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ORIGINAL RESEARCH REPORT

Differential effects of tianeptine on the dorsal hippocampal volume of rats
submitted to maternal separation followed by chronic unpredictable stress
in adulthood

Antonella Pollano, Mar�ıa I. Zalosnik, Patricia E. Durando and Marta M. Su�arez

Laboratorio de Fisiolog�ıa Animal, Facultad de Ciencias Exactas, F�ısicas y Naturales, Universidad Nacional de C�ordoba, C�ordoba, Argentina

ABSTRACT
Early maternal separation (MS) may produce lasting effects in the dorsal hippocampus (DH) that can
change its response to chronic stress in adulthood. Chronic stress affects DH morphology and function,
but tianeptine (an anti-depressant) can reverse the stress-induced morphological impairments.
Morphologic alterations of hippocampus can affect contextual memory. Therefore, we evaluated the
effect of tianeptine in MS and chronically stressed rats on: 1) volume of the DH and its areas using ster-
eology and 2) hippocampal-dependent memory using a fear conditioning test. Male Wistar rats were
subjected to daily MS for 4.5h between postnatal days (PND) 1–21, or to animal facility rearing (AFR).
Between (PND) days 50 and 74, rats were exposed to chronic unpredictable stress and were treated
daily with tianeptine (10mg/kg) or vehicle, providing eight groups: AFR-unstressed/vehicle (n¼ 5 for
stereology, n¼ 18 for fear conditioning test); AFR unstressed/tianeptine (n¼ 6 and n¼ 10); AFR-chronic
stress/vehicle (n¼ 6 and n¼ 14); AFR-chronic stress/tianeptine (n¼ 6 and n¼ 10), MS-unstressed/vehicle
(n¼ 5 and n¼ 19), MS-unstressed/tianeptine (n¼ 6 and n¼ 10), MS-chronic stress/vehicle (n¼ 6 and
n¼ 18), and MS-chronic stress/tianeptine (n¼ 6 and n¼ 10). MS-chronic stress/tianeptine rats showed a
diminished CA1 area than the corresponding MS-unstressed/tianeptine rats. The combination of stres-
sors produced a freezing response similar to those of the control group during postconditioning.
During retrieval, MS led to a diminished freezing response compared to the AFR-unstressed groups.
Tianeptine had no effect on freezing behavior. Our results show that tianeptine can affect the CA1 area
volume differently depending on the nature and quantity of stressors but cannot alter freezing to
context.
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Introduction

There is substantial literature on how stress in early life can
have mainly adverse neurobiological consequences that last
into adulthood (de Kloet et al., 2014; Nishi et al., 2014;
Sapolsky, 2015). In rodents, maternal separation (MS) or
deprivation has been consistently used as models of exposure
to early life stress events (Gutman & Nemeroff, 2002; Levine,
2005; Schmidt, 2010). The hypothalamic–pituitary–adrenal
(HPA) axis of rats exhibits a particular maturational profile
known as the stress hyporesponsive period (SHRP). The SHRP
extends from PNDs 4 to 14 and consists of a period of low
activity of the adrenocortical system and refractory respon-
siveness to stressors that would normally induce a robust
stress response in adult animals (Faturi et al., 2010). However,
the reduced HPA axis responsiveness observed during this
period is not absolute, and can be exceeded by sufficiently
potent stressors, including maternal deprivation (Gutman &
Nemeroff, 2002). When maternally deprived or separated
rodents are tested as adults, they display a heightened stress
response (Gutman & Nemeroff, 2002; Su�arez et al., 2002) that
may induce persistent alterations in brain function, including

cellular (Hulshof et al., 2011; Roque et al., 2016), neurochem-
ical (Della et al., 2013; Pinheiro et al., 2015), and behavioral
alterations (Pinheiro et al., 2015; Trujillo et al., 2016; Vivinetto
et al., 2013).

During adulthood and as a result of chronic social or phys-
ical stressors, brain neural architecture is remodeled: dendritic
processes expand or retract (depending on the brain region)
(Tata & Anderson, 2010; Vyas et al., 2002), the shape of den-
dritic spines is modified (Conrad et al., 2012; Maras & Baram,
2012), and neurogenesis is inhibited in the dentate gyrus of
the hippocampus (Czeh et al., 2001; McEwen, 1999). These
transformations may be a sign of successful adaptation,
whereas persistence of these changes when stress ends indi-
cates failed resilience (McEwen et al., 2015). Chronic stress
paradigms in adult animals recapitulate many of the core
neurobiological and behavioral characteristics of depression
and are responsive to antidepressant treatment (Willner,
2005; Willner & Mitchell, 2002).

When combined, MS at an early age and chronic stress in
adulthood may lead to two possible outcomes: either the
effects of stress exposure during a lifetime are cumulative
and increase the likelihood of developing a disease
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(Choy et al., 2008; Llorente et al., 2011), or the aversive expe-
riences early in life trigger adaptive processes, thereby ren-
dering an individual better adapted to aversive challenges
later in life (Nederhof, 2012; Schmidt, 2010). The first outcome
is known as the “cumulative stress” or “two hit” hypothesis,
while the second is known as the “mismatch hypothesis”
(Nederhof, 2012).

As mentioned above, the hippocampus is one of the struc-
tures strongly affected by chronic stress. As a result of stress-
induced morphological modifications, hippocampal volume
shrinks both in depressed patients (Sheline et al., 1996) and in
chronically stressed rats (Liu et al., 2011). This volume reduc-
tion may be more closely tied to a reduction in neuropil vol-
ume, which contains primarily dendrites and axons and a
small proportion of glial processes (Tata & Anderson, 2010).
Particularly, in animal studies, the antidepressant tianeptine
ameliorates stress-induced morphological sequelae in the
hippocampus, enhancing dendritic remodeling (Czeh et al.,
2001; Magarinos et al., 1999; Watanabe et al., 1992) and
increasing neurogenesis (Czeh et al., 2001; Kuipers et al., 2013).

The functional significance of the morphological changes
will depend on the region of the hippocampus, since
although the internal circuitry of the hippocampus is regular
along its septo-temporal axis, the extrinsic connectivity is dif-
ferent for the dorsal and ventral sub-regions (Moser et al.,
1993; Swanson & Cowan, 1977). Functionally, this is reflected
in dissociation between the effects of selective fiber-sparing
dorsal and ventral hippocampal lesions. Dorsal lesions impair
performance across a wide range of spatial memory tasks.
Particularly, two groups (Kim & Fanselow, 1992; Phillips &
LeDoux, 1992) confirmed that dorsal hippocampal lesions
made after tone–shock conditioning interfere with the display
of fear to the context but not to the tone. In contrast, ventral
hippocampal lesions have been found to reduce anxiety on a
number of unconditioned tests including the elevated place
maze (Bannerman et al., 2003). When a chronic stress proto-
col is applied that is unpredictable, it can also impair context-
ual or spatial reference memory assessed through aversive
learning (Das et al., 2005; Ricon et al., 2012; Zalosnik et al.,
2014).

We based the present study on the following previous
findings: (1) MS has enduring neurobiological consequences
for stress responses; (2) hippocampal volume is reduced in
chronically stressed rats; (3) tianeptine reverses the stress-
induced reduction of hippocampal volume; and (4) the stress-
induced reduction of hippocampal volume is associated with
stress-induced deficits in spatial and contextual memory.
Hence, we hypothesized that administering tianeptine to
adult male rats that were maternally separated in early life
and/or chronically stressed in adulthood will prevent the
decrease of dorsal hippocampal volume and associated defi-
cits in contextual fear conditioning.

Methods

Animals

All rat handling and experimental procedures were approved
by the Animal Care and Use Committee of the National

University of C�ordoba, in accordance with the NIH Guide on
Care and Use of Laboratory Animals.

Wistar-derived rats were bred and reared in our colony.
Rats were housed in a temperature-controlled room
(21± 1 �C) under artificial illumination (12 h:12 h light/dark
schedule; lights on at 07:00 h). Except when required by the
stress paradigm the rats had ad libitum access to food (stand-
ard lab chow) and tap water. Two non-related females were
mated with a male and they remained together until there
was physical evidence of pregnancy. After that the male was
removed, the females were housed together until around
gestation day 15 when they were put in separate cages. The
day of birth was designated as postnatal day (PND) 0. On
PND 1 litters were culled, from an average of 12 pups per lit-
ter, to 10 pups per dam (4–5 males, 5–6 females). Whole lit-
ters were randomly assigned to one of two rearing
conditions: MS or standard animal facility rearing (AFR).

Early maternal separation

The MS procedure was based on a previously standardized
protocol. For MS litters, rats were separated from the mother
for 4.5 h every day from PND1 to PND 21 (Ogawa et al., 1994)
(Figure 1). Separation consisted of removing the dam from
the home cage and placing it alone into an adjacent cage
while the litter was kept together in the nest. After the separ-
ation period, the dam was returned to the home cage.
Separations were carried out between 09:00 h and 13:30 h. In
AFR litters, pups remained with the dams undisturbed until
weaning age at PND 22, except for routine cage cleaning
twice a week.

Post-weaning housing conditions

From PND 22 until PND 49, male rats were selected and
housed in standard cages in groups of four. They were
handled daily by the same researcher to minimize stress reac-
tions to manipulation at the time of treatment application. At
PND 49, male offspring from both rearing conditions (MS and
AFR) were randomly subdivided into four treatments, non-
stressed with vehicle or with tianeptine, and unpredictable
chronic stress with vehicle or with tianeptine (Figure 1), yield-
ing eight experimental groups: 1 – AFR-unstressed/vehicle
(control) (n¼ 5 for stereology, n¼ 18 for fear conditioning
test); 2 – AFR-unstressed/tianeptine (n¼ 6 for stereology,
n¼ 10 for fear conditioning test); 3 – AFR-chronic stress/
vehicle (n¼ 6 for stereology, n¼ 14 for fear conditioning
test); 4 – AFR-chronic stress/tianeptine (n¼ 6 for stereology,

Figure 1. Timeline diagram of the stress protocols, tianeptine administration,
and the fear conditioning test performed. AFR: standard animal facility rearing;
MS: maternal separation; PND: postnatal day.
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n¼ 10 for fear conditioning test), 5 – MS-unstressed/vehicle
(n¼ 5 for stereology, n¼ 19 for fear conditioning test), 6 –
MS-unstressed/tianeptine (n¼ 6 for stereology, n¼ 10 for fear
conditioning test), 7 – MS-chronic stress/vehicle (n¼ 6 for
stereology, n¼ 18 for fear conditioning test), and 8 – MS-
chronic stress/tianeptine (n¼ 6 for stereology, n¼ 10 for fear
conditioning test) . To control for litter effects, each experi-
mental group was made up of rats from different litters (one
rat per litter per condition). Male offspring were housed in
standard cages in groups of four until the end of the experi-
mental period.

We thus used a factorial (2� 2� 2) experimental design,
with separation (AFR or MS), stress (nonstressed or chronically
stressed), and drug (vehicle or tianeptine) as between-sub-
jects factors.

Unpredictable chronic stress

At PND 50, rats in the stressed groups were exposed to an
unpredictable 24-day chronic stress paradigm (Table 1): 4 h of
noise produced by an alarm bell (85 dB; 2.5 Hz) (randomly
applied 6 times during stress protocol); loss of consciousness
by ether anesthesia and subsequent ether exposure for 2min
(5 times); two intraperitoneal (i.p.) injections of 0.5ml isotonic
(0.9%) saline solution at 4 h intervals (4 times); restraint for
1 h by placement inside a 6-cm-diameter metal grid cylinder
(4 times); and food deprivation for 24 h (3 times). There were
also days without stress (3 times) (Su�arez et al., 1999; Trujillo
et al., 2016). Only one stressor was applied per day. To maxi-
mize the unpredictability, the stressors were applied in ran-
dom order and at varying times during the light phase,
except on day 24 when noise was used as the last stressor.
All rats received the same sequence of stressors in each repli-
cation of the experiments. The unstressed control group was
not exposed to any stressor and these rats remained in their

home cages until euthanasia for brain processing. The stress
paradigm used does not affect body weight (Su�arez et al.,
1996).

Tianeptine and vehicle administration

Starting at PND 50 rats were treated daily during 24 days
with either tianeptine (commercial name: Stablon; from
Servier laboratories of France) or vehicle according to the
designated group (Figure 1). Tianeptine (10mg/kg) was pre-
pared diluted in 0.9% NaCl solution (vehicle). Both tianeptine
and vehicle were administered i.p. in an end volume of
0.5ml, between 12:00 h and 13:00 h.

Fear conditioning test

Twenty-four hours after the last stress session (PND 75), each
rat was tested for hippocampus-dependent contextual mem-
ory by a fear conditioning test (Rudy et al., 2002). During the
first day, each rat was left in the box for 3min, allowing it to
explore freely and form a hippocampal representation of the
context (preconditioning) (Rudy et al., 2002). Next, four elec-
tric shocks were applied (intensity 0.41mA for 2 s) separated
by intervals of 64 s (conditioning). Finally, the rat was left in
the box for 3min with no electrical stimulus (postcondition-
ing). On the next day, the rats were reexposed to the same
environment as on the first day for 8min, without applying
the electric shocks (retrieval) (Figure 1). The percentage of
freezing to context was calculated each day during precondi-
tioning, conditioning (discarding the first 10 s of the inter-trial
period of unconditioned response to the electrical stimulus)
and postconditioning (day 1), and during retrieval (day 2). All
testing took place between 09:00 h and 12:00 h, and the
assessor was blind to the experimental condition of each rat.

Stereology

At PN 77, each rat was deeply anesthetized with chloral
hydrate (540mg/kg, 6%, i.p.) and transcardially perfused with
heparinized 0.9% saline followed by a 4% paraformaldehyde
phosphate buffered saline (PBS) solution. Brains were
removed and left overnight in 4% paraformaldehyde–PBS
solution and then stored at 4� C in 20% sucrose-PBS solution
until sectioning.

Serial bilateral coronal sections (40 lm thick) were subse-
quently obtained from the dorsal hippocampus (DH) (from
Bregma �1.72mm to Bregma �3.84mm) using a freezing
microtome. The starting point for slicing was set at Bregma
�1.72mm (Paxinos & Watson, 2007). The first appearance
of the ventral hippocampus (Bregma �3.84mm) was con-
sidered the caudal limit of the DH (Slomianka & West,
2005). In each rat, the complete rostro-caudal set of sec-
tions through the dorsal hippocampus was sequentially
ordered into multidish wells using five series. Using a ran-
dom starting point, all the sections in a series were
mounted onto glass slides and Nissl-stained. At least 9–11
sections through the entire length of the dorsal hippocam-
pus were analyzed per rat.

Table 1. Chronic stress model.

Day Stressor Hour

1 Ether anesthesia 16:30 h
2 Two 0.9% saline injections 10:00 and 14:00 h
3 Restraint 11:30–12:30 h
4 Noise 12:00–16:00 h
5 Fasting For 24 h
6 Rest day –
7 Ether anesthesia 12:00 h
8 Noise 13:00–17:00 h
9 Restraint 8:30–9:30 h
10 Ether anesthesia 16:30 h
11 Noise 10:00–14:00 h
12 Fasting For 24 h
13 Rest day –
14 Immobilization 11:30–12:30 h
15 Noise 13:00–17:00 h
16 Two saline injections 9:30 and 13:30 h
17 Ether anesthesia 15:00 h
18 Noise 8:30–12:30h
19 Fasting For 24 h
20 Rest day –
21 Ether anesthesia 12:00 h
22 Two saline injections 10:00 and 14:00 h
23 Restraint 16:00–17:00 h
24 Noise 8:00–12:00 h

Rats were subjected to the various stressors for 24 days.
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The volumes of the hippocampal formation were esti-
mated on the basis of the Cavalieri principle (Gundersen
et al., 1988).

As field CA2 is not identifiable in Nissl-stained sections,
this area was analyzed together with CA3 (Tata & Anderson,
2010). For CA1 and CA2/CA3, pyramidal cell layer volumes
were measured. Apical dendrites from pyramidal cells that
project through the strata lucidum, radiatum, and lacunosum-
moleculare were considered as the apical layer and the den-
drites that project into the stratum oriens as the basal layer
(Tata & Anderson, 2010) (Figure 2). Thus, the volumes that
were measured were: 1) the total dorsal hippocampus (DH);
2) the total areas CA1, CA2/3, and dentate gyrus; 3) the
apical, pyramidal, and basal layers of CA1 and CA2/3 areas;
and the granular, molecular, and polymorphic layers of den-
tate gyrus. The coefficient of error (CE) of the individual esti-
mates was calculated according to Slomianka and West
(2005) and in all cases it was <0.5.

Statistical analysis

To test whether hippocampal volume variation was correlated
with body weight, group differences were determined by
two-way analyses of covariance, with rearing condition and
stress as factors and body weight as a covariate. As covari-
ance was not significant in any group, a three-way ANOVA
with maternal separation (AFR or MS), chronic stress

(nonstressed or chronic stress), and drug (vehicle or tianep-
tine) as factors was used for statistical comparisons. For the
percentages of freezing assessed during the fear conditioning
test, a three-way ANOVA with the same factors and levels
was also performed. Data are presented as mean± standard
error of the mean (SEM). The Tukey’s post hoc test was per-
formed for further examination of group differences.
Significance was set at p� .05. When a three-way ANOVA
was significant, the data were split by MS factor, and then
separate two-way ANOVAs were performed on the split data.
All analyses were conducted by using Infostat software
(www.infostat.com.ar).

Results

Stereology

DH, CA1, CA2/3, and dentate gyrus volumes
A significant triple interaction was found between the effects
produced by MS, chronic stress in adulthood, and drug on vol-
umes of the DH and CA1, CA2/3, and dentate gyrus areas (DH:
F1, 38¼5.52, p¼ .02; CA1: F1,38¼4.03, p¼ .05; CA2/CA3:
F1, 38¼ 5.59, p¼ .02; dentate gyrus: F1,38¼4.63; p¼ .04). As the
triple interaction was significant, a two-way ANOVA with the
split data of the AFR and maternally separated groups was
performed. In the AFR groups, the two-way ANOVA revealed
no interaction or main effect produced by chronic stress or
drug on dorsal hipocampal volume or its areas (Table 2). In
the maternally separated groups, the two-way ANOVA revealed
a significant double interaction between the effects produced
by chronic stress and drug on volumes of the DH, CA1, and
dentate gyrus areas (DH: F1,19¼4.66, p¼ .04; CA1: F1,19¼4.42,
p¼ .05; dentate gyrus: F1,19¼4.87; p¼ .04) (Table 2). Post hoc
analysis showed that in MS-chronic stress/tianeptine rats the
CA1 area decreased significantly compared with MS-unstressed/
tianeptine rats (p� .05) (Figures 3 and 4).

Layers from CA1, CA2/3, and dentate gyrus
A significant triple interaction was found between the factors
(MS, chronic stress, and drug) on volumes of apical layers of
the CA areas (CA1: F1, 38¼5.38, p¼ .03; CA2/CA3: F1, 38¼ 6.54,

Figure 2. Cytoarchitecture of the dorsal hippocampus. Coronal photomicro-
graph which shows its areas and layers. The CA areas contain the pyramidal cell
layers, an apical portion (which includes the stratum lucidum, radiatum, and
lacunosum-moleculare), and basal portion (includes the stratum oriens). In den-
tate gyrus (DG), granular, molecular, and polymorphic strata are identified.

Table 2. Results of two-way ANOVA for the volumes of the dorsal hippocampus and its areas and layers.

Chronic stress Drug Interaction

(df 1,19) (df 1,19) (df 1,19)

F p F p F p

Animal facility reared
Dorsal hippocampus 1.25 .28 1.40 .25 1.48 .24
CA1 area 1.77 .20 0.02 .90 0.86 .37

Apical stratum 3.46 .08 0.09 .76 1.36 .26
CA2/3 area 1.09 .31 4.35 .05 2.89 .11

Apical stratum 3.67 .07 1.79 .20 1.91 .18
Dentate gyrus 0.56 .47 2.04 .17 0.76 .39

Maternal Separated
Dorsal hippocampus 2.79 .11 0.21 .65 4.66 .04
CA1 area 4.96 .04 0.02 .89 4.42 .05

Apical stratum 5.85 .03 0.13 .72 5.72 .03
CA2/3 area 1.78 .20 0.42 .52 2.96 .10

Apical stratum 2.03 .17 0.01 .91 5.55 .03
Dentate gyrus 1.14 .30 0.51 .48 4.87 .04

F and p values corresponding to main effects (rearing condition and stress) and their interaction for hippocampal volumes from all eight
experimental groups. df: degrees of freedom.
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p¼ .01). As the triple interaction was significant, a two-way
ANOVA with the split data of AFR and maternally separated
groups was performed. In the AFR groups, the two-way
ANOVA revealed no interaction or main effect produced by
chronic stress or drug on apical layers of the CA areas
(Table 2). In the maternally separated groups, the two-way
ANOVA revealed a significant double interaction between the
effects produced by chronic stress and drug on volumes of
the apical layers of CA1 and the CA2/3 areas (CA1:
F1, 19¼5.72, p¼ .03; CA2/CA3: F1, 19¼5.55, p¼ .03) (Table 2).
Post hoc analysis showed that in the MS-chronic stress/tia-
neptine rats the total volume of the apical layers of the CA1
area decreased significantly compared with the MS-
unstressed/tianeptine rats (p� .05) (Figure 5).

Fear conditioning test

No experimental group showed freezing behavior during the
preconditioning. All rats showed exploratory behavior, indi-
cating the absence of alterations by the treatments in their
ability to explore the context.

During the conditioning stage, when the series of shocks
were given to the rats, for freezing behavior we found no inter-
actions (MS� chronic stress: F1,102¼ 3.48; p¼ .07; MS�drug:
F1,102¼ 0.09; p¼ .77; chronic stress� drug: F1,102¼0.02; p¼ .90;
MS� chronic stress�drug: F1,102¼0.001; p¼ .97) or main
effects (MS: F1,102¼ 0.79; p¼ .38; chronic stress: F1,102¼0.07;
p¼ .80; drug: F1,102¼1.7; p¼ .20). Hence, all rats showed similar
freezing responses to context (Figure 6(A)).

During the postconditioning stage, there was a
MS� chronic stress interaction (F1,102¼ 6.37; p¼ .01) on freez-
ing behavior. Post hoc analysis revealed that MS-chronically
stressed rats showed a greater freezing response compared
with AFR-chronically stressed rats (p� .05). A significant main
effect of MS (F1,102¼4.05; p¼ .05) was found on freezing to
context (Figure 6(B)).

Twenty-four hours later, during retrieval, a significant
MS� chronic stress interaction (F1,102¼ 5.11; p¼ .03) was
found on freezing behavior. Post hoc analysis revealed that
MS-unstressed rats showed a lower freezing response than
AFR-control rats (p� .05) (Figure 6(C)).

No effects of tianeptine were found in any of the stages of
the fear conditioning test, so it could not reverse the changes
observed after MS or chronic stress protocols in freezing to
context.

Discussion

To study the effects of tianeptine in an animal model of MS
followed by subsequent unpredictable adult chronic stress,

Figure 3. Effect of tianeptine on the volume of the dorsal hippocampus in rats
exposed to early maternal separation and chronic variable stress in adulthood.
Values are mean ± SEM for standard animal facility rearing (AFR) and maternally
separated (MS) rats submitted to chronic stress or unstressed under tianeptine
(dark gray bars) or vehicle (light gray bars) treatment. The number of rats per
group is included inside each bar. ANOVA revealed a significant maternal sepa-
ration� chronic stress� drug interaction (p< .05).

Figure 4. Effect of tianeptine on the volumes of hippocampal regions in rats
exposed to early maternal separation and chronic variable stress in adulthood.
(A). CA1, (B) CA2/CA3, (C) dentate gyrus (DG). Values are mean ± SEM of stand-
ard animal facility rearing (AFR) and maternally separated (MS) rats submitted
to chronic stress or unstressed under tianeptine (dark gray bars) or vehicle (light
gray bars) treatment. The number of rats for each treatment is included inside
each bar. ANOVA revealed a significant maternal separation� chronic
stress� drug interaction. Different letters indicate significant differences
between groups (p� .05), Tukey’s post hoc test.
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we determined the volume of the DH, CA1, CA2/3, and den-
tate gyrus, and hippocampal-dependent memory in
adulthood.

We found a triple interaction between MS, chronic stress,
and drug on the volumes of DH, CA1, CA2/3, dentate gyrus,
apical layer of CA1, and apical layer of CA2/3. The difference
in these volumes between tianeptine-treated rats and
vehicle-treated rats was greater in maternally separated rats
compared to the AFR groups. In the MS-chronic stress group,
tianeptine tended to reduce the volume of the DH, CA1, and
dentate gyrus areas relative to the vehicle-treated group,
while in MS-unstressed rats tianeptine tended to increase the
volume of the DH, CA1, and dentate gyrus relative to the
vehicle-treated group. Similar results were found in the apical
layers of the CA1 and CA2/3 areas. The principal neuronal cell
type of the hippocampus is the pyramidal cell, constituting
the vast majority of neurons in the pyramidal cell layer.
Pyramidal cells have a basal dendritic tree and an apical den-
dritic tree (Paxinos, 2004). As the decrements that we report

were in the apical layers of CA1 and CA2 areas, tianeptine
might have affected the patterns of dendritic remodeling in
these regions in a different fashion depending on the type
and quantity of stressors applied.

In MS-unstressed rats, the tendency of tianeptine to
increase the volume of the DH is what we expected of the
drug, based on previous reports (Czeh et al., 2001; Liu et al.,
2011; Lucassen et al., 2004). There are at least two possible
explanations for the actions of tianeptine in MS-unstressed
rats. First, tianeptine has been shown to normalize stress-
induced alterations in glutamate function (McEwen &
Chattarji, 2004); second, tianeptine has been shown to
reverse the stress-induced decrease in expression of nerve
growth factors such as brain-derived neurotrophic factor
(BDNF) and nerve growth factor (NGF) (Alfonso et al., 2006).
In adult MS rats, the levels of several glutamate receptors are
lower relative to controls (O’Connor et al., 2013; Pickering
et al., 2006). The reduction in receptor levels may lead to a

Figure 6. Effect of tianeptine on the freezing response in a fear conditioning
test in rats exposed to early maternal separation and chronic variable stress in
adulthood. Percentage of time spent freezing is shown during (A) conditioning,
(B) postconditioning, and (C) retrieval. Values are mean ± SEM of standard ani-
mal facility rearing (AFR) and maternally separated (MS) rats submitted to
chronic stress or unstressed under tianeptine (dark gray bars) or vehicle (light
gray bars) treatment. The number of rats for each treatment is included inside
each bar. ANOVA revealed a significant maternal separation� chronic stress
interaction. Different letters indicate significant differences between groups
(p� .05), Tukey’s post hoc test.

Figure 5. Effect of tianeptine on the volumes of apical layers of CA areas in rats
exposed to early maternal separation and chronic variable stress in adulthood.
(A) CA1 apical layer, (B) CA2/3 apical layer. Values are mean ± SEM of standard
animal facility rearing (AFR) and maternally separated (MS) rats submitted to
chronic stress or unstressed under tianeptine (dark gray bars) or vehicle (light
gray bars) treatment. The number of rats for each treatment is included inside
each bar. ANOVA revealed a significant maternal separation� chronic
stress� drug interaction. Different letters indicate significant differences
between groups (p� .05), Tukey’s post hoc test.
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reduction in negative feedback, which regulates glutamate
release, so potentially leading to excessive glutamate release
and resultant hyper-excitability, and in turn causing
debranching of apical dendrites in the hippocampus
(McEwen & Chattarji, 2004). Hence, tianeptine could act by
normalizing the alterations induced in glutamate function
(McEwen & Chattarji, 2004). Alternatively, as the differenti-
ation and survival of hippocampal neurons in vitro are
responsive to the action of factors including BDNF (Cheng &
Mattson, 1994) and NGF (Frielingsdorf et al., 2007), a second
hypothesis is that tianeptine might normalize the levels of
these factors (among others) in MS rats. However, Della et al.
(2013) observed a significant decrease of NGF activity in the
hippocampus of maternally deprived rats after the adminis-
tration of tianeptine.

The combination of the two stressors (MS and chronic
unpredictable stress) and the administration of tianeptine
resulted in a significantly lower volume of the CA1 area and
the CA1 apical layer than in the MS-unstressed/tianeptine
group. The decreased volumes of the apical layers of CA1
found in the MS-chronic stress group after treatment with tia-
neptine differed from our expectations based on the proper-
ties of the antidepressant described above. This led us to an
important question: Is the tianeptine-associated decreased
volume in the specific apical layers a protective adaptive
response to both stressors or a marker of vulnerability to
damage? Indeed, in this study, the AFR-unstressed/tianeptine
group displayed a similar DH volume to that of the MS-
chronic stress/tianeptine group.

Given the uncertainty regarding the role of apical dendritic
remodeling in tianeptine-treated rats, we investigated
whether the structural alterations might be related with hip-
pocampal-associated contextual memory. Employing a con-
textual fear memory test, we found this not to be the case.

Certain manipulations, like enriched environment or exten-
sive training (Hutchinson et al., 2012; Vivinetto et al., 2013;
Yau et al., 2011), can increase dendritic complexity in the
hippocampus, which can influence function. Consequently,
we expected that the positive influence that tianeptine
exerted on the volume of apical dendrites in the CA areas of
MS-unstressed rats would manifest in enhanced performance
of these rats measured by the fear conditioning test.
However, contrary to our expectations, the tianeptine-treated
groups and the vehicle-treated groups had similar behavior.
Particularly, the MS-unstressed groups showed less freezing
response during retrieval compared to AFR-unstressed con-
trols, indicating that freezing to context reported in the
MS-unstressed/tianeptine group is independent of apical den-
dritic hippocampal volume. Many studies have demonstrated
long-term spatial memory impairment in rats exposed to
early life stress. Maternally separated rats showed significant
impairment of acquisition in the Morris water maze task
(Huot et al., 2002), and decreased mossy fiber density in the
stratum oriens region of the hippocampus in adults but no
change in volume of the dentate gyrus. MS can decrease the
levels of neurotrophic factors in the hippocampus and amyg-
dala (Aisa et al., 2009; Della et al., 2013). In particular, due to
the highly protective properties of BDNF for different neur-
onal phenotypes, a reduction in the expression of

hippocampal BDNF after MS may influence vulnerability to
memory impairments later in life under challenging situations
(Aisa et al., 2009). MS can also diminish the length of ventral
hippocampal neurons (Monroy et al., 2010) involved in emo-
tional responses such as fear conditioning (Hunsaker &
Kesner, 2008; Zhang et al., 2014).

The hippocampus has two interrelated roles: supporting
aspects of spatial and contextual memory and regulating
HPA activity. Stimulating the hippocampus generally inhibits
the HPA axis and destroying part of the hippocampus or its
efferents enhances HPA axis activity. In this study, chronic
unpredictable stress tended to decrease volume of apical
layers of CA1 and CA2/3, which might have affected freezing
to context, and also might have been associated with HPA
deregulation. When the HPA axis is deregulated, glucocorti-
coids can exacerbate effects of stress on contextual memory
(Conrad, 2005).

We reported a tendency to decreased volume of the CA1
and CA2/3 areas in the groups submitted to the chronic
unpredictable stress protocol (AFR-chronic stress rats), so one
hypothesis regarding the reduced freezing to context could
be that the dorsal hippocampus was affected. Similarly, social
isolation decreased the CA1 volume and the freezing
response of female rats in a contextual fear conditioning test
(Pereda-Perez et al., 2013). However, our data differ from
some previous reports that have found increments in freezing
behavior after chronic stress protocols (Conrad et al., 1999;
Sandi et al., 2001). The differences in stress protocols may
account for this disparity, particularly the unpredictability
component which is not present in those previous protocols.

As regards the freezing response of rats submitted to the
two stressors (MS-chronic stressed rats), during the postcondi-
tioning stage, they showed an increased freezing to context
compared to AFR-chronic stress rats. This result may be
attributable to the activation of the amygdala in tasks such
as fear conditioning (Conrad et al., 2004). Other results from
our laboratory showed an increase in medial amygdala activ-
ity, assessed by Fos immunocytochemistry, of MS-chronically
stressed rats compared to AFR-chronically stressed rats
(Trujillo et al., 2016). Chronic stress enhances dendritic arbor-
ization in the amygdala (Vyas et al., 2002). As the amygdala
has a rich supply of glucocorticoid receptors, and glucocorti-
coids within this structure are important in regulating con-
textual conditioning (Conrad et al., 2004), amygdala neurons
of MS-chronically stressed rats may be more sensitive to ele-
vated levels of these hormones. Regarding the hippocampus,
Trujillo et al. (2016) also reported that the MS-chronic
stressed group had a decrease in glucocorticoid receptor
expression in the hippocampus. Under these circumstances,
the HPA axis could be deregulated, as in the AFR-chronic
stress group. During emotionally arousing situations such as
fear conditioning, we can hypothesize that both AFR-chronic-
ally stressed and MS-chronically stressed groups secreted
more glucocorticoids than did AFR-controls (Eiland &
McEwen, 2012), so the increased dendritic arborization of
amygdala neurons in MS-chronically stressed rats may con-
tribute to facilitation of freezing to context. This may mask
any memory impairment produced by the hippocampus that
is typically observed under non-emotionally arousing
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conditions. Supporting this idea, Choy et al. (2008) employed
a maternal deprivation rat model combined with chronic
treatment of young adults with corticosterone, and reported
impairments in a Y-maze, a contextual memory test without
an aversive stimulus.

During retrieval, however, freezing to context of rats
exposed to the two stressors in the present study would
seem to be influenced by the impact of chronic unpredict-
able stress on the dorsal hippocampus. The MS-chronically
stressed rats did not exhibit an increased freezing response
compared to the AFR-chronic stress group, as in the postcon-
ditioning stage. In line with our previous explanation, as the
retrieval phase was conducted in the absence of shocks,
glucocorticoid secretion might be reduced compared to the
conditioning stage, and hence the amygdala may be less sus-
ceptible to its effects and the hippocampus-dependent mem-
ory deficit may be unmasked in these rats.

Another interpretation of our results arises from the pos-
sible dissociation between the freezing response and learn-
ing to context. We did not assess freezing response in a
different context from the context in which we conditioned
the rats (Rudy et al., 2002), so the freezing behavior
observed might not be closely related with contextual
memory. According to this argument, the reduced freezing
response obtained in the AFR-chronic stress and the MS-
chronic stress groups during retrieval could be attributed
to an increase in hyperactivity (Anagnostaras et al., 2001).
Thus, their locomotor activity may have been enhanced
due to chronic stress-induced morphological changes that
affected the hippocampus. Hyperactivity may influence the
freezing response, although it is not clear if the deficit in
conditional freezing produced by hippocampal lesions is
caused by lesion-induced increases in locomotor activity or
if increased locomotor activity and decreased conditional
freezing are symptomatic of a common syndrome, such as
contextual learning deficit (Maren & Fanselow, 1997).

Conclusions

Here we reported that MS and unpredictable chronic stress
separately had deleterious effects on freezing to context.
We also reported that tianeptine affected the volume of
the dorsal hippocampus differently when only MS was
applied and when MS and chronic unpredictable stress
were applied together. Contrary to our expectations, altera-
tions in the volume of the dorsal hippocampus produced
by the antidepressant were independent of freezing to con-
text behaviors.

Acknowledgements

We are grateful to Servier Laboratories S.A. for kindly providing tianep-
tine sodium salt.

Disclosure statement

The authors report no conflicts of interest and they alone are responsible
for the content and writing of this article, and the funding sources had
no influence in the content of this article.

Funding

This research was supported by the National University of C�ordoba
[SECyT Grants 203/14 and 103/15]. Doctoral Fellowship SECyT PhD,
Faculty of Exact, Physical and Natural Sciences, National University of
C�ordoba, Argentina.

References

Aisa B, Elizalde N, Tordera R, Lasheras B, Del Rio J, Ramirez MJ. (2009).
Effects of neonatal stress on markers of synaptic plasticity in the
hippocampus: implications for spatial memory. Hippocampus
19:1222–31.

Alfonso J, Frick LR, Silberman DM, Palumbo ML, Genaro AM, Frasch AC.
(2006). Regulation of hippocampal gene expression is conserved in
two species subjected to different stressors and antidepressant treat-
ments. Biol Psychiatry 59:244–51.

Anagnostaras SG, Gale GD, Fanselow MS. (2001). Hippocampus and con-
textual fear conditioning: recent controversies and advances.
Hippocampus 11:8–17.

Bannerman DM, Grubb M, Deacon RM, Yee BK, Feldon J, Rawlins JN.
(2003). Ventral hippocampal lesions affect anxiety but not spatial
learning. Behav Brain Res 139:197–213.

Cheng B, Mattson MP. (1994). NT-3 and BDNF protect CNS neurons
against metabolic/excitotoxic insults. Brain Res 640:56–67.

Choy KH, de Visser Y, Nichols NR, van den Buuse M. (2008). Combined
neonatal stress and young-adult glucocorticoid stimulation in rats
reduce BDNF expression in hippocampus: effects on learning and
memory. Hippocampus 18:655–67.

Conrad CD. (2005). The relationship between acute glucocorticoid levels
and hippocampal function depends upon task aversiveness and mem-
ory processing stage. Nonlinear Biol Toxicol Med 3:57–78.

Conrad CD, MacMillan DD II, Tsekhanov S, Wright RL, Baran SE, Fuchs RA.
(2004). Influence of chronic corticosterone and glucocorticoid receptor
antagonism in the amygdala on fear conditioning. Neurobiol Learn
Mem 81:185–99.

Conrad CD, Magari~nos AM, LeDoux JE, McEwen BS. (1999). Repeated
restraint stress facilitates fear conditioning independently of causing
hippocampal CA3 dendritic atrophy. Behav Neurosci 113:902–13.

Conrad CD, McLaughlin KJ, Huynh TN, El-Ashmawy M, Sparks M. (2012).
Chronic stress and a cyclic regimen of estradiol administration separ-
ately facilitate spatial memory: relationship with hippocampal CA1
spine density and dendritic complexity. Behav Neurosci 126:142–56.

Czeh B, Michaelis T, Watanabe T, Frahm J, de Biurrun G, van Kampen M,
Bartolomucci A, Fuchs E. (2001). Stress-induced changes in cerebral
metabolites, hippocampal volume, and cell proliferation are prevented
by antidepressant treatment with tianeptine. Proc Natl Acad Sci USA
98:12796–801.

Das A, Rai D, Dikshit M, Palit G, Nath C. (2005). Nature of stress: differen-
tial effects on brain acetylcholinesterase activity and memory in rats.
Life Sci 77:2299–311.

de Kloet ER, Claessens SE, Kentrop J. (2014). Context modulates outcome
of perinatal glucocorticoid action in the brain. Front Endocrinol
(Lausanne) 5:100.

Della FP, Abelaira HM, Reus GZ, Santos MA, Tomaz DB, Antunes AR,
Scaini G, et al. (2013). Treatment with tianeptine induces antidepres-
sive-like effects and alters the neurotrophin levels, mitochondrial
respiratory chain and cycle Krebs enzymes in the brain of maternally
deprived adult rats. Metab Brain Dis 28:93–105.

Eiland L, McEwen BS. (2012). Early life stress followed by subsequent
adult chronic stress potentiates anxiety and blunts hippocampal struc-
tural remodeling. Hippocampus 22:82–91.

Faturi CB, Tiba PA, Kawakami SE, Catallani B, Kerstens M, Suchecki D.
(2010). Disruptions of the mother-infant relationship and stress-related
behaviors: altered corticosterone secretion does not explain every-
thing. Neurosci Biobehav Rev 34:821–34.

Frielingsdorf H, Simpson DR, Thal LJ, Pizzo DP. (2007). Nerve growth fac-
tor promotes survival of new neurons in the adult hippocampus.
Neurobiol Dis 26:47–55.

606 A. POLLANO ET AL.



Gundersen HJ, Bendtsen TF, Korbo L, Marcussen N, Møller A, Nielsen K,
Nyengaard JR, et al. (1988). Some new, simple and efficient stereologi-
cal methods and their use in pathological research and diagnosis.
APMIS 96:379–94.

Gutman DA, Nemeroff CB. (2002). Neurobiology of early life stress: rodent
studies. Semin Clin Neuropsychiatry 7:89–95.

Hulshof HJ, Novati A, Sgoifo A, Luiten PG, den Boer JA, Meerlo P. (2011).
Maternal separation decreases adult hippocampal cell proliferation
and impairs cognitive performance but has little effect on stress sensi-
tivity and anxiety in adult Wistar rats. Behav Brain Res 216:552–60.

Hunsaker MR, Kesner RP. (2008). Dissociations across the dorsal-ventral
axis of CA3 and CA1 for encoding and retrieval of contextual and
auditory-cued fear. Neurobiol Learn Mem 89:61–9.

Huot RL, Plotsky PM, Lenox RH, McNamara RK. (2002). Neonatal maternal
separation reduces hippocampal mossy fiber density in adult Long
Evans rats. Brain Res 950:52–63.

Hutchinson KM, McLaughlin KJ, Wright RL, Bryce Ortiz J, Anouti DP, Mika
A, Diamond DM, Conrad CD. (2012). Environmental enrichment pro-
tects against the effects of chronic stress on cognitive and morpho-
logical measures of hippocampal integrity. Neurobiol Learn Mem
97:250–60.

Kim JJ, Fanselow MS. (1992). Modality-specific retrograde amnesia of fear.
Science 256:675–7.

Kuipers SD, Trentani A, van der Zee EA, den Boer JA. (2013). Chronic
stress-induced changes in the rat brain: role of sex differences and
effects of long-term tianeptine treatment. Neuropharmacology
75:426–36.

Levine S. (2005). Developmental determinants of sensitivity and resist-
ance to stress. Psychoneuroendocrinology 30:939–46.

Liu W, Shu XJ, Chen FY, Zhu C, Sun XH, Liu LJ, Ai YX, et al. (2011).
Tianeptine reverses stress-induced asymmetrical hippocampal volume
and N-acetylaspartate loss in rats: an in vivo study. Psychiatry Res
194:385–92.

Llorente R, Miguel-Blanco C, Aisa B, Lachize S, Borcel E, Meijer OC,
Ramirez MJ, et al. (2011). Long term sex-dependent psychoneuroendo-
crine effects of maternal deprivation and juvenile unpredictable stress
in rats. J Neuroendocrinol 23:329–44.

Lucassen PJ, Fuchs E, Czeh B. (2004). Antidepressant treatment with tia-
neptine reduces apoptosis in the hippocampal dentate gyrus and tem-
poral cortex. Biol Psychiatry 55:789–96.

Magarinos AM, Deslandes A, McEwen BS. (1999). Effects of antidepres-
sants and benzodiazepine treatments on the dendritic structure of
CA3 pyramidal neurons after chronic stress. Eur J Pharmacol
371:113–22.

Maras PM, Baram TZ. (2012). Sculpting the hippocampus from within:
stress, spines, and CRH. Trends Neurosci 35:315–24.

Maren S, Fanselow MS. (1997). Electrolytic lesions of the fimbria/fornix,
dorsal hippocampus, or entorhinal cortex produce anterograde deficits
in contextual fear conditioning in rats. Neurobiol Learn Mem 67:142–9.

McEwen BS. (1999). Stress and hippocampal plasticity. Annu Rev Neurosci
22:105–22.

McEwen BS, Bowles NP, Gray JD, Hill MN, Hunter RG, Karatsoreos IN,
Nasca C. (2015). Mechanisms of stress in the brain. Nat Neurosci
18:1353–63.

McEwen BS, Chattarji S. (2004). Molecular mechanisms of neuroplasticity
and pharmacological implications: the example of tianeptine. Eur
Neuropsychopharmacol 14:S497–S502.

Monroy E, Hernandez-Torres E, Flores G. (2010). Maternal separation dis-
rupts dendritic morphology of neurons in prefrontal cortex, hippocam-
pus, and nucleus accumbens in male rat offspring. J Chem Neuroanat
40:93–101.

Moser E, Moser MB, Andersen P. (1993). Spatial learning impairment par-
allels the magnitude of dorsal hippocampal lesions, but is hardly pre-
sent following ventral lesions. J Neurosci 13:3916–25.

Nederhof E. (2012). The mismatch hypothesis of psychiatric disease.
Physiol Behav 106:689–90.

Nishi M, Horii-Hayashi N, Sasagawa T. (2014). Effects of early life adverse
experiences on the brain: implications from maternal separation mod-
els in rodents. Front Neurosci 8:166.

O’Connor RM, Pusceddu MM, Dinan TG, Cryan JF. (2013). Impact of early-
life stress, on group III mGlu receptor levels in the rat hippocampus:
effects of ketamine, electroconvulsive shock therapy and fluoxetine
treatment. Neuropharmacology 66:236–41.

Ogawa T, Mikuni M, Kuroda Y, Muneoka K, Mori KJ, Takahashi K. (1994).
Periodic maternal deprivation alters stress response in adult offspring:
potentiates the negative feedback regulation of restraint stress-
induced adrenocortical response and reduces the frequencies of open
field-induced behaviors. Pharmacol Biochem Behav 49:961–7.

Paxinos G. (2004). The rat nervous system. 3rd ed. San Diego (CA):
Elsevier. 1328 p.

Paxinos G, Watson C. (2007). The rat brain in stereotaxic coordinates. 6th
ed. San Diego (CA): Elsevier. 456 p.

Pereda-Perez I, Popovic N, Otalora BB, Popovic M, Madrid JA, Rol MA,
Venero C. (2013). Long-term social isolation in the adulthood results in
CA1 shrinkage and cognitive impairment. Neurobiol Learn Mem
106:31–9.

Phillips RG, LeDoux JE. (1992). Differential contribution of amygdala and
hippocampus to cued and contextual fear conditioning. Behav
Neurosci 106:274–85.

Pickering C, Gustafsson L, Cebere A, Nylander I, Liljequist S. (2006).
Repeated maternal separation of male Wistar rats alters glutamate
receptor expression in the hippocampus but not the prefrontal cortex.
Brain Res 1099:101–8.

Pinheiro RM, de Lima MN, Portal BC, Busato SB, Falavigna L, Ferreira RD,
Paz AC, et al. (2015). Long-lasting recognition memory impairment
and alterations in brain levels of cytokines and BDNF induced by
maternal deprivation: effects of valproic acid and topiramate. J Neural
Transm (Vienna) 122:709–19.

Ricon T, Toth E, Leshem M, Braun K, Richter-Levin G. (2012).
Unpredictable chronic stress in juvenile or adult rats has opposite
effects, respectively, promoting and impairing resilience. Stress
15:11–20.

Roque A, Ochoa-Zarzosa A, Torner L. (2016). Maternal separation activates
microglial cells and induces an inflammatory response in the hippo-
campus of male rat pups, independently of hypothalamic and periph-
eral cytokine levels. Brain Behav Immun 55:39–48.

Rudy JW, Barrientos RM, O’Reilly RC. (2002). Hippocampal formation sup-
ports conditioning to memory of a context. Behav Neurosci 116:530–8.

Sandi C, Merino JJ, Cordero MI, Touyarot K, Venero C. (2001). Effects of
chronic stress on contextual fear conditioning and the hippocampal
expression of the neural cell adhesion molecule, its polysialylation,
and L1. Neuroscience 102:329–39.

Sapolsky RM. (2015). Stress and the brain: individual variability and the
inverted-U. Nat Neurosci 18:1344–6.

Schmidt MV. (2010). Molecular mechanisms of early life stress-lessons
from mouse models. Neurosci Biobehav Rev 34:845–52.

Sheline YI, Wang PW, Gado MH, Csernansky JG, Vannier MW. (1996).
Hippocampal atrophy in recurrent major depression. Proc Natl Acad
Sci USA 93:3908–13.

Slomianka L, West MJ. (2005). Estimators of the precision of stereological
estimates: an example based on the CA1 pyramidal cell layer of rats.
Neuroscience 136:757–67.

Su�arez M, Fiol de Cuneo M, Vincenti L, Ruiz RD. (1996). Changes in cor-
ticosterone levels and sperm functional activity by chronic stress in
rats. Arch Physiol Biochem 104:351–6.

Su�arez M, Molina S, Rivarola MA, Perassi NI. (2002). Effects of maternal
deprivation on adrenal and behavioural responses in rats with antero-
dorsal thalami nuclei lesions. Life Sci 71:1125–37.

Su�arez M, Paglini P, Fernandez R, Enders J, Maglianesi M, Perassi N,
Palma J. (1999). Influence of anterodorsal thalamic nuclei on the hypo-
physeal-adrenal axis and cardiac beta receptors in rats submitted to
variable chronic stress. Acta Physiol Pharmacol Ther Latinoam 49:71–8.

Swanson LW, Cowan WM. (1977). An autoradiographic study of the
organization of the efferent connections of the hippocampal forma-
tion in the rat. J Comp Neurol 172:49–84.

Tata DA, Anderson BJ. (2010). The effects of chronic glucocorticoid expos-
ure on dendritic length, synapse numbers and glial volume in animal
models: implications for hippocampal volume reductions in depres-
sion. Physiol Behav 99:186–93.

STRESS 607



Trujillo V, Durando PE, Suarez MM. (2016). Maternal separation in early
life modifies anxious behavior and Fos and glucocorticoid receptor
expression in limbic neurons after chronic stress in rats: effects of tia-
neptine. Stress 19:91–103.

Vivinetto AL, Suarez MM, Rivarola MA. (2013). Neurobiological effects of
neonatal maternal separation and post-weaning environmental enrich-
ment. Behav Brain Res 240:110–8.

Vyas A, Mitra R, Shankaranarayana Rao BS, Chattarji S. (2002). Chronic
stress induces contrasting patterns of dendritic remodeling in hippo-
campal and amygdaloid neurons. J Neurosci 22:6810–18.

Watanabe Y, Gould E, Daniels DC, Cameron H, McEwen BS. (1992).
Tianeptine attenuates stress-induced morphological changes in the
hippocampus. Eur J Pharmacol 222:157–62.

Willner P. (2005). Chronic mild stress (CMS) revisited: consistency and
behavioural-neurobiological concordance in the effects of CMS.
Neuropsychobiology 52:90–110.

Willner P, Mitchell PJ. (2002). The validity of animal models of predispos-
ition to depression. Behav Pharmacol 13:169–88.

Yau SY, Lau BW, Tong JB, Wong R, Ching YP, Qiu G, Tang
SW, et al. (2011). Hippocampal neurogenesis and dendritic
plasticity support running-improved spatial learning
and depression-like behavior in stressed rats. PLoS One
6:e24263.

Zalosnik MI, Pollano A, Trujillo V, Suarez MM, Durando PE. (2014). Effect
of maternal separation and chronic stress on hippocampal-dependent
memory in young adult rats: evidence for the match-mismatch
hypothesis. Stress 17:445–50.

Zhang WN, Bast T, Xu Y, Feldon J. (2014). Temporary inhibition of
dorsal or ventral hippocampus by muscimol: distinct effects on
measures of innate anxiety on the elevated plus maze, but simi-
lar disruption of contextual fear conditioning. Behav Brain Res
262:47–56.

608 A. POLLANO ET AL.


	Differential effects of tianeptine on the dorsal hippocampal volume of rats submitted to maternal separation followed by chronic unpredictable stress inadulthood
	Introduction
	Methods
	Animals
	Early maternal separation
	Post-weaning housing conditions
	Unpredictable chronic stress
	Tianeptine and vehicle administration
	Fear conditioning test
	Stereology
	Statistical analysis

	Results
	Stereology
	Fear conditioning test

	Discussion
	Conclusions
	Acknowledgements
	Disclosure statement
	Funding
	References


