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Abstract
Rationale Early-life adverse events, like maternal depriva-
tion (MD), have been associated with the later development
of mood and anxiety disorders. Scarce data are available
describing behavioural and endocrine alterations inmaternally
deprived (DEP) animals during the periadolescent period. We
hypothesize that a single episode of MD early in life would
alter reward function and lead to a long-lasting behavioural
and neuroendocrine changes during adolescence.
Objectives Our aim was to evaluate the effects of a single
episode of MD in CD1 adolescent mice (postnatal day 35)
on a range of tests for anxiety- and depression-related
behaviours (open field, elevated plus maze and tail
suspension test). We further assess whether these effects
could affect cocaine self-administration behaviour. In order
to correlate behavioural and neuroendocrine responses to
stress, brain-derived neurotrophic factor (BDNF) levels
were assessed in brain structures related to emotional and
cognitive processes.
Results During the cocaine self-administration, the time
required for achieving the acquisition criteria was signifi-
cantly increased and the breaking point values in
progressive schedule were significantly reduced in DEP
adolescent mice, suggesting impairment in rewarding
functions. The behavioural tests also confirm an increase
in anxiety- and depression-related behaviours in DEP
adolescent mice. The results on BDNF level indicated a
decrease in response to MD in amygdala and hippocam-
pus, confirming the behavioural data.

Conclusions Our findings demonstrated for the first time
that a single episode of early MD can impair the motivation
for cocaine consumption in adolescent mice and can be
associated with anxiety- and depressive-like behaviour.
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Introduction

Early life represents a critically vulnerable period during
which exposure to traumatic experiences can increase later
risk for a variety of neuropsychiatric illness, including
anxiety- and mood-related disorders (Heim and Nemeroff
2001; Morgan et al. 2007).

Animal models of early life stress, such as maternal
deprivation (MD), have been developed in an attempt to
elucidate the neurochemical and behavioural alterations result-
ing from exposure to the early-life stressor. During the early
postnatal period, rats and mice are dependent upon the mother
for warmth, food and bodily waste excretion (Gubernick and
Alberts 1983). Subjecting rodents to MD during this period
results in lasting changes in various measures of emotion-
related behaviour and stress reactivity during adultness, such
as anxiety-like and depression-related behaviours and exag-
gerated hypothalamic–pituitary–adrenal (HPA) axis response
to stress (for reviews, see Levine 2000; Pryce and Feldon
2003; de Kloet et al. 2005).

In rodents, a 24-h single episode of MD during the first
2 weeks of postnatal life at different time windows appears
to provide a useful model to investigate the impact of early
life stress on diverse behavioural and neuroendocrine
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parameters and to analyze neurobiological changes during
development (for a review, see Millstein and Holmes 2007).

There are numerous studies describing behavioural and
endocrine alterations in maternally deprived (DEP) adult
animals (Ellenbroek et al. 1998; Ellenbroek and Cools
2002; Millstein and Holmes 2007). However, scarce data
are available regarding psychoneuroendocrine anomalies at
the periadolescent period, a critical developmental stage
during which some major neuropsychiatric disorders may
become evident. More precisely, the term “periadolescence”
defines an ontogenetic period that encompasses the
7–10 days preceding the onset of puberty (at about 40 days
in rats and mice) and the few days thereafter (Spear and
Brake 1983). Furthermore, an adolescent rodent has been
classified by the use of three age intervals, namely early
adolescence (prepubescent or juvenile, postnatal day (PND)
21–34), middle adolescence (periadolescent, PND 34–46)
and late adolescence (young adult, PND 46–59) (see
Laviola et al. 1999, 2003).

Behavioural and neuroendocrine consequences of MD
during adolescence have not been deeply studied in rodents
(see, however, Macri and Laviola 2004; Llorente et al.
2007; Marco et al. 2009) and sometimes the different
studies exhibit contradictory findings, probably because of
differences in postnatal time of MD episode.

Moreover, adverse events early in life have also been
reported to alter brain parameters of relevance to the
pathogenesis of both schizophrenia and affective disorders
(Heim et al. 1997; Lipska and Weinberger 2000; Laviola et
al. 2009). Within this framework, MD has been shown to
induce, in adult male rats, a significant reduction in brain-
derived neurotrophic factor (BDNF) levels in the hippo-
campus (Roceri et al. 2002), as well as a decrement in
neuropeptide Y and calcitonin gene-related peptide levels in
the same brain area (Husum et al. 2002). These changes at
the hippocampal level have been related to an aberrant
regulation of neuronal plasticity that may influence the
neuroendocrine response to stress and, thus, underlie some
of the detrimental neurobehavioural outcomes of MD.
Thus, all these data point out that early MD reduces the
ability of animals to cope with a stressful situation and
suggest that the emergence of the depressive-like symptoms
associated to the neonatal exposure to a stressful event
might already be evident during adolescence (Macri and
Laviola 2004; Marco et al. 2009).

Early-life stress models such as MD have been devel-
oped in an attempt to model early adverse events in
humans. A history of early-life abuse or neglect appears
to increase the risk of psychopathology development (Heim
and Nemeroff 2001; Teicher et al. 2006), and these changes
in mood concerns are also frequently reported in human
adolescents (Arnett 1999). Epidemiological analyses indi-
cate that adolescence is associated with an increased risk of

drug-related problems (Compas et al. 1995). Similarly,
periadolescent rodents present a characteristic behavioural
profile and are highly sensitive to the administration of
psychostimulant agents. Thus, these animals are considered a
useful model for the study of the risk factors associated with
vulnerability to behavioural disorders in human adolescents
(Laviola et al. 1999; Adriani and Laviola 2004).

MD stress, like other stressful life events, has been
proposed to significantly affect behavioural response to
various drugs of abuse (Matthews et al. 1999; Sinha 2001;
Miczek et al. 2008). Several neurochemical alterations in
the dopamine mesolimbic system and the serotonergic
system may underlie some of the observed behavioural
changes (Hall et al. 1999; Meaney et al. 2002; Brake et al.
2004; Vicentic et al. 2006).

The exact mechanisms by which MD affects the
behavioural and neurochemical profiles of adolescent mice
are not yet fully understood, but they include the long-term
alteration of various neurotransmitter and hormone systems,
with potentially crucial implications for emotional and
cognitive processes. We hypothesize that a single episode of
MD early in life would alter reward function and lead to a
long-lasting behavioural and neuroendocrine changes dur-
ing adolescence. Thus, the aim of the present study was to
evaluate the effects of a single episode of MD in adolescent
mice on a range of tests for anxiety- and depression-related
behaviours (open field, elevated plus maze (EPM) and tail
suspension test). Drug self-administration in animals is a
robust procedure that is highly predictive of drug-abuse
liability in humans, so we further assess whether these
effects could affect cocaine self-administration. In order to
correlate behavioural and neuroendocrine responses to
stress, BDNF levels were assessed in brain structures
related to emotional and cognitive processes.

Materials and methods

Animals

Outbred CD-1 male and female mice purchased from
Charles River (France) were housed in acclimatized room
(temperature 21±1°C, relative humidity 55±10%, lights on
from 08:00 to 20:00 hours) with water and pellet food
available ad libitum. On arrival, breeding pairs were formed
and housed in 45×25×15cm plexiglas boxes. After
approximately 2 weeks, the male was removed, and
pregnant females were housed individually.

Weaning procedure

Pregnant female mice were monitored daily until parturi-
tion. For each litter, the date of birth was designed postnatal
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day 0 (PD0). Within 12 h from birth, litters were sexed and
culled to six male pups to standardize litter size and to
reduce some of the variability between litters. The offspring
were weaned on PD21 and housed in groups of three to five
males per cage in a temperature (21±1°C), humidity (55
±10%) and light cycle controlled room. Light was on
between 08:00 and 20:00 hours, and the experiments
took place during the light phase. Food and water were
available ad libitum during all experiments, except
during the exposure to the different behavioural para-
digms. The experiments take place at PD35 and mice
were handled for 1 week before starting the experiments.
For the self-administration studies, mice were exposed to
a reversed cycle (lights on between 20:00 and 08:00
hours), and the experiments took place during the dark
phase. A different cohort of male mice was used in each
experiment.

All animal care and experimental procedures were
conducted according to standard ethical guidelines
(European Communities Council Directive 86/609/EEC)
and were approved by the local ethical committee
(CEEA-PRBB).

Maternal deprivation

Between PD12 and PD13, half of the litters (three male
pups) were DEP for 24 h as described by Van Oers et al.
(1997). Briefly, on PD12, the dam and half of the pups were
removed and the remaining pups within their breeding cage
were transferred to a different room for a 24-h period. The
cages were placed on a heating pad set at nest temperature
(32.5°C) to prevent any additional stress due to hypother-
mia (Zimmerberg and Shartrand 1992). Pups from the
remaining litters (non-deprived control litters—NDEP,
N=3) were left undisturbed with their mother.

Behavioural tests

Elevated plus maze

EPM consisted of a black plastic apparatus with four arms
(16×5 cm) set in a cross from a neutral central square (5×
5 cm). Two opposite arms were delimited by vertical walls
(closed arms), whereas the two other opposite arms had
unprotected edges (open arms). The maze was elevated
30 cm above the ground and illuminated from the top
(100 lx). The experiments were conducted as previously
reported (Simonin et al. 1998). At the beginning of the
5-min observation session, each mouse was placed in the
central neutral area, facing one of the open arms. The total
number of visits to the open arms and the cumulative time
spent in the open arms were then observed on a monitor
through a videocamera system (ViewPoint, Lyon, France).

Time spent in the open arms were recorded when the mouse
moved two forepaws and head into the arm. We calculated
the percentage of time spent in the open arms of the EPM
as a measure of anxiety-like behaviour in this task. The
number of entries made to the open arms was considered as
a measure of motor activity of mice in this task.

Open-field test

Each animal was placed in an OF apparatus (Simonin et
al. 1998) consisting of a rectangular area (70 cm wide×
90 cm long×60 cm high) under bright illumination
(500 lx). A total of 63 squares (10×10 cm) were drawn
with black lines on the white floor dividing the field into
central and peripheral areas. To start the experiment, each
mouse was placed in the central area of the field. The
parameters measured during a 5-min observation were the
latency to go out from the central area and the time spent
in the central area of the field, as indicators of anxiety-like
behaviour.

Tail suspension test

Animals were exposed to the tail suspension test (TST).
Mice were individually suspended by adhesive tape 1 cm
from the tip of the tail, 50 cm above a bench top for a 6-min
period as described by Steru et al. (1985) and Aso et al.
(2008). The time that the animal was totally inactive during
this period was recorded.

Operant cocaine self-administration

Drug

Cocaine hydrochloride was obtained from Ministerio de
Sanidad (Spain) and was dissolved in sterile 0.9%
physiological saline and administered by intravenous (i.v.)
route.

Apparatus

The self-administration experiments were conducted in
mouse operant chambers (Model ENV-307A-CT, Medical
Associates, Georgia, VT, USA) equipped with two holes:
one was selected as active hole for delivering the
reinforcer and the other as inactive hole. Nose-poking
on the active hole resulted in a reinforcer (cocaine
infusion), while nose-poking on the inactive hole had
no consequences. The chambers were housed in sound-
and light-attenuated boxes equipped with fans to provide
ventilation and white noise. A stimulus light, located
above the active hole, was paired contingently with the
delivery of the reinforcer.
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Surgery

Mice were anaesthetized with ketamine/xylazine mixture
(5:1; 0.10 ml/10 g body weight, i.p.) and then implanted
with an indwelling i.v. silastic catheter (Soria et al. 2005).
Briefly, a 6-cm length of silastic tubing (0.3 mm inner
diameter, 0.6 mm outer diameter; Silastic®, Dow Corning,
Houndeng-Goegnies, Belgium) was fitted to a 22-G steel
cannula (Semat, Herts, UK) that was bent at a right angle
and then embedded in a cement disc (Dentalon Plus,
Heraeus Kulzer, Wehrheim, Germany) with an underlying
nylon mesh. The catheter tubing was inserted 1.3 cm into
the right jugular vein and anchored with suture. The
remaining tubing ran subcutaneously to the cannula,
which exited at the midscapular region. All incisions
were sutured and coated with antibiotic ointment (Bac-
troban, GlaxoSmithKline, Madrid, Spain). After surgery,
animals were allowed to recover for 3 days prior to
initiation of self-administration sessions. The catheter
was flushed daily with a saline solution. The patency of
intravenous catheters was evaluated periodically (approxi-
mately every 5 to 6 days) and whenever drug self-
administration behaviour appeared to deviate dramatically
from that observed previously by infusion of 0.1 ml of
thiopental (5 mg/ml) through the catheter. If prominent signs
of anaesthesia were not apparent within 3 s of the infusion, the
mouse was removed from the experiment.

Procedure

The self-administration experiment was conducted as
previously described (Soria et al. 2006, 2008), with minor
modifications. Briefly, responding was maintained by
cocaine (1 mg/kg per injection) delivered in 58.75 μl over
4 s. Daily self-administration started with a priming
injection of the drug, which lasted for 60 min and was
conducted during 10 days. The house light was on at the
beginning of the session for 3 s and off during the
remaining time of the session. Each daily session started
with the presentation of active and inactive holes, a priming
injection of the drug and a 4-s presentation of the light cue
(located above the active hole). Nose-poking on the active
hole led to cocaine infusions and the presentation of the
light cue for 4 s. Mice were trained to nose-poke for
cocaine under a fixed ratio 1 (FR1) schedule of reinforce-
ment. A 30-s time-out period was established after obtain-
ing a new reinforcer. During this 30-s period, the cue light
was off and no drug infusions were provided after nose-
poking the active hole. Nose-poking on the inactive hole
and all the responses performed during the 30-s time-out
period were also recorded. The session was terminated after
50 reinforcements were delivered or after 1 h, whichever
occurred first. The criteria for the acquisition was achieved

when mice maintained a stable responding with less than
20% deviation from the mean of the total number of
cocaine infusions earned in three consecutive sessions (80%
of stability), with at least 75% responding on the active
hole, and a minimum of three reinforcements per session.
After mice achieved the acquisition criteria, the effects of
MD on the motivational strength of cocaine as a reinforcer
were evaluated by using a progressive-ratio (PR) schedule
in which the response requirement to earn an injection
escalates according to the following series: 1–2–3–5–12–18–
27–40–60–90–135–200–300–450–675–1,000 (Richardson
and Roberts 1996; Soria et al. 2005, 2006; Touriño et al.
2008). The PR session lasted for 2 h or until the mice did not
complete the ratio for delivery of one reinforcer within 1 h
and was performed only once. The breaking point to
extinguish self-administration behaviour was determined in
each animal.

BDNF protein quantification (ELISA)

BDNF was analyzed in the frontal cortex, hippocampus,
amygdala and hypothalamus of a separate cohort of DEP and
NDEP adolescent mice (PD35) with ELISA kits. Animals
were sacrificed by rapid decapitation, and the brain was
quickly removed. Brain areas were dissected according to the
Mouse Brain Atlas (Franklin and Paxinos 1997) immediately
frozen in dry ice and stored at −80°C until processed.

Brain areas processing

Frozen brain areas were dounce-homogenized in lysis
buffer (137 mmol/L NaCl; 20 mmol/L Tris–HCl, pH 8.0;
1% NP-40; 10% glycerol; 1 mmol/L sodium vanadate;
5 mmol/L sodium pyrophosphate; 100 mmol/L NaF;
40 mmol/L glycerol phosphate; 1 mmol/L phenylmethyl-
sulfonyl fluoride; 0.15 μmol/L aprotinine; 11 μmol/L
leupeptine and 1.5 μmol/L pepstatine) to prepare protein
extract. Hippocampus and frontal cortex were homogenized
in 30 μl lysis buffer per milligram wet weight, whereas
amygdala and hypothalamus was homogenized in 50 μl
lysis buffer per milligram wet weight. After 20 min of
incubation in agitation at 4°C, samples were centrifuged
during 30 min at 16,000×g, and the supernatant was
recovered and stored at −80°C. Protein content was
determined by using the DC Protein Assay (Bio-Rad,
Barcelona, Spain) following manufacturer's instructions.

BDNF determination

The BDNF Emax™ Immunoassay System (Promega
Corporation®) was used to quantify the levels of BDNF
protein. Prior to each assay, samples were diluted and acid
treated to adjust the amount of BDNF to the standard curve
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and to increase the detectable amount of free BDNF in
solution by dissociating it from its proforms or receptors
(Okragly and Haak-Frendscho 1997). Samples from hippo-
campus, frontal cortex and hypothalamus were diluted 1:80
(v/v) and amygdala in 1:40 (v/v) in lysis buffer before the
assay. All the samples were acidified with 1 μl 1 mol/L
HCl/50-μl sample, and after 15 min of incubation at 21±1°C,
samples were neutralized with the same amount of NaOH
1 mol/L. MaxiSorp™ 96-well plates (Nunc™, Roskilde,
Denmark) were used for antibody coating and ELISA was
carried out according to manufacturer's instructions. BDNF
levels were normalized to the total amount of protein from
each individual sample.

Statistical analysis

All the analyses were conducted using the statistical package
Statistical Package for the Social Sciences (SPSS) 15.0 for
Windows (SPSS, Chicago, IL, USA). Differences were
considered significant if the probability of error was less than
5%. Data are represented as mean±SEM. Effects of MD on
motor activity and anxiety-like behaviour and BDNF level
were compared using one-way analysis of variance (ANOVA).

Two-way repeated measures ANOVA were used to
analyze the differences in number of responses for
acquisition of cocaine self-administration between the two
groups of animals (DEP and NDEP), followed by one-way
ANOVA for comparisons between holes. The breaking
point values obtained on the PR schedule were compared
between conditions by calculating one-way ANOVA.

Results

Effects induced by the exposure to MD on the elevated plus
maze

Mice exposed to MD exhibited a significant increase to
anxiety-like behaviour evaluated in the EPM. Thus, one-
way ANOVA calculated for the percentage of time spent in
the open arms revealed a significant reduction in the
percentage of the time spent in open arms in DEP
adolescent mice when compared to the NDEP mice
(F(1,22)=44.935; p<0.001; Fig. 1a).

We also detected a significant decrease in the percentage
of entries in the open arms in DEP adolescent mice when
compared to the NDEP mice (F(1,22)=32.913, p<0.001;
Fig. 1b).

Effects of mice exposed to MD in the open-field test

Different responses were evaluated in the open-field test
(OFT). Thus, the latency time to go out from the central

area and time spent in the centre of the arena were
considered as a measure of the anxiety-like behaviour. In
adolescent DEP mice, one-way ANOVA revealed a signif-
icant decrease of the time latency to go out from the central
area (F(1,22)=4.776; p<0.05; Fig. 2a) and of the time spent
in the centre of the arena (F(1,22)=4.793; p<0.05; Fig. 2b).

Effects observed in response to MD in the tail suspension
test

Mice exposed to MD exhibited a significant increase in
depression-like profile evaluated in the TST. One-way
ANOVA calculated for the time that the animal was totally
inactive during the recorded period revealed a significant
increase of the immobility time in DEP mice compared to
NDEP mice (F(1,22)=9.575; p<0.01; Fig. 3).

Effects induced by MD on brain-derived neurotrophic
factor protein

BDNF protein quantified with ELISA technique exhibited a
level impairment in both amygdala and hippocampus in
response toMD. Thus, one-way ANOVA indicated a decrease
of BDNF levels in response toMD both in amygdala (F(1,12)=
4.847; p<0.05) and in hippocampus (F(1,12)=6.760; p<0.05)
of DEP adolescent mice (Fig. 4a, b).

The analysis of BDNF content in hypothalamus and
prefrontal cortex revealed no differences between groups

Fig. 1 Effects of a 24-h single episode of MD on anxiety-like
responses evaluated in the EPM: NDEP (white bars) and DEP (black
bars). Data are expressed as mean±SEM of a the percentage of time
spent in the open arms and b the percentage of entries in the open
arms. ***p<0.001
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(F(1,12)=2.150; p = n.s. and F(1,12)=0.002; p = n.s.,
respectively), suggesting specific brain area BDNF impair-
ment in DEP adolescent mice.

Cocaine self-administration

The effects of MD procedure in adolescent mice on the
reinforcing properties of cocaine were evaluated by using
the operant self-administration procedure. First, both DEP
and NDEP adolescent mice were trained to self-administer
cocaine (1 mg/kg per infusion) during 10 days under an
FR1 schedule of reinforcement. The percentage of mice that

reached the acquisition criteria was 42% for NDEP and
43% for DEP. Two-way repeated measures ANOVA
revealed no significant differences in the nose-poke
responses between DEP and NDEP mice during the self-
administration sessions (F(1,16)=0.012; p = n.s.), but
significant differences were found for the days (F(1,16)=
4.397; p<0.001) with interaction between these two factos
(F(1,16)=6.827, p<0.001). Subsequent one-way ANOVA
revealed that only NDEP mice discriminated between the
active and the inactive holes from the first session, whereas
DEP mice discriminated after the eighth session (Fig. 5a, b).
The dose of 1 mg/kg per infusion of cocaine was chosen
because accordingly to previous studies (Soria et al. 2005).
This dose was the same used to train mice for the PR
schedule. In this case, the breaking point achieved were
significantly reduced in DEP adolescent mice when com-
pared to NDEP littermates (F(1,16)=20.742; p<0.001; Fig. 6).

Discussion

In this study, adolescent mice, exposed as pups to a single
prolonged (24-h long) episode of MD, were examined in
cocaine self-administration and measured for depression-
and anxiety-related behaviours, two behavioural dimen-
sions that are frequently associated with human drug abuse
(Brady et al. 2007). In addition, in order to correlate
behavioural and neuroendocrine responses to stress, BDNF
protein levels were assessed in brain structures related to
emotional and cognitive processes.

Early MD in rodents has been proposed as an interesting
animal model for certain aspects of schizophrenic and

Fig. 4 Effects induced by MD on BDNF protein in a amygdala and b
hippocampus, quantified with ELISA technique. *p<0.05

Fig. 3 Effect of mice exposed to a single episode of MD in the TST:
NDEP (white bars) and DEP (black bars). The depressive-like
behaviour was evaluated as mean±SEM of the mice immobility time.
**p<0.01

Fig. 2 Effects observed in response to MD in the OFT: NDEP (white
bars) and DEP (black bars). a The latency time to go out from the
central area and b the time spent in the centre of the arena were
considered as a measure of anxiety-like behaviour. Data are expressed
as mean±SEM. *p<0.05
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affective psychopathologies (Ellenbroek 2003; Price et al.
2005), and some major neuropsychiatric disorders may
become evident during adolescence (Adriani and Laviola
2004; Andersen 2003). Thus, the psychoneuroendocrine
characterization of MD animal model during this critical
developmental period is of relevance. Previous works on
adolescent and adult mice characterized the long-lasting
emotional alterations induced by MD by means of a battery
of behavioural tests aimed to assess motor and emotional
behavioural profiles (Macri and Laviola 2004; Marco et al.
2009). In particular, DEP adolescent mice showed a
significantly reduced latency to reach a passive floating
posture and a significant increase in floating behaviour
during forced swimming test (FST) (Macri and Laviola
2004). Our data provide an extension of previous studies
demonstrating differences in depression- and anxiety-

related behaviours between DEP and NDEP adolescent
mice. In fact, previous studies in mice focussed their
attention on the FST to assess the depressive profile of DEP
mice. Instead, we pointed our attention on evaluation of
anxiety behaviour, using the EPM and the OFT; further-
more, to verify if our results were in agreement with
literature data, we also evaluated the despair behaviour with
the TST. We demonstrated that DEP adolescent mice
exhibited the lowest levels of open arms exploration in
the EPM as well as the lowest percentage of entries in open
arms. DEP mice also displayed the lowest levels of
immobility in TST and a significant decrease of the time
latency to go out from the central area and of the time spent in
the central area in the OFT. Taken together, the behavioural
profiles in these tests are indicative of an increased anxiety-
and depression-related behaviour in MD adolescent mice.
Moreover, our findings suggest that MD might precipitate the
appearance of certain depressive- and anxiogenic-like latent
symptoms in adolescent mice and that this trend persists until
maturity (Macri and Laviola 2004).

Moreover, our study assessed the effects of a single
episode of MD on maintenance of cocaine-reinforced
responding under FR and PR schedules.

We demonstrated for the first time that a single episode
of early MD can impair the motivation for cocaine in
adolescent mice. Interestingly, the present findings suggest
a lack of motivation to seek the drug in DEP adolescent
mice since (1) the time required for achieving the
acquisition criteria was significantly increased in DEP
mice, and (2) the maximal effort required to obtain a
cocaine infusion was significantly reduced in DEP mice.
Previous studies reported an association between psycho-
tropic drugs consumption and the presence of primary
psychiatric disorders (Wurmser 1974; Khantzian 1985).
Accordingly, certain individual takes drugs of abuse in an
attempt to self-medicate intolerable affective states (Weiss
et al. 1992). In our study, in PR reinforcement schedule,
adolescent mice that have experienced early MD exhibited
reduced motivation to obtain cocaine infusion and an
increase in depression-related behaviour than NDEP sub-
ject, suggesting an opposite relation between a depression-
related behaviour and the attenuation of reinforcing efficacy
of cocaine intake. One explanation for decreased perfor-
mance in PR schedule is that MD leads to the development
of anhedonia, one of the core symptoms related to
depression, that is described as the incapability to get
pleasure and well-being. Moreover, increased anxiety
observed during the OFT and EPM and increased depres-
sive state in the TST could be other factors related to MD
supporting the anhedonic interpretation of reduced PR-
schedule responding. Some previous studies support our
interpretation of the above data. Thus, a decreased
sensitivity to reward was found in animals in which a

Fig. 6 Breaking point achieved in PR schedule in NDEP (white bars)
and DEP (black bars). Data are expressed as mean±SEM. ***p<0.001

Fig. 5 Responding on the active (filled circles) and inactive (empty
circles) holes during acquisition of cocaine (1 mg/kg per infusion)
self-administration in a NDEP and b DEP adolescent mice. Data are
expressed as the average number of nose-pokes responses±SEM. *p<
0.05, **p<0.01, ***p<0.001
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depressive-like behaviour was induced either by exposure
to chronic mild stress (CMS) (Willner 2005) or olfactory
bulbectomy (Willner and Mitchell 2002). Furthermore, in
rats, CMS induces an increased immobility in the FST
associated with a decrease in reward sensitivity as measured
by increased intracranial self-stimulation threshold, attenu-
ated sucrose consumption, decreased preference for alco-
hol, impaired sexual behaviour and decreased amphetamine
and morphine rewarding effects (Willner 2005). Similarly,
olfactory bulbectomy that exhibits a high degree of
neurochemical similarity to depression induces a decreased
sensitivity to reward as shown by a decreased sexual
behaviour (Lumia et al. 1992), an increased intracranial
self-stimulation threshold (Slattery et al. 2007) and a
reduced cocaine place preference (Calcagnetti et al. 1996).

In the last years, many studies have demonstrated that
neurotrophic factors might be involved in the pathophysi-
ology of mood disorders. BDNF is the most abundant
neurotrophic factors and has an important role in depression
(Duman 2004). In order to correlate behavioural and
neuroendocrine responses to stress, we analyzed BDNF
levels in discrete brain areas. DEP animals, which had
higher anxiety and depressive behaviour, showed a lower
BDNF protein levels in the hippocampus and amygdala. It
is well-recognized that the hippocampus is a limbic
structure involved in the regulation of learning and memory
and also controls the activity of the HPA axis. Moreover, the
hippocampus has connections with amygdala, and an
impairment in its function have been related to cognitive
deficits related to mood disorders (Duman and Monteggia
2006). The amygdala, which is involved in fear and anxiety,
plays a role in emotion and reward processing (Murray
2007). Thus, it is possible that altered behaviour in DEP
adolescent mice may give rise to BDNF changes in these
brain areas. In addition, the hippocampal alterations
discovered in this study can reflect the memory and
learning deficits, which were reported in the maternal
DEP animals (Fabricius et al. 2008) and could be a
plausible explanation for the increasing time required for
achieving the acquisition criteria during the cocaine self-
administration. In fact, only NDEP mice discriminated
between the active and the inactive holes from the first
session, and DEP mice only after the eighth session (see
Fig. 5a, b). These findings support the hypothesis that
BDNF acts on these regions and ameliorates anxiety- and
depressive-related behaviour.

In conclusion, we demonstrated for the first time that a
single episode of MD during the early life period can impair
motivation for cocaine self-administration in mice during the
adolescence period. We further demonstrated an association
with an anxiety- and depression-related behaviour, since
adolescent mice belonging to the DEP group, in fact, showed
a reduced ability to cope with stressful situations. Our findings

let us emphasize the relevance of early periods of life in the
presentation and development of some psychiatric disorders
such as mood disorders and drug addiction.
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