and water ad libitum. Approximately equal numbers of male and female mice were used
in the experiments, except in the adult rescue experiment for which we
only used males, as the females in that batch had been used in another
project. Mice were tested as adults, between three and five months of
age. We used mice on a C57BL/6J background (except for experiments
in Fig. 3, for which the mice were on a 129SvEv/Tac background).
Postnatal fluoxetine treatment
P2 pups were randomly assigned to saline (vehicle) or 10 mg/kg fluoxetine. The mice received daily intraperitoneal injections of the assigned
treatment from P2 to P11, as previously described (Rebello et al., 2014).
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We previously found that PN-saline animals do not differ from naive
ones in a novelty-induced hypophagia test (a sucrose consumption test
performed in a new large arena, a rat-sized cage), while PN-fluoxetine
animals consumed significantly less sucrose (t(46) = 2.171, p = 0.04; Fig.
1A,B), suggesting that the injections alone do not produce an anxietylike phenotype. We, therefore, use saline-injected mice as controls
throughout. We administered drug treatments between P2 and P11
because it is a time window previously identified as a critical period in
which fluoxetine administration is sufficient to produce behavioral deficits in the adult which are not obtainable after this time window (Rebello
et al., 2014). In terms of the developing serotonergic system, the first
postnatal weeks in rodents correspond to the third trimester of pregnancy in humans (Homberg et al., 2010; Suri et al., 2015).
Behavioral testing
All mice were habituated to drink a 20% sucrose solution in their home
cage for a week. Mice were trained in acrylic conditioning chambers
containing two nose-poke holes and a reward hole. The chambers were
designed in-house based on the open-source Arduino microcontroller
platform adapted from (Devarakonda et al., 2016). Mice were food restricted to maintain 85–90% of their initial weight. Pokes in the “active
hole” deliver a 20% reward sucrose solution in the reward port, while
pokes in the “inactive hole” are unrewarded. We performed a standard
operant conditioning procedure in which mice progressed from a fixed
ratio (FR)1 to an FR5 ratio (FR1: one correct poke = one reward; FR5:
five pokes in the active hole are needed to obtain one reward) and were
then tested in a PR schedule (mice need to make an increasingly higher
number of correct nose-pokes to receive a reward following a progression ratio of r = 5e°.2n-5) as previously described in (Devarakonda et al.,
2016). Mice were trained daily, for 45 min, on the FR1 program until
they met acquisition criteria by earning .20 sucrose deliveries in a session and exhibiting discrimination .3:1 for the active versus inactive
nose pokes. Once mice met acquisition FR1 criteria for three consecutive
days, they were trained on the FR5 reinforcement schedule for 3 d,
45 min/d, followed by the PR reinforcement schedule. We assessed the
break point for the PR sessions; that is, the maximum number of pokes a
mouse would perform to receive a reward (highest ratio completed).
Each PR session ended when 1 h had elapsed. This measure was used as
an index of motivation.
In experiment 1, PR response was tested in naive mice 1 h after an intraperitoneal injection of either saline (vehicle for bupropion), bupropion (40 mg/kg; Randall et al., 2014), 0.3% tartaric acid in PBS (vehicle
for haloperidol), or haloperidol (0.1 mg/kg), in counterbalanced order,
with treatments spaced apart by 72 h. The haloperidol dose and dilution
procedure were as described previously (Yang et al., 2020). In between
treatments, mice were trained on the FR5 schedule. After completing all
PR testing sessions, mice were tested for their response on FR1 for 1 h
following the same drug treatments, in counterbalanced order, with
treatments spaced apart by 72 h. In experiment 2, performance was compared between PN-saline-treated and PN-fluoxetine-treated mice. In
experiment 3, the PR response of PN-treated mice was tested 1 h after an
intraperitoneal injection of saline (vehicle), fluoxetine (10 mg/kg), or
bupropion (40 mg/kg). All mice were tested with the three treatments, in
counterbalanced order, with treatments spaced apart by 72 h.
Counterbalancing included pseudo-randomization so that in each trial,
an equal number of mice was assigned to each treatment.
Amphetamine challenge in the open-field
Activity was measured as ambulatory counts (interruption of a total
number of both x- and y-axes beams) with an infrared beam-based activity sensor (ATM3; Columbus Instruments) over 60 min as described previously (Sershen et al., 2010). Saline or amphetamine (3 mg/kg, i.p.; Yu
et al., 2014) were administered 20 min after the test began.
Amphetamine challenge and microdialysis
A separate cohort of adult mice, PN-treated with fluoxetine or saline as
described above, was implanted with microdialysis guide cannulas in the
striatum (AP: 0.7 mm, L: 1.5 mm, DV: 2.5 mm). Animals were allowed
to recover one week before the microdialysis experiment, conducted in
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Figure 1. Novelty induced hypophagia. A, Naive, PN-saline-treated, and PN-fluoxetine-treated mice were food deprived overnight. The next day, they were placed for 30 min in a large
arena (a standard rat cage) with a Petri dish containing 20 sucrose pellets. The number of pellets consumed was counted. PN-fluoxetine-treated animals ate fewer pellets than naive/saline control animals. B, Naive and PN-treated mice were food deprived overnight and given a Petri dish containing 20 sucrose pellets in their home cage. All groups consumed approximately the same
number of pellets in 30 min (n = 10–19). C, Non-food-deprived mice were placed in a large arena containing a Petri dish with 20 sucrose pellets for 30 min. PN-fluoxetine-treated mice consumed less of this novel food than PN-saline-treated animals. The same group of animals were food deprived and given only sucrose pellets to eat for a day. The mice were then returned to
their normal diet. PN-fluoxetine and PN-saline mice, non-food-deprived, consumed the same amount of sucrose pellets when presented again with this food (n = 14–22). Data are expressed
as the mean 6 SEM; pp , 0.05.
metabolites were measured by electrochemical
detection (HPLC–EC) using an ESA CoulArray
Detector ESA Inc. as described previously (Balla
et al., 2018). We compared the area under the
curve for dopamine levels prior to and postamphetamine injection as previously described
(Shen et al., 2004).
Fiber-photometry
To target GCAMP6 expression to dopaminergic
neurons, a mouse line that specifically expresses Cre
in dopaminergic cells (Dat-IRES-Cre; Bäckman et
al., 2006) was crossed with one that conditionally
expresses GCamp6 (Jax line ai95; Madisen et al.,
2015) on a C57BL/6J background. We chose to use
transgenic animals instead of a viral vector because
the former allows for more consistent labeling of the
entire dopaminergic population, reducing interindividual variability, allowing better comparisons
between PN treatments. To confirm the specificity of
GCamp6 expression in dopamine cells, two adult
DatIRES-Cre/1; GCAMP6fl/fl (Dat-GCAMP6) mice
were processed for double-label immunofluorescence using methods described in our previous
Figure 2. Dopamine’s role in effort-related motivation. A, Experimental design. Mice were trained on a FR1 schedstudy (Cunha et al., 2020). GCamp6 was identified
ule of reinforcement until reaching criteria for three consecutive days. They were then trained for an additional 3 d on
using chicken anti-green fluorescent protein
the FR5 schedule. The following day, they were tested on the PR 1 h after receiving an injection of either saline-bupro(GFP; Abcam, ab13970) coupled to Alex Fluor 488
pion vehicle (VB), bupropion (B), haloperidol-vehicle (VH), or haloperidol (H). Treatments were repeated counterbalsecondary antibody (Invitrogen, A11034) and doanced with 3-d intervals. After testing in PR, mice were tested in FR1 in response to the same drug treatments in
pamine cells with rabbit anti-tyrosine hydroxylase
counterbalanced order. B, Progression on the PR. C, Break point on PR schedule after adult treatment (n = 19 repeated
(TH; Pelfreez, P40101) coupled to a biotinylated
measures). D, Sucrose rewards during FR1. Data are expressed as the mean 6 SEM; pp , 0.05, pppp , 0.001.
antibody (Vectastain, BA-1000) and streptavidin594 (Invitrogen, S11227). Immunolabeled cells
were stereologically sampled using the fractionator method (Gundersen et al., 1988). Every
awake, freely moving mice using a BAS microdialysis cage system
fourth 50-mm-thick coronal section through the
(BASi). On the day of the experiment, microdialysis probes (CMA-7
full extent of the VTA was sampled with a grid of optical dissecprobe, CMA/Microdialysis) were inserted into the guide cannula. A 2tors, so that six to seven sections and 661–782 immunolabeled cells
mm membrane length probe was inserted via the guide cannula targetwere evaluated in each brain.
ing the striatum. As the membranes are 2 mm long, we could not
Dat-GCAMP6 mice were administered fluoxetine or saline between
precisely target the NAc and therefore collected samples across the dorP2 and P11 as described above. Adult animals were implanted with
soventral striatum. Probes were perfused with CNS perfusion fluid (M
fiber-optic probes (400 nm) targeting the VTA (AP: 3.5 mm, L: 0.5
Dialysis AB) at a flow rate of 1.5 ml/min. After a 1-h equilibration
mm, DV: 4.3 mm). It is important to note that GCaMP6 is expected to
period, baseline samples (30 min each) were collected for 2 h. Next,
express in all DAT1 neurons in the brain, not exclusively in VTA ones.
we performed an amphetamine challenge (3 mg/kg, i.p.). Thirty-miTherefore, DAT1 cells located elsewhere may project to or through
nute samples continued to be collected for 3 h. Dopamine and its
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Figure 3. PN-fluoxetine treatment impairs effort-related motivation. A, Experimental design. PN-treated mice (FLX, fluoxetine; SAL, saline) were trained on a FR1 schedule of reinforcement
until reaching criteria. They were then trained for an additional 3 d on the FR5 schedule. The following day, they were tested on the PR for 3 d. B, Days until criteria. C, Average number of
rewards received on the last 3 d of FR1 training (in which they reached criteria). D, Average number of rewards received on 3 d of FR5. E, Average break point on PR schedule by sex. F,
Average break point on PR schedule for both sexes. G, Average number of rewards obtained on PR schedule. H, Break point on PR in each individual trial (nPN-saline = 14, nPN-fluoxetine = 22).
Data are expressed as the mean 6 SEM; pp , 0.05.
VTA, thereby potentially contributing axonal signal to fiber photometry
recordings made in VTA. After recovery, mice were habituated to drinking a 20% sucrose solution (the same concentration used in operant conditioning) for one week. The day before the sucrose test, they were
water-deprived. On the test day, mice were connected to a laser emitter/
photoreceptor apparatus. Activity-dependent GCAMP6 fluorescence
was recorded during a sucrose consumption test in a standard mouse
cage, identical to the ones they were housed in, other than having a
hole in the lid for the photometry cable. These procedures were performed to remove the effect of novelty, as we consistently found that
PN-fluoxetine-treated animals show reduced consumption of new
foods presented in novel environments (Sidak’s multiple comparisons
test Novelty:salineVSfluoxetine: adjusted p = 0.003; Exposed:salineVSfluoxetine:
adjusted p = 0.999; Fig. 1C; Cunha et al., 2020). Our photometry apparatus includes a 405-nm LED channel as a control. To control for
movement-related artifacts, we normalized 470-nm signals to 405-nm
control fluorescence and calculated the fluorescence difference (dF/
Fstimulus dF/Fbaseline) as previously described (Kim et al., 2016). Data
were acquired using TDT software and analyzed in Spike2. We used
the variation in fluorescence between the 500 ms before and 500 ms after the first lick on the sucrose dispenser bottle for comparison between
groups. Licking activity was time-stamped onto the photometry recording via a 5-ms TTL pulse from the touch-sensor (Anymaze) connected to the drinking spout.

Statistics
Results are presented as mean 6 SE. Statistical comparisons were conducted using Prism 8 (GraphPad), and differences between the groups
were evaluated by unpaired, two-tailed Student’s t test, or ANOVA
whenever appropriate. Normality before ANOVA was tested using the
Shapiro–Wilk test. Statistical significance was set at p , 0.05; p values for
multiple comparisons were corrected using Sidak’s multiple comparisons test.

Results
Dopamine levels modulate the breaking point in the PR
Effort-related motivation has been linked to dopamine levels in
adult animals (Salamone et al., 2016b). Many of these studies
have been conducted in rats (Aberman et al., 1998; Randall et al.,
2012; Randall et al., 2014), with more limited information in
mouse models (Yang et al., 2020). Therefore, we tested how
manipulating dopamine levels in the adult mouse would affect
motivation in the PR schedule. We hypothesized that increasing
dopaminergic signaling would increase effort-related responding, while decreasing it, by blocking dopamine type 2 receptors
using haloperidol, would lead to decreased effort-related PR
responding.

Menezes et al. · Motivation Deficits in PN-SSRI-Treated Mice

J. Neurosci., March 24, 2021 • 41(12):2723–2732 • 2727

2016b), we hypothesized that PN-fluoxetine
treatment could cause deficits in motivation.
Mice were injected with saline or fluoxetine (10 mg/kg) daily from P2 to P11. To test
effort-related motivation in adulthood, we
used an operant conditioning task to change
the effort required to obtain a sucrose reward
(Fig. 3A).
Both groups of animals took the same
time to reach criteria (t(34) = 0.5900, p = 0.56;
Fig. 3B). Consistent with current theories of
dopaminergic function in effort-based tasks
(Salamone et al., 2016b), we found no significant differences between PN-fluoxetinetreated animals and PN-saline controls on
FR1 (t(33) = 0.82, p = 0.42; Fig. 3C) and FR5
reinforcement schedules (t(33) = 0.62, p = 0.54;
Fig. 3D). However, when the effort to retrieve
a reward increased in the PR, PN-fluoxetinetreated animals performed worse than PN-saline-treated animals (Fig. 3E–H). We found
no significant sex differences, nor a sex by
treatment interaction (sex  PN treatment:
F(1,31) = 0.6525, p = 0.43; sex: F(1,31) = 0.5128,
p = 0.48; PN treatment: F(1,31) = 5.511,
Figure 4. PN-fluoxetine treatment blunts amphetamine response. A, PN-treated mice were placed in an open-field
p = 0.03; Fig. 3E), we therefore combined the
and their locomotion was recorded in 1-min bins for a total of 60 min; 20 min after the beginning of the experiments,
mice were injected with saline or 3 mg/kg of amphetamine. We observed blunted hyperlocomotion in response to an
data from both sexes for further analysis. The
amphetamine challenge in PN-fluoxetine-treated mice (nPN-saline/saline = 8, nPN-saline/amphetamine = 7, nPN-fluoxetine/saline =
combined break point was lower in PN-fluox8, nPN-fluoxetine/amphetamine = 8). B, Microdialysis analysis of dopamine levels at baseline and after amphetamine challenge
etine-treated animals (t(33) = 2.60, p = 0.01;
(arrow; 3 mg/kg, i.p.). Top right inset, Area under the curve (AUC) for preamphetamine and postamphetamine injection
Fig. 3F), as was the number of rewards
(nPN-saline = 10, nPN-fluoxetine = 10). C, Placements of microdialysis probes verified histologically. Data are expressed as
obtained in the PR (t(33) = 2.736, p = 0.01; Fig.
the mean 6 SEM; pp , 0.05, pppp , 0.001.
3G). Moreover, there was no effect of trial in
the response (trial  PN treatment: F(2,102) =
Naive mice were trained on FR1 until reaching criteria for
0.1038, p = 0.90; trial: F(2,102) = 0.6710, p =
three consecutive days. They were then trained for 3 d on FR5
0.51; PN treatment: F(1,102) = 15.00, p = 0.0002; Fig. 3H).
and then tested on PR 1 h after an intraperitoneal injection of saline (vehicle for bupropion), bupropion (40 mg/kg; a norepiPN-fluoxetine treatment leads to blunted hyperlocomotion
nephrine-dopamine reuptake inhibitor; Randall et al., 2014),
and dopamine release after an amphetamine challenge
0.3% tartaric acid in PBS (vehicle for haloperidol) or haloperidol
To examine the function of the dopaminergic system, PN-fluoxe(0.1 mg/kg; a dopamine receptor type 2 antagonist; Yang et al.,
tine-exposed mice were tested for their response to an ampheta2020), in counterbalanced order (Fig. 2A,B). Consistent with premine challenge in the open-field, and their striatal dopamine
vious studies (Randall et al., 2014; Yang et al., 2020), haloperidol
levels were measured using microdialysis.
decreased the PR break point (F(1,22) = 15.80, p = 0.0003; Sidak’s
PN-saline and PN-fluoxetine animals were placed in an open
multiple comparisons test VHvsH: adjusted p = 0.0002; Fig. 2C)
field for 20 min, and their locomotion was recorded. After this
while bupropion increased it (Sidak’s multiple comparisons test
20-min baseline, the animals were injected with 3 mg/kg amphetaVBvsB: adjusted p = 0.01; Fig. 2C). There were no significant difmine or saline, and their locomotion was recorded for an addiferences between the two vehicles used (Sidak’s multiple compartional 40 min. We observed that after the amphetamine injection,
isons test VBvsVH: adjusted p = 0.31). Haloperidol and bupropion
PN-saline-treated animals had significantly higher locomotion
did not change sucrose intake on the less effortful FR1 schedule
levels than PN-fluoxetine-treated animals [time  treatment:
(F(1,35) = 1.956, p = 0.16; Fig. 2D).
F(177,1829) = 11.95, p , 0.0001; Tukey PN-saline (amph) vs PNfluoxetine (amph): adjusted p , 0.0001; Fig. 4A].
To assess the effect of PN-fluoxetine exposure on dopamine
PN-fluoxetine treatment led to effort-related motivation
release, microdialysis was performed in mice PN-treated with sadeficits
line or fluoxetine. Using the calculation of the area under the
PN-fluoxetine administration was shown to reduce exploration
time-response curves (Fig. 4B, inset), as previously described
in several studies (Ansorge et al., 2004; Rebello et al., 2014).
(Shen et al., 2004), no difference in baseline dopamine levels was
Consistently, mice lacking serotonin transporters (SERT-KO
found in fluoxetine treated mice compared with the saline group
mice) have reductions in exploration and activity in novelty(pre-amph, Fig. 4B; multiple comparisons: t ratio(36) = 0.055;
based tests (Kalueff et al., 2007). Recently, we showed that an
adjusted p = 0.957). Next, mice were injected with 3 mg/kg amincrease in serotonergic tone during development induced by
phetamine. A significantly lower dopamine level was observed in
fluoxetine results in dopaminergic dysfunction (Cunha et al.,
PN-fluoxetine-treated animals than in the control group (t ra2020). Given the role of dopamine in effort-related motivation
tio(36) = 2.179; adjusted p = 0.04; Fig. 4B), suggesting a blunted
dopaminergic response in PN-fluoxetine-treated animals. The
(Correa et al., 2016; Robinson et al., 2016; Salamone et al.,
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Figure 5. PN-fluoxetine treatment blunts dopaminergic response to sucrose. A, Scheme of photometry apparatus with 405-nm control channel and 470-nm GCamp6 activity recording channel. B, Placement of the optic fiber probe tips. C, TH colocalization with GCamp61 cells. D, There was a significantly higher increase in fluorescence during sucrose consumption in PN-saline
animals than in PN-fluoxetine animals (nPN-saline = 11, nPN-fluoxetine = 7). E, Individual recordings of a PN-saline (top) and PN-fluoxetine (bottom) animal. Time 0 marks the first lick. F, Subject
averaged traces. Data are expressed as the mean 6 SEM; pp , 0.05.

placements of microdialysis probes were verified histologically.
A representative image with probe placement is shown in Figure
4C.
PN-fluoxetine treatment leads to blunted dopaminergic
activation during sucrose consumption
To further investigate how the dopaminergic system is affected
by PN-fluoxetine treatment, fiber photometry was conducted
using GAMCP6. GCAMP6 is a genetically encoded protein in
which conformational transformation in the presence of calcium
produces evoked fluorescence transients with high temporal resolution (Chen et al., 2013). Using GCAMP6 and fiber-photometry (Resendez and Stuber, 2015), bulk measurements of calciumdependent activity in specific cell populations in brain regions of
interest can be obtained. This technique was used to assess
changes in dopaminergic activity during sucrose consumption in
our PN-fluoxetine treatment model. DatIRES-Cre/1; GCAMP6fl/fl

mice were injected with saline or fluoxetine from P2 to P11. In
adulthood, the mice were connected to the fiber-photometry recording setup, with the probes targeting the VTA, and their licks
were recorded using Anymaze and time-stamped onto the photometry recording (Fig. 5A,B). To confirm the specificity of
GCAMP6 expression in dopamine cells, two adult DatIRES-Cre/1;
GCAMP6fl/fl animals were processed for double-label immunofluorescence. Sampling of 1443 GCAMP6 positive cells in the
VTA showed that 95% expressed detectable TH-immunolabeling, and 100% of TH-positive cells had detectable GCAMP6
expression (Fig. 5C). We calculated the fluorescence response of
VTA-dopaminergic cells by normalizing the fluorescence level
500 ms after the first lick to the fluorescence level 500 ms before
the first lick. There was no difference in the latency to drink
between groups (t(16) = 0.3031, p = 0.76). We observed that the
increase in fluorescence was significantly lower in PN-fluoxetine-treated animals than in PN-saline-treated mice (t(16) =
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2.120, p = 0.05; Fig. 5D–F), pointing to a reduced response of the
dopaminergic system.
Motivational deficits in PN-fluoxetine-treated mice can be
rescued by adult administration of bupropion but not
fluoxetine
Next, we tested whether we could rescue the motivation deficits
observed in the PN-fluoxetine-treated animals by manipulating
the dopaminergic or serotonergic systems. Mice were injected
with saline or fluoxetine from P2 to P11 and were trained in
operant conditioning to nose-poke for sucrose at adulthood.
One hour before the PR sessions, mice were injected with either saline, fluoxetine or bupropion. Each mouse was tested
with the three treatments administered with an interval of 72
h, in counterbalanced order (Fig. 6A).
An overall effect of postnatal treatment was observed; PNfluoxetine mice showed a significantly lower break point than
PN-saline-treated mice (F(1,41) = 6.014, p = 0.02; Fig. 6B).
Interestingly, while bupropion significantly increased the break
point in both PN-saline (Sidak’s multiple comparisons test:
adjusted p = 0.02) and PN-fluoxetine (Sidak’s multiple comparisons test: adjusted p = 0.001), the break point did not increase in
mice treated with fluoxetine in adulthood. Notably, PN-fluoxetine mice treated with bupropion in adulthood reached performance levels similar to PN-saline control mice treated with saline
in adulthood (Fig. 6B).

Discussion
Our novel results show that developmental exposure to the SSRI
fluoxetine has long-term effects on a well-established index
of effort-related motivation. Our findings demonstrate that
PN-fluoxetine treatment leads to behavioral deficits in an operant
conditioning task, specifically when the effort-demand increases.
PN-fluoxetine treatment also leads to a blunted dopaminergic
response to an amphetamine challenge and a positive reinforcer
(sucrose solution). Furthermore, we show that PN-fluoxetine
motivation-related deficits can be rescued in the adult by increasing dopaminergic activity using bupropion, a norepinephrine-dopamine reuptake inhibitor.
Dopamine and effort-related motivation
An extensive literature from Salamone’s laboratory, the majority
done on rats, has implicated dopamine levels in effort-related
motivation (Salamone et al., 2016a). For instance, the norepinephrine-dopamine-transporter-inhibitor bupropion has been
shown to increase performance in high effort tasks (Randall et
al., 2014) while the dopamine D2 antagonist haloperidol shifts
choice from a preferred food to a less preferred alternative in an
effortful context (Yang et al., 2020). Our current results show the
same pattern in mice using a PR: bupropion administration
increased the break point, while haloperidol decreased it.
In our PN-model, basal levels of dopamine are similar
between PN-saline and PN-fluoxetine animals, as measured by
microdialysis. Interestingly, we only observed differences in dopamine levels/activity between groups when we performed an
amphetamine challenge or in response to a reward. Consistent
with the role of dopamine disruption leading to effort-related
motivational deficits, we found an association between a disruption in dopaminergic activation in response to a sucrose reward
in PN-fluoxetine-treated mice with a reduction in performance
in a PR schedule of reinforcement. These deficits were not
observed in low effort schedules (FR1 and FR5). Several studies

Figure 6. PN-fluoxetine impairment in effort-related motivation can be rescued in adulthood by bupropion. A, Experimental design. PN-treated mice were trained on a FR1 schedule
of reinforcement until reaching criteria. They were then trained for an additional 3 d on the
FR5 schedule. The following day, they were tested on the PR 1 h after receiving an injection
of either saline (SAL), bupropion (BUP; dopamine-reuptake-inhibitor), or fluoxetine (FLX;
SSRI) in a counterbalanced design. B, Break point on PR schedule after adult treatment
(nPN-saline = 19, nPN-fluoxetine = 24). Data are expressed as the mean 6 SEM; pp , 0.05,
pppp , 0.001.

have shown a link between dopamine depletion and deficits in
more effortful instrumental tasks (McCullough et al., 1993;
Aberman et al., 1998; Salamone et al., 2001; Ishiwari et al., 2004).
The greater the effort required by the task, the stronger the
effect of dopamine depletion. Dopamine depletion only
slightly impairs performance in an operant FR1 task, moderately degrades performance in moderate demand schedules
(FR5), and severely impairs performance at higher ratios
(McCullough et al., 1993; Aberman et al., 1998; Salamone et
al., 2001; Ishiwari et al., 2004).
In a review of the behavioral effects of perinatal SSRI exposure, the analysis of ingestive and reward behavior showed no
differences between controls and animals treated with fluoxetine
perinatally (Ramsteijn et al., 2020). Most of these papers refer to
ingestive behavior (food consumption; 13 out of the 24 experiments analyzed). This agrees with our data in which rewards
earned in low effort tasks (FR1 and FR5) did not differ, suggesting that there are no inherent differences in intake and satiety.
The difference was only observed when the component of effort
was added. In the study by (Forcelli and Heinrichs, 2008), the
authors performed a conditioned-place-preference experiment
to test the hedonic value of cocaine in prenatally fluoxetine
treated rats. They found an increase in time spent in the cocainepaired location in PN-fluoxetine mice. However, conditionedplace-preference tests can answer the question of whether an
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animal prefers a particular reward (liking) but do not provide information about how much the animal is willing to work (wanting) for that reward (Berridge et al., 2009; Berridge and
Robinson, 2016). On the cocaine self-administration test, rats
were tested using an FR1 schedule (0.375 mg/kg/injection in 0.1
ml/injection saline delivered over 4 s), with no difference in performance on this schedule. This schedule also does not address
the question of effort (Forcelli and Heinrichs, 2008). These studies support our data of no difference in sucrose intake in low
effort schedules with a difference in performance revealed when
the effort required to obtain the reward was increased.
Early-life SSRI exposure
While more research in humans is still needed, discontinuation
of antidepressant treatment during pregnancy is often not possible given the potentially severe consequences of untreated prenatal maternal depression, to both the mother and the neonate
(Jablensky et al., 2005; Pearson et al., 2013; Jarde et al., 2016;
Aftab and Shah, 2017). Some SSRIs are a relatively safe and effective treatment option for depression during pregnancy and
breastfeeding (Carr and Lucki, 2011; Reefhuis et al., 2015).
However, more research needs to be conducted on the outcomes
of exposed children.
In rodents, exposure to the prototypical SSRI fluoxetine during development has been shown to cause decreased exploration,
decreased social interaction, increased floating in the forcedswim-test, and anxiety-related behavioral phenotypes (Ansorge
et al., 2004, 2008; Sarkar et al., 2014). However, these studies, like
ours, used non-depressed dams. It is intriguing that in some
studies using animal models of maternal depression, SSRI
administration during pregnancy rescued the behavior and the
disruption of brain development caused by maternal depression
(Salari et al., 2016; Velasquez et al., 2019).
Our study found a reduction in motivation and dopaminergic
activation in mice exposed to fluoxetine during early life. Future
work should examine how PN-fluoxetine affects aggression, risktaking behavior, and drug seeking. We have previously shown
that exposure to fluoxetine during adolescence reduces adult
aggression (Yu et al., 2014). With respect to drug addiction,
reduced dopamine activation caused by PN-fluoxetine might
cause lower vulnerability to addiction, as mesolimbic dopaminergic pathway lesions have been shown to reduce heroin reinforcing effects (Spyraki et al., 1983). Alternatively, imaging
studies show that reduced dopamine release in the striatum is
correlated with increased addiction to several substances
(Martinez et al., 2012).
To try to rescue the changes in motivation we observed in
PN-fluoxetine animals, we tested two antidepressants with different targets, fluoxetine, an SSRI, and bupropion, a norepinephrine, dopamine reuptake inhibitor (Horst and Preskorn, 1998).
Constitutive knock-out of the serotonergic transporter (SERTKO) leads to similar adult behavioral changes as early-life fluoxetine exposure (Ansorge et al., 2004). However, in SERT-KO
mice, increased extracellular serotonin in the adult (Mathews et
al., 2004) does not rescue the phenotype induced by fluoxetine
exposure during development (Ansorge et al., 2004). This suggests that SSRIs may not be sufficient to rescue behavioral modifications in the adult when high serotonin levels are disrupted in
early brain development. We have recently shown that PN-fluoxetine treatment leads to reduced exploration in adulthood. This
reduced exploration could be rescued by optogenetic activation
of dopaminergic cells but not by activation of serotonergic ones
(Cunha et al., 2020). Consistently, the current results show that
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the lower motivation levels in PN-fluoxetine-treated mice in
adulthood can be rescued by treatment with bupropion, but not
with fluoxetine. While our data suggest that early-life fluoxetine
treatment affects dopaminergic function and that bupropion
may revert these deficits possibly by also acting on the dopaminergic system, bupropion may revert the reduction in motivation
by its action on norepinephrine (Nomikos et al., 1989, 1992;
Horst and Preskorn, 1998; Li et al., 2002). These results may
have important implications for therapeutic interventions in
motivational deficits observed in depressed patients, suggesting
that in some cases, interventions targeting the dopaminergic/
norepinephrine systems should be considered.
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