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Unlimited sucrose consumption during adolescence generates a
depressive-like phenotype in adulthood
Aliou B. Gueye1,2,6, Leandro F. Vendruscolo1,2,7, Camila de Ávila3,4,5, Catherine Le Moine1,2, Muriel Darnaudéry3,4 and Martine Cador1,2

Depression is highly prevalent worldwide, but its etiology is not fully understood. An overlooked possible contributor to the
epidemic of depression is feeding styles, particularly at early age when the brain is intensely changing. We have previously reported
that unlimited sucrose consumption during adolescence leads to enduring changes in brain reward function. Here, we tested the
hypothesis that sucrose consumption during adolescence would lead to a ‘depressive-like’ phenotype. Adolescent male rats were
given unlimited access to 5% sucrose in their home cages from postnatal day 30 to postnatal day 46 and their emotional behavior
was subsequently examined at adulthood. Sucrose consumption during adolescence caused anhedonia, decreased motivation for
saccharin, increased immobility in the forced swim test and exacerbated anxiety-like behavior. Additionally, sucrose consumption
during adolescence decreased cell proliferation in the hippocampus in adulthood. Chronic treatment with imipramine (10 mg/kg)
normalized behavior and restored cell proliferation in the hippocampus of adult rats with a history of sucrose consumption during
adolescence. A similar sucrose consumption starting at adulthood only increases immobility in the forced swim test, suggesting
that sucrose intake affects also adults’ behavior but to a lesser degree. Overall, our findings reveal an unsuspected protracted effect
of sucrose consumption on behavior and suggest that unlimited sucrose consumption during critical periods of brain development
may play an important role in the etiology of reward-related disorders such as depression.
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INTRODUCTION
Adolescence is a unique period for brain development [1]. A large
literature indicates in both humans and rodents that the
adolescent brain is particularly responsive to environmental
challenges, such as stress [2, 3] and drugs of abuse [4–6], which
are known to promote vulnerability to psychiatric disorders.
Recent evidence suggests that nutrition could also affect
adolescent behavior and brain [7, 8] but very few studies have
investigated the long-term effects of adolescent feeding styles on
adult mental health.
The consumption of drinks rich in simple sugars (e.g., sucrose,

glucose and fructose) by adolescents has dramatically increased
over the last few decades [9]. Teenagers are taking a large
proportion of their daily caloric intake from sugars (~20% of total
daily caloric intake); twice as much as recommended by the World
Health Organization [10]. Sweetened beverages have high
hedonic values and intensely activate brain reward systems
involved in the regulation of emotion and motivation [11].
Importantly, sensitivity to palatable food rewards peaks during
adolescence [12]. A recent epidemiological study suggests a
possible link between sweet beverages consumption and the
prevalence of depression [13]; however, experimental evidence is
lacking.

We have previously reported in rodents that unlimited access to
sucrose during adolescence, but not during adulthood, induced a
marked decrease in motivation for natural rewards later on in life
[14]. We also demonstrated recently that this reduction in
motivation is accompanied by a deficit in the hedonic processing
of sweetness in adulthood [15]. Thus, we hypothesized that
intense and repeated activation of the reward system via
unlimited sucrose consumption during adolescence may interfere
with brain maturation processes and cause long-lasting alterations
in reward-related behaviors.
Because anhedonia (i.e., inability to feel pleasure) and reduced

interest for rewarding stimuli are key symptoms of major
depressive disorder (DSM-V), the present study was designed to
investigate the impact of chronic sucrose intake during adoles-
cence on depressive-like phenotype and its potential reversibility
by a chronic antidepressant treatment.

METHODS AND MATERIALS
Animals and sucrose exposure during adolescence
Subjects were male Wistar rats (Charles River, Lyon, France),
weighing between 50 and 75 g (postnatal day (PND) 30 ± 2) at the
beginning of sucrose exposure. Sixteen rats were used in
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Experiment 1 and 30 rats were used in Experiment 2. The rats were
individually housed and maintained in a temperature-controlled
(22 °C) and humidity-controlled (60%) room with an inverted
12:12 h light/dark cycle (lights on at 17:00 h). Water and food
(Scientific Animal Food & Engineering, France; containing 16.5%
protein, 59% carbohydrate and 3% fat; with a caloric value of 2.9
Kcal/g) were available ad libitum throughout except during
behavioral testing or otherwise stated. Experiments were con-
ducted during the dark phase of the light/dark cycle between
09:00 and 17:00 h.
After 4 days of habituation in the laboratory facilities,

adolescent rats were given continuous free-choice between a
bottle of water and a bottle of 5% sucrose from PND 30–46 ±
2 days. This period was selected because it is considered to
approximate adolescence in humans [1]. The control group had
access to two bottles of water. Fluid consumption, food intake and
body weight were measured every other day. The position of the
bottles was alternated every day to control for position
preference. Following 16 days of sucrose consumption, all animals
were given access to water in their home cages until the
end of the experiments. Experiments were conducted in
accordance with French (Directive 87/148, Ministère de l’Agricul-
ture et de la Pêche) and European (Directive 2010/63/EU, 22
September 2010) legislation and approved by Institutional
Regional Committee for animal experimentation (Approval n°.
5012088-A and n° 11668-A from the Bordeaux Ethics Committee
(CNREEA n° 50). Every effort was made to minimize suffering and
the number of animals used.

Experiment 1: effects of sucrose consumption during adolescence on
sucrose preference, motivation for a sweet solution and immobility in
the forced swim test at adulthood. An outline of Experiment 1 is
shown in Fig. 1a. Rats were exposed to water (ADO water group, n
= 8) or sucrose (ADO sucrose group, n= 8) during the adoles-
cence period (PND30 to PND46) and were tested at adulthood
(from PND60 onwards) in a battery of preclinical behavioral tests
for depression: sucrose preference test, motivation for sweet
solution in operant chamber and the forced swim test. Glycemia in
an oral glucose tolerance test (OGTT, Supplemental Methods) was
also measured to control potential metabolic alterations after
adolescence unlimited sucrose consumption.

Sucrose preference test
Adult (PND70) rats with free access to food were given two bottles
of water for 3 days in their home cages. Next, one bottle of water
was switched to a bottle that contained 1% sucrose for 24 h. The
percentage of preference was calculated as follows: sucrose
intake/total fluid intake × 100. Decreased sucrose preference is
classically used as a measure of anhedonia.

Motivation for a sweet solution in operant chambers
Motivation for saccharin was studied in 30 min daily sessions
(5 sessions per week) in operant chambers (Imétronic, Pessac,
France) equipped with two levers, as previously reported [14]
(details in Supplemental Methods). Adult rats (PND85-PND160)
were trained to press one of the two levers (the active lever) under
a fixed-ratio 1 schedule (FR1) of reinforcement (i.e., every active
lever press was reinforced by fluid delivery) to obtain 0.1 ml of
saccharin solution (0.13%, w/v; Sigma-Aldrich, Lyon, France)
delivered in 3 s. The delivery of saccharin was paired with a 4 s
cue light located above the active lever during which additional
lever presses did not result in fluid delivery (time out period).
Responses on the other lever (the inactive lever) were recorded as
a measure of non-specific activity. The position of the active and
inactive levers was counterbalanced between rats. The rats were
first tested on FR1 (16 sessions) and then shifted to a FR5 (5 lever
presses resulted in fluid delivery) schedule for 8 additional
sessions. The criterion for acquisition of saccharin was a minimum

of 50 reinforcements per session over 2 consecutive sessions in
the FR1 schedule.
After the FR5 testing, rats were tested under a progressive ratio

(PR) schedule of reinforcement (5 sessions) in which the number
of active lever presses required for the subsequent saccharin
delivery increased progressively by 3. The PR session was
terminated when animals failed to earn a new reinforcer in 30
min or when the total session time (120 min) was elapsed. Data
are expressed as the average breakpoint reached during 5
consecutive sessions of progressive ratio. The breakpoint was
defined as the last ratio completed before the response was
disrupted and was used as an index of motivation [16].

Forced swim test (FST)
Rats (PND274) were placed in a Plexiglas cylinder (51 cm height,
21 cm diameter) filled with water (24 ± 1 °C) to a level of 29 cm for
15min during the pretest session (day 1) and 24 h later, for 5 min
during the test session (day 2). Immobility was automatically
quantified using a video-track FST software (View Point, Lyon,
France). Immobility time was used as an index of depressive-like
behavior.

Experiment 2: effects of chronic imipramine on changes associated
with unlimited sucrose consumption during adolescence. An out-
line of the experiment 2 is shown in Fig. 2a. All analyses involving
manual assessments were conducted blind of experimental group
assignments (novelty-suppressed feeding test (NSFT), social
interaction and BrdU+ cell counting).

Adolescent sucrose exposure and chronic antidepressant
treatment
Adolescent rats (sucrose group: n= 16; water group: n= 16) were
given access to sucrose for 16 days from PND30 to PND46, as
described in experiment 1. From PND47 (i.e., the day after the end
of sucrose exposure) until the end of the experiment (PND274),
animals have access only to water and 1 h after the lights were
turned on, rats received daily intraperitoneal injections of either
imipramine hydrochloride (Sigma-Aldrich, Saint-Quentin Fallavier,
France) at 10 mg/kg/2 ml or vehicle (saline; 2 ml/kg).

Motivation for a sweet solution in operant chambers
Motivation for saccharin (PND65-PND116) was assessed in a
progressive ratio test, as described in experiment 1. One rat from
the sucrose group treated with saline and one rat from the water
group treated with imipramine did not reach the acquisition
criterion for saccharine self-administration (<50 reinforcers after
16 sessions of FR1)and thus were excluded from the study while
most of the other animals reached the criterion in 2–6 sessions.

Novelty-suppressed feeding test (NFST)
Animals (PND204) were food deprived for 24 h before being
placed for 10 min in an open field (100 × 100 × 30 cm) where a
pre-weighed amount of regular food was placed in the center.
Latency to reach food was used as an index of anxiety-like
behavior. When rats reached the food, they were returned to their
homecages with food access for 5 min to test the latency to reach
the food in a familiar non stressful environment.

Plasma corticosterone levels in response to restraint stress
Animals (PND210) were exposed to a 30min restraint stress in a
plastic tube (7 cm diameter, 19 cm long) and blood samples were
collected 0, 30, 60 and 120 min after the stress for corticosterone
determination (see details in Supplemental Methods).

Social interaction
Social behavior (PND232) was studied in a circular arena (54 cm
diameter, 45 cm high) where a pair of animals without previous
common social experience (same group, same treatment, and
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Fig. 1 Unlimited sucrose consumption during adolescence promotes depressive-like phenotype at adulthood. (A) Timeline of Experiment
1. (B) Ad libitum access to 5% sucrose during adolescence strongly increased fluid intake. Rats exposed to sucrose during adolescence
displayed at adulthood (C) a lower preference for 1% sucrose in a two-bottle free-choice test, (D) a decreased motivation to work for saccharin-
sweetened water in a progressive ratio test, and (E) an increased immobility time in the forced swim test compared with control rats. *p < 0.05,
**p < 0.01, ***p < 0.001 group exposed to sucrose during adolescence (n= 8) versus the group exposed to water during adolescence (n= 8).
#p < 0.05, ###p < 0.001 for within comparison with age PND32

Sucrose consumption at adolescence and depression...
AB Gueye et al.

2629

Neuropsychopharmacology (2018) 43:2627 – 2635



Fig. 2 Chronic antidepressant treatment reversed depressive-like phenotype produced by unlimited sucrose consumption during
adolescence. (A) Timeline of Experiment 2. (B) Breakpoint for saccharin in the progressive ratio test. (C) Immobility time in the forced-
swimming test. (D) Latency to reach the food in a novel environment in the NSFT (left panel) or in the homecage (right panel).(E) Time spent
in social interaction between two unfamiliar conspecifics (same group, same treatment). (F) Plasma corticosterone levels before (time 0) and
30, 60, and 120min post-restraint stress. (G) Number of BrdU positive cells in the dentate gyrus of the hippocampus. Newman–Keuls: *p < 0.05,
**p < 0.01 ADO sucrose-saline (n= 7) versus ADO water saline group and #p < 0.05, ##p < 0.01 ADO sucrose-saline versus ADO sucrose
imipramine. ADO water saline group (n= 8), ADO-Water imipramine (n= 7), ADO sucrose-saline (n= 7), ADO-sucrose imipramine (n= 8)
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same body weight ± 10 g) was placed for a 10 min encounter
session that was video recorded (see details in Supplemental
Methods).

Forced swim test (FST)
Rats (PND234-235) were tested in the FST, as described in
experiment 1.

Cell proliferation in the dentate gyrus of the hippocampus
Rats (PND250-253) received intraperitoneal injections of BrdU
(Sigma-Aldrich, Saint-Quentin Fallavier, France), 50 mg/kg/5 ml,
twice daily for 4 consecutive days. Three weeks after the last BrdU
injection, the rats were deeply anesthetized and transcardially
perfused with phosphate buffer saline and 4% (w/v) paraformal-
dehyde (PFA). Brains were harvested and post-fixed overnight in
PFA at 4 °C. Hippocampal cell proliferation number was assessed
using BrdU immunohistochemistry [17], as described in Supple-
mental Methods. The counting of BrdU labeled cells along the
rostro-caudal axis of the dentate gyrus (DG) was performed on
coded sections with a ×100 microscope lens (DM5500B, Leica).
The results are expressed as the total number of cells in the whole
DG (details in Supplemental Methods).

Experiment 3: effects of unlimited sucrose consumption during
adulthood. Adult male Wistar rats (Charles River, Lyon, France),
weighing between 260 and 270 g (around 90 days old), were
given continuous free-choice between a bottle of water and a
bottle of 5% sucrose for 16 days (n= 8 per group) and then
maintained on water until the end of the experiment, as
previously described (see experiment 1 and 2). One month after
the end of the sucrose exposure, animals were tested in a battery
of behavioral tests including: sucrose preference test, NSFT and
the FST, as previously described (see experiment 1 and 2).

Statistical analysis
Data are expressed as means and s.e.m. The impact of sucrose
exposure on behaviors was analyzed by unpaired Student’s t-tests
(for sucrose preference test and breakpoint in the operant task), or
two-way analysis of variance (ANOVAs) with repeated measures
(for fluid intake and immobility in the FST). To analyze the effects
of imipramine, we used two-way or three-way ANOVAs (group,
treatment and time). When appropriate, ANOVA was followed by
Newman–Keuls post hoc tests. Social behavior data were not
normally distributed and were analyzed using the non-parametric
Kruskall–Wallis ANOVA. Statistical significance was defined as
p < 0.05.

RESULTS
Sucrose consumption during adolescence leads to a depressive-
like phenotype at adulthood
Overall, the total fluid intake increased across days during
adolescence (two-way ANOVA with repeated measures, day effect,
F7,98= 20.68, p < 0.001; Fig. 1b), but the unlimited access to 5%
sucrose drastically exacerbated fluid intake in the ADO Sucrose
group (group effect, F1,14= 65.24, p < 0.001). When given unlim-
ited access to 5% sucrose solution, adolescent rats escalated their
daily fluid intake and reached 80ml per day at PND40, whereas
with an access limited to water, rats slightly increased their intake
at PND36 and maintained their water intake around 20ml
per day (group × day effect, (F7,98= 4.27, p < 0.001, post hoc
Newman–Keuls ADO sucrose group, fluid intake from PND36 to 46
versus PND32, p < 0.001; ADO Water group, fluid intake at PND36,
40, 44, 46 versus PND32, p < 0.05). No group differences were
found for total calories intake during the adolescence period (ADO
water group: 56.2 ± 1.1 Kcal/day; ADO sucrose group: 58.4 ± 1.2
Kcal/day). Indeed, the sucrose-exposed animals reduced their
chow intake across days (ANOVA, group × day effect, F7,98= 2.53,

p < 0.05 compensating the calories brought by the sucrose
(Supplemental Figure S1). As a consequence, body weight gain
during adolescence was similar across sucrose and water groups
(Supplemental Figure S2).
Sucrose consumption during adolescence had long-lasting

effects on behavior in adulthood. Adult male rats with a history
of adolescent sucrose consumption exhibited a diminished
preference for a 1% sucrose solution (t14= 5.6, p < 0.001; Fig. 1c)
compared with the water group, suggesting that adolescent
sucrose consumption may promote anhedonia at adulthood. To
further characterize reward sensitivity, we examined the motiva-
tion to obtain a sweet solution (saccharin) in an operant paradigm.
The acquisition of operant responding during FR1 was similar
between ADO-water and sucrose groups (Supplemental Figure S3)
indicating no motor or learning differences. When the schedule
was switched to FR5, sucrose-exposed rats did not adapt as much
as water-exposed rats to the increased work load and showed
significantly lower number of active lever presses (Supplemental
Figure S3) suggesting a decreased motivation for sweet reward. To
directly evaluate their motivation, rats were switched to a
progressive ratio schedule for 5 sessions. A lower breakpoint for
saccharin was observed in sucrose pre-exposed animals, demon-
strating a reduced motivation for saccharin (t14= 3.1, p < 0.01;
Fig. 1d). To examine whether these decreases in reward sensitivity
might be associated with depressive-like behavior, animals were
later run in the forced-swim test (FST). Sucrose-exposed rats
during their adolescence increased their immobility time through-
out the 5-min test (Fig. 1e), as indicated by a significant group
effect (F1,14= 5.15, p < 0.05). Together, our results suggest that
unlimited consumption of sucrose during adolescence causes
anhedonia, decreases motivation for a sweet reward, and
exacerbates a passive coping strategy in adulthood, suggesting
a depressive-like phenotype. Behavioral alterations reported in
rats exposed to sucrose were not associated with impaired
glucose regulation at adulthood during an oral glucose tolerance
test (Supplemental Figure S4).

A chronic antidepressant treatment reverses depressive-like pheno-
type produced by sucrose consumption during adolescence. To
further examine relevance of the alterations reported for
depression, we studied in a new set of rats the impact of a
chronic antidepressant treatment on the phenotype associated
with adolescent sucrose exposure. We used the imipramine
tricyclic antidepressant because it is known to ameliorate both
anhedonia and impaired motivation [18]. We also evaluated the
impact of the imipramine treatment on anxiety-like behavior,
social interaction, hypothalamic-pituitary-adrenal (HPA) axis
response to stress and hippocampal cell proliferation, which have
been shown to be affected by depression and are sensitive to
chronic antidepressant treatment [19].
First regarding motivation, ADO-water and ADO-sucrose rats,

whatever their treatment (saline or imipramine) learned similarly
the FR1 independently of the saline or imipramine treatment
(Supplemental Figure S5). When switched to the FR5 schedule,
alike in experiment 1, ADO-sucrose rats, adapted less to the
increased work load (Supplemental Figure S5). More importantly,
the breakpoint for saccharin in the progressive ratio test was
significantly reduced in rats exposed to sucrose during adoles-
cence and receiving the saline treatment while a chronic
imipramine treatment restored motivation to the level of controls
(group × treatment interaction: F1,26= 11.4 p < 0.01; Post hoc
Newman–Keuls, ADO-sucrose saline versus ADO-water saline,
p < 0.01; ADO-sucrose saline versus ADO-sucrose imipramine,
p < 0.05) (Fig. 2b). Furthermore, the similar acquisition of the
operant response during FR1 between groups suggests that the
effects of imipramine were not due to an improvement of
cognition (Supplemental Figure S5). Imipramine effects were also
independent of locomotion as indicated by a similar number of
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inactive lever presses between groups (Supplemental Figure S5).
For the FST (Fig. 2c), the ANOVA revealed a significant group ×
treatment × time effect on immobility time (F4,104= 2.72, p < 0.05).
In saline-treated groups, rats exposed to sucrose during adoles-
cence displayed higher immobility time compared with water-
exposed rats (post hoc Newman–Keuls test, minute 5, p < 0.05)
which replicate results of the experiment 1. Imipramine normal-
ized this effect by restoring the immobility scores of sucrose-
exposed rats to the levels of water-exposed rats (ADO-sucrose imi-
pramine not different from ADO-water imipramine while different
from ADO-sucrose saline at minute 5, p= 0.01).
Because depression is highly co-morbid with anxiety disorders

and imipramine has anxiolytic effects [20], we examined the
impact of imipramine in the novelty-suppressed feeding test
(Fig. 2d). Rats exposed to sucrose during their adolescence and
treated with saline displayed an increased latency to reach food
compared to water controls, indicating a higher anxiety-like
behavior in this group. This anxiogenic-like effect was corrected by
the imipramine treatment (group × treatment × latency effect:
F1,26= 5.27, p < 0.05, post hoc Newman–Keuls tests, ADO-sucrose
saline versus ADO-water saline, p < 0.01; ADO-sucrose saline
versus ADO-sucrose imipramine p < 0.01; Fig. 2d, left panel). In
contrast, latency to reach food in a familiar environment
(home cage) did not significantly differ among groups and
treatments (Fig. 2d, right panel).
Given that sweet beverage consumption has been associated

with social behavior dysfunctions [21], we next examined the
social behavior of adult animals exposed or not to sucrose during
adolescence and the impact of imipramine. Animals exposed to
sucrose during adolescence did not exhibit significant changes in
the time spent in social interaction and imipramine did not
significantly affect social behavior (Fig. 2e). Aggressive behavior

(latency and duration) was not significantly affected by sucrose
exposure or imipramine treatment (data not shown).
Because sucrose consumption during adolescence appears to

exacerbate behavioral response to stressful situations, we
examined the HPA axis response to stress. After 30min of
restraint stress, plasma corticosterone drastically raised (time
effect F3,78= 57.54, p < 0.001), but there were no significant
differences among groups or treatments (Fig. 2f).
Depression has been associated with hippocampal atrophy and

most antidepressants and environmental interventions that confer
antidepressant-like behavioral effects stimulate adult hippocampal
neurogenesis [22, 23]. In accordance, adult rats with a history of
sucrose consumption during their adolescence exhibited a
reduced number of BrdU positive cells in the dentate gyrus
(Fig. 2g; Supplemental Figure S6 for a representative image of the
BrdU staining), which was attenuated by the imipramine
treatment (group × treatment interaction: F1,26= 4.46, p < 0.05,
post hoc Newman–Keuls tests, ADO-sucrose saline vs ADO-water
saline, p < 0.05, ADO-sucrose saline vs ADO-sucrose imipramine,
p < 0.05 and ADO-sucrose imipramine vs ADO-water imipramine,
n.s.).

Sucrose consumption during adulthood has no impact on sucrose
preference or anxiety-like behavior but increases immobility in the
FST. Finally, to determine whether the reported effects are
restricted to adolescence exposure or may also be observed after
adult exposure, we explored the behavior of adult rats with a
history of sucrose consumption at adulthood. As previously
reported [14], when given access to 5% sucrose solution, adult
rats exhibited a high daily fluid intake that reached a maximum of
151.5 ml per day in comparison with the rats consuming water,
which exhibited a fluid intake around 20ml per day (group effect:

Fig. 3 Effects of sucrose consumption during adulthood on depressive-like phenotype. (A) Ad libitum access to 5% sucrose for 16 days during
adulthood strongly increased fluid intake. Rats exposed to sucrose during adulthood displayed (B) no alterations in preference for 1% sucrose
in a two-bottle free-choice test (C) no differences in the latency to reach food in a novel environment (NSFT, left panel) or in the home cage
(right panel) and (D) an increased immobility time in the forced swim test compared with control rats. *p < 0.05, ***p < 0.001 group exposed to
sucrose during adulthood (n= 8) versus the group exposed to water during adulthood (n= 8)
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F1,14= 30.25, p < 0.001; Fig. 3a). As previously observed in
adolescent rats, adult animals with an unlimited access to sucrose
reduced their chow intake across days (group × day interaction:
F7,91= 2.46, p= 0.0234; data not shown). We then examined their
emotional behavior at least 1 month after this period of unlimited
sucrose consumption. Rats exposed to sucrose at adulthood did
not show diminished spontaneous preference for a 1% sucrose
solution (Fig. 3b), neither a significant change in latency to reach
food in the NSFT nor in the home cage (Fig. 3c). However,
unlimited sucrose consumption at adulthood produced a sig-
nificant increase in the immobility in the FST (group effect:
F1,14= 5.19, p < 0.05).

DISCUSSION
The present study shows that rats given unlimited access to
sucrose during the adolescence for 16 days displayed later on at
adulthood alterations indicative of a depressive-like phenotype.
Specifically, compared with controls, adult rats with a history of
unlimited sucrose consumption exhibited: (1) decreased prefer-
ence and motivation for sweet rewards; (2) increased passive
coping in an inescapable situation, (3) increased anxiety-like
behavior; and (4) decreased number of new born cells in the
hippocampus. Importantly, these alterations were prevented by a
chronic antidepressant treatment. These data demonstrate a clear
protracted and deleterious impact of sucrose consumption during
adolescence on adult emotional behavior. The same unlimited
access to sucrose during adulthood caused much less dramatic
changes in depression-/anxiety-like behaviors.
A large body of evidence demonstrates a link between obesity,

metabolic disorders and anxiety and mood disorders, in adults
[24–26], as well as in adolescents [27]. In preclinical models,
deleterious effects on emotional behaviors [28, 29] and hippo-
campal neurogenesis [30, 31] have been reported after prolonged
consumption of diets rich in fat and/or sugar. The adverse
consequences are particularly remarkable when diet consumption
starts during developmental periods such as in utero, infancy or
adolescence [30–34] and are often associated with metabolic
impairments. Herein, as previously reported in mice [35], animals
consuming sucrose during adolescence did not exhibit increased
body weight or hyperglycemia, suggesting that obesity or
metabolic disorders are not merely involved in emotional
disturbances associated with adolescence unlimited sucrose
consumption. The present findings confirm and extend previous
results indicating that sucrose consumption during the adolescent
period leads to a reduced motivation for palatable solutions in
operant paradigms [14, 35–37]. Interestingly, blunted motivation
was also reported when adolescent rats were exposed to
saccharin (sweet but without calories; [14]), demonstrating that
the sweet taste rather than the caloric properties of sucrose
appears to be the principal factor responsible for the enduring
behavioral effects seen at adulthood. Notably, this effect was
found to be specific to adolescence in our previous studies where
no changes in motivation were found in adult rats with a history of
sucrose consumption at adulthood [14]. In the present experi-
ment, adult exposure to sucrose had no impact on sucrose
preference and anxiety-like behavior but increased immobility
time in the FST. Overall these findings suggest that sucrose
consumption at adulthood may also have a long-lasting impact on
emotional behavior, but its effect seems less dramatic than after
unlimited consumption during adolescence. The effect of sucrose
consumption appears to alter the rewarding/hedonic properties of
sweet/palatable solutions rather than their gustatory properties.
Accordingly, in a fixed-ratio procedure, a dose-response function
with saccharin (0.03 to 1%) indicated that a history of sucrose
consumption during adolescence led to a downward shift of the
curve [14], suggesting a decrease in reward efficacy (or a
decreased hedonic set point). Finally, using the taste reactivity

test, we have recently reported reduced facial hedonic responses
to sweet tastes in adult rats exposed to sucrose at adolescence
[15]. Deficit in sucrose hedonic processing is classically used as a
preclinical measure of depression-like behaviors and is interpreted
as anhedonia, which is a core symptom for the diagnosis of major
depression.
We demonstrate here that the reward deficit reported after

sucrose exposure during adolescence is part of a larger preclinical
profile of depression-like phenotypes including increase of passive
coping strategy, hyperanxiety behavior and low hippocampal cell
proliferation. Surprisingly, in these animals, the HPA response to
stress was not significantly affected by adolescent sucrose
exposure. Although HPA axis dysfunctions have been recurrently
reported in mood and anxiety-related preclinical studies, this
system appears to be predominantly affected after chronic stress
or stress early in life [38]. Additionally, only a sub-group of
depressed subjects exhibited HPA axis dysfunction [39]. Finally, we
reported a significant decrease of new born cells in the
hippocampus that is consistent with the altered neurogenesis
reported in models of depression [19]. Chronic social isolation in
rats constitutes a major psychosocial stress that may precipitate
anxiety-like and depressive-like symptoms such as anhedonia
[40, 41]. We cannot rule out that chronic isolation may exacerbate
the effect of sucrose consumption on depressive-like phenotype
in our experiment. However, we recently demonstrated a similar
reduced motivation in both single-housed and group-housed rats
after unlimited sucrose intake suggesting that the deleterious
impact of sucrose consumption on emotional behavior is not
reversed by social enrichment (unpublished results). Interestingly,
a recent study reveals that sucrose consumption during adoles-
cence in group-housed animals can also exert a negative impact
on cognitive functions in tasks involving prefrontal cortex and
hippocampus [42]. Finally, the sensitivity to stress generated by
the exposure to multiple tests seems not exacerbated by sucrose
consumption during adolescence. Indeed, group differences were
already detected at the first test (i.e., sucrose preference) and HPA
axis response to restraint stress was unaltered in rats exposed to
sucrose. A critical finding of the present study is that a chronic
antidepressant treatment alleviates deficits produced by adoles-
cent sucrose consumption. These results reinforce the idea that
chronic sucrose intake during adolescence may later affect
emotional behavior and brain function. Interestingly, in chronically
stressed animals, chronic imipramine treatment restores altered
dopaminergic response to sucrose and motivation for sucrose
(breakpoint) [18]. Of note, chronic imipramine has been reported
to have no impact in control rats, which is in agreement with
several studies demonstrating that chronic antidepressant admin-
istration is either without effect [43] or even produced detrimental
effects in control animals with no initial behavioral deficits [44].
The mechanisms underlying the enduring/remote effects of

sucrose overconsumption during adolescence on emotionality are
unknown. Several brain systems have been shown to regulate
reward-related processes and mood related behaviors. Among
them, the hippocampus may play an important role. Previous
studies suggested that the hippocampus is particularly sensitive to
high-fat/high-sugar diets especially when the consumption starts
during developmental periods [30, 45–47]. Highly palatable food
affects the structural and functional integrity of the hippocampus
[48] and high sucrose consumption activates endoplasmic
reticulum stress pathways [47] and modifies synaptic plasticity in
the hippocampus [49]. Hippocampus regulates DA neurons
located in the ventral tegmental area (VTA) [50]. VTA-nucleus
accumbens (NAC) pathway may also play an important role in the
effects reported in the present study. Indeed, rats exposed to
sucrose during their adolescence show a blunted neuronal
activation in the NAC when they drank a small amount of sweet
reward at adulthood [15]. A decreased reactivity of the NAC and
extracellular dopamine to rewarding events or stimuli has been
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linked to the pathophysiology and symptomatology of depression
[51]. Importantly, it has been recently demonstrated in humans
that a blunted development of reward-related ventral striatum
activity during adolescence predicts depressive symptoms [52]. A
depressive-like phenotype has been repeatedly reported following
adolescence consumption of drugs that markedly stimulate DA
system [4, 53–55]. Therefore, it could be hypothesized that an
overstimulation of dopaminergic VTA-NAC system during adoles-
cence via repeated consumption of sucrose might lead to
enduring hyporesponsiveness of the reward system favoring the
emergence of a depressive-like phenotype. Using a preclinical
model of depression induced by a chronic social stress, an
increased release of brain-derived neurotrophic factor (BDNF)
from VTA dopamine neurons into NAC has been shown to
mediate the behavioral abnormalities [56]. It has also been
reported increased VTA-NAC dopamine neuron phasic firing in
mice susceptible to depressive-like behavior [57, 58] indicating
that either hyporesponsiveness or hyper-responsiveness of the
reward system may be involved in the depressive-like phenotype.
Because chronic high-fat and high-sugar diet consumption
increases BDNF protein levels in the NAC [28], future studies
should be conducted to examine the impact of the unlimited
sucrose intake on BDNF levels in the NAC and its potential
involvement in the detrimental effect of sucrose on emotional
behavior.
In conclusion, our study provides evidence that unlimited

sucrose consumption during adolescence (and adulthood to a
much lesser degree), produces enduring effects at adulthood
indicative of a depressive-like phenotype that could be prevented
by a chronic antidepressant treatment. Overall, our work, in
parallel to a growing recent literature [7, 13] raises the question of
the long-lasting consequences of teenagers’ food habits on
mental health. Both sugar consumption and depression rates
have dramatically increased in the last few decades in developed
countries [9, 59] and, as suggested herein, may be causally linked.
In this context, limiting sugar intake, especially in youth, may have
an important impact on mental health.
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