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Early Stress Evokes Age-Dependent Biphasic
Changes in Hippocampal Neurogenesis, Bdnf
Expression, and Cognition

Deepika Suri, Vandana Veenit, Ambalika Sarkar, Devi Thiagarajan, Arvind Kumar, Eric J. Nestler,
Sanjeev Galande, and Vidita A. Vaidya
Background: Adult-onset stressors exert opposing effects on hippocampal neurogenesis and cognition, with enhancement observed
following mild stress and dysfunction following severe chronic stress. While early life stress evokes persistent changes in anxiety, it is
unknown whether early stress differentially regulates hippocampal neurogenesis, trophic factor expression, and cognition across the
life span.

Methods: Hippocampal-dependent cognitive behavior, neurogenesis, and epigenetic regulation of brain-derived neurotrophic factor
(Bdnf ) expression was examined at distinct time points across the life span in rats subjected to the early stress of maternal separation
(ES) and control groups. We also examined the influence of chronic antidepressant treatment on the neurogenic, neurotrophic, and
cognitive changes in middle-aged ES animals.

Results: Animals subjected to early stress of maternal separation examined during postnatal life and young adulthood exhibited
enhanced hippocampal neurogenesis, decreased repressive histone methylation at the Bdnf IV promoter along with enhanced BDNF
levels, and improved performance on the stress-associated Morris water maze. Strikingly, opposing changes in hippocampal
neurogenesis and epigenetic regulation of Bdnf IV expression, concomitant with impairments on hippocampal-dependent cognitive
tasks, were observed in middle-aged ES animals. Chronic antidepressant treatment with amitriptyline attenuated the maladaptive
neurogenic, epigenetic, transcriptional, and cognitive effects in middle-aged ES animals.

Conclusions: Our study provides novel insights into the short- and long-term consequences of ES, demonstrating both biphasic and
unique, age-dependent changes at the molecular, epigenetic, neurogenic, and behavioral levels. These results indicate that early stress
may transiently endow animals with a potential adaptive advantage in stressful environments but across a life span is associated with
long-term deleterious effects.
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S
tress has manifold effects on neurocircuitry ranging from
adaptive modifications that facilitate future stress responses
to maladaptive states that disrupt homeostasis and impair

stress responses (1,2). Stress responses are shaped by diverse
factors including intensity, duration, predictability, and controll-
ability of the stressor. Adult-onset, chronic, unpredictable stress
induces a decline in adult hippocampal neurogenesis (3,4);
enhances anxiety and depressive behaviors (5); and impairs
hippocampal-dependent cognition (4,6). In contrast, mild, pre-
dictable adult stressors increase hippocampal neurogenesis (7,8),
attenuate anxiety, and improve cognition (7,8). It is noteworthy
that stress effects are often critically dependent on the age of
exposure to the stressor (9,10). While adult-onset stressors evoke
predominantly transient effects (11,12), in contrast, early life
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stress results in relatively persistent changes in anxiety behavior
(13–15).

The early stress of maternal separation (ES) has served as a key
model to examine the effects of early adverse experience (16,17).
While most studies have focused on the deleterious consequences
of ES (14,15), relatively little is known about its potentially adaptive
consequences (18–20). We examined whether ES alters hippocampal-
dependent cognitive behavior, as well as molecular and cellular
correlates strongly associated with cognition, across the life span.
We found that ES history is associated with distinct consequences
on hippocampal neurogenesis, epigenetic regulation of Bdnf
expression, and hippocampal-dependent cognitive function that
manifests in a temporally regulated manner. Our results demon-
strate a continuum of ES-evoked responses with transiently
adaptive changes soon after ES in postnatal life and young
adulthood and relatively slow-emerging maladaptive effects in
middle-aged life. Chronic antidepressant treatment ameliorated
the molecular, neurogenic, and behavioral changes observed in
middle-aged ES animals. Our findings suggest that ES-evoked
changes may transiently enhance an individual’s fitness in stress
coping, but across the life span, increase susceptibility for aging-
associated cognitive decline and hippocampal damage.

Methods and Materials

Animal Paradigms
Male Sprague-Dawley rats bred in the Tata Institute of

Fundamental Research animal facility were group housed and
maintained on a 12-hour light/dark cycle with access to food and
water ad libitum. Animal procedures were in accordance with the
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National Institutes of Health Guide for the Care and Use of
Laboratory Animals and approved by the Tata Institute of
Fundamental Research Animal Ethics Committee. Animals were
subjected to ES from postnatal day (P)2 to P14 for 3 hours daily
and examined at P21, 2 months (young adult), and 15 months
(middle-aged) of age.

Drug Treatments
Animals received the mitotic marker 5 bromo-20-deoxyuridine

(BrdU) (Sigma, St. Louis, Missouri) (P21: 100 mg/kg, young adult
and middle-aged animals: 200 mg/kg, via intraperitoneal injec-
tion) and sacrificed 2 hours later (n = 4–6/group/age). To examine
the effects of chronic antidepressant treatment, ES animals (10–
month–old) received treatment with amitriptyline (ES Ami) (10
mg/kg of amitriptyline per animal per day) (Sigma) in drinking
water for 5 months. Control animals and ES groups received
drinking water (n = 5–11/group for chromatin immunoprecipita-
tion [ChIP], quantitative polymerase chain reaction [PCR], in situ,
and behavior analysis, and n = 12–21/group for immature neuron
analysis). Animal weights, water consumption, and drug intake
were monitored twice a month.

Behavior Paradigms
Morris Water Maze. Control and ES groups were tested

using the Morris water maze (MWM) task (n ¼ 7–11/group/age).
Animals were trained to locate a hidden platform in a tank (150
cm diameter) over 4 days of training, 4 trials per day (trial
duration: 120 sec, intertrial interval: 60 sec). Morris water maze
training performance was determined by measuring escape
latency. Short- and long-term spatial memory retention was
assessed through probe tests (90 sec) performed 24 hours and
10 days posttraining. In addition, middle-aged control and ES
animals treated with BrdU 35 days before the MWM task were
tested for long-term retention of spatial memory 6 days post-
training (n = 7–8/group). We used an earlier time point for the
long-term retention test, as the hippocampus demonstrates a
progressively reduced role in spatial memory recall over time
(21,22). Body weight and swim speed were noted for all MWM
experiments (Table S1 in Supplement 1). Behavior in the MWM
was scored using an automated tracking system (Noldus Ethovi-
sion 3.1, Noldus Information Technology, Wageningen, The
Netherlands).

Novel Object Recognition. Object memory was tested using
the novel object recognition (NOR) paradigm (23) (2 month: n ¼
17–20/group; 15 month: n ¼ 9–20/group). Control and ES animals
were acclimatized to a novel arena (40 cm � 60 cm � 29 cm) over
3 days (30 min daily). On day 1, animals explored two identical
objects in the arena (15 min). Object memory was tested (day 2) by
replacing one of the identical objects with a novel object of similar
dimensions. On day 7, object memory was tested by replacing the
first novel object with a second novel object. Discrimination index
{[(time spent exploring the novel object � time spent exploring the
familiar object) / total object exploration time] � 100} was deter-
mined to ascertain object memory over a 5-minute exploration
period. Object selection was based on pilot experiments with a
separate cohort of animals to ensure no inherent object bias.

Immunohistochemistry and Immunofluorescence
Hippocampal proliferation and immature neuron numbers were

assessed using BrdU and doublecortin (DCX) immunohistochemistry
as previously described (24) (n¼ 4–6/group/age). For BrdU and DCX
immunohistochemistry, hippocampal sections were incubated
sequentially with primary antibody and biotinylated secondary
antibodies. Signal amplification was performed using an avidin-
biotin Elite ABC system (Vector Laboratories, Burlingame, California)
and visualized using diaminobenzidine (Sigma). For DCX immuno-
fluorescence, following primary and biotinylated secondary anti-
body exposure, sections were exposed to Alexa 488-conjugated
streptavidin (Molecular Probes, Grand Island, New York). Immuno-
fluorescence experiments were visualized by confocal microscopy
(LSM5 Exciter, Zeiss, Oberkochen, Germany).

Cell Counting Analysis
Quantitation of BrdU-positive cell numbers in tissue sections

spanning the rostrocaudal extent of the hippocampus was
performed using a modified, unbiased stereology protocol (25).
The number of BrdU-positive cells per subgranular zone (SGZ)/
granule cell layer was estimated by multiplying the total number
of marker-positive cells counted by the section periodicity. To
determine DCX-positive cell number, DCX-positive cells per
section were counted on a Zeiss Axioskop camera at a magnifica-
tion of 400�. To quantitate the number of DCX-positive cells in
control and ES animals at P21, the immunopositive cells were
counted in three SGZ subfields of specified area across the span
of the dentate gyrus (DG) granule cell layer blade on an LSM5
exciter confocal microscope. The number of DCX-positive cells
per section were then estimated based on the average of the
DCX-positive cells counted per subfield and the total area of the
SGZ in the section.

In Situ Hybridization and Densitometric Analysis
Hippocampal coronal sections were subjected to in situ hybri-

dization for Bdnf exon IV and Bdnf exon IX (total Bdnf) transcripts as
described previously (26) (n ¼ 4–7/group/age). In brief, slides were
incubated with 35S-uridine triphosphate labeled rat exon-specific
Bdnf riboprobes (1 � 106 cpm/slide) generated from plasmids kindly
provided by Dr. Julie Lauterborn (University of California, Irvine,
California) and then subjected to stringent washes. Slides were
exposed to Hyperfilm b-max (GE Healthcare, Buckinghamshire,
United Kingdom) and densitometric measurements of messenger
RNA (mRNA) levels in hippocampal subfields were generated with
the Scion Image software (Scion Corporation, Houston, Texas).

ChIP Assay
Chromatin immunoprecipitation assays were performed on

hippocampal tissue as previously described (27,28) (n = 7–9/
group/age). Tissue was cross-linked, homogenized, and sonicated
to generate 400 base pair (bp) to 800 bp chromatin fragments.
Chromatin lysate (50 mg) was immunoprecipitated with 1 mg of
antibody directed against histone 3-lysine 9 dimethylation
(H3K9me2) (Millipore Bioscience Research Reagents, Billerica,
Massachusetts). The histone modification-associated chromatin
was extracted with phenol/chloroform/isoamyl alcohol before
quantitative polymerase chain reaction (qPCR) analysis.

Quantitative PCR
To estimate chromatin pulled down by ChIP assays and to

assess levels of Bdnf exon specific transcripts (Bdnf exon I, II, IV, VI,
and IX), qPCR was carried out (n = 7–11/group/age). RNA was
extracted using Trizol reagent (Sigma) and reverse transcribed.
The synthesized complementary DNA was subjected to qPCR
(Applied Biosystems, Foster City, California) with exon-specific
Bdnf primers (Table S2 in Supplement 1). Quantitative PCR data
analysis was performed using the DDCt method (27,29). Gene
expression analysis data were normalized to the endogenous
housekeeping gene, Hprt1. A region 3000 bp upstream of the
Bdnf IV promoter was used as a normalizing control region for
ChIP analysis.
www.sobp.org/journal
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Western Blot Analysis
Hippocampal tissue (n = 4–6/group/age) was lysed and

separated by sodium dodecyl sulfate polyacrylamide gel
(12.5%) electrophoresis and then transferred to polyvinylidene
difluoride (GE Healthcare) membranes. Following blocking,
membranes were incubated with rabbit anti-brain-derived
neurotrophic factor (BDNF) (1:500) (Santa Cruz Biotechnology,
Santa Cruz, California) or rabbit anti-beta-III-tubulin (1:5000)
(Covance, Princeton, New Jersey). Membranes were incubated
with a 1:5000 dilution of horseradish peroxidase-conjugated
donkey anti-rabbit (GE Healthcare) secondary antibody. Protein-
antibody complexes were detected with an enhanced chemilu-
minescent substrate (GE Healthcare). Densitometric analysis was
performed using Scion image software.

Statistical Analysis
Experiments with two and three groups were analyzed using

unpaired Student t test and one-way analysis of variance
(ANOVA), followed by Tukey-Kramer post hoc tests, respectively
(Instat, Graphpad Software Inc., San Diego, California). Repeated
measures ANOVA with paired Student t test for group-wise post
hoc comparisons was used for analysis of MWM escape latencies
(SPSS output; IBM Corporation, Armonk, New York). Target
quadrant preference above chance in the MWM was assessed
using one sample t test. Correlation between newborn neuron
number and long-term spatial memory was assessed using the
Pearson correlation test. Significance level was determined at
p � .05 for all tests.

Detailed methodological procedures are provided in Supple-
mental Methods in Supplement 1.
www.sobp.org/journal
Results

ES Evokes Enhanced Spatial Learning in Young Adulthood
and a Decline in Spatial Memory in Middle-Aged Life

Young adult and middle-aged ES animals and control animals
were tested on the MWM task (30), a spatial learning task
involving stressful components such as forced swim (31). Young
adult ES animals showed accelerated spatial learning with
significantly lower escape latencies (Figure 1B,C) [effect of group:
F(1,19) ¼ 18.48, p � .001]. Decreased escape latencies were
noted on the first MWM training day in ES animals (Figure S1
in Supplement 1) [effect of group: F(1,19) ¼ 7.44, p ¼ .01]. Probe
test performance, 24-hour and 10-day (Figure 1D,E), did not differ
between young adult control and ES animals.

Middle-aged control and ES animals did not exhibit significant
differences in MWM training or the 24-hour probe test
(Figure 1G,H). In the 10-day probe test, middle-aged ES animals
showed no preference over chance for the target quadrant
(p ¼ .16) and were significantly different from their age-
matched control animals (p ¼ .04) (Figure 1I,J). These results
indicate that middle-aged ES animals show impaired long-term
spatial memory on the MWM. Our results demonstrate that ES
evokes temporally specific changes in hippocampal dependent
cognition, with enhanced spatial learning in young adulthood
and a decline in long-term spatial memory in middle-aged life.

ES Animals Exhibit an Age-Dependent Decline in Object
Memory

Object memory was examined using the NOR task, a non-
spatial, emotionally neutral test (32). Young adult control and ES
Figure 1. Age-dependent biphasic changes evoked
by early stress in spatial learning and memory. (A, F)
Shown are schematic representations of the experi-
mental design. Animals subjected to the early stress
of maternal separation (ES) and their age-matched
control animals (C) were trained at 2 months (mths)
(A) or 15 months (F) of age on the Morris water
maze (MWM) task and tested using probe tests 24
hours and 10 days after training. (B) Young adult ES
animals exhibited a significant reduction in escape
latency across days of training as compared with
age-matched control animals (n ¼ 10–11/group;
*p � .05, repeated measures analysis of variance).
(C) Shown are representative tracks for 2-month-old
control and ES animals on day 2 and day 3 of MWM
training. (D, E) Recollection of the hidden platform
location assessed using the probe tests 24 hours (D)
and 10 days (E) following the end of training did not
differ between the 2-month-old control and ES
groups. (G) Middle-aged ES animals did not differ
from control animals in their escape latency during
MWM training. (H) Middle-aged ES animals did not
differ from control animals in performance on the
24-hour probe test. (I) Middle-aged ES animals
exhibited a significant decline in the percent time
spent in the target quadrant as compared with age-
matched control animals on the 10-day probe test
(n ¼ 7–8/group; *p � .05; unpaired Student t test).
(J) Shown are representative tracks for middle-aged
control and ES animals from the 10-day probe test.
The dashed lines in the bar graphs represent the
chance percentage time (25%) spent in the target
quadrant. Results are expressed as the mean � SEM
and represent the time in seconds for escape latency
during MWM training and the percent time in target
quadrant for the probe tests performed 24 hours and
10 days after MWM training. P, postnatal day.
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animals exhibited no significant difference in short- or long-term
object memory (Figure 2B,C; Table S2 in Supplement 1). In
contrast, middle-aged ES animals exhibited a significant decline
in object memory (day 2 test: p � .001; day 7 test: p � .01)
(Figure 2D,E; Table S2 in Supplement 1). The total object
exploration time did not differ between the groups at the two
ages examined (data not shown). Our results indicate that ES
animals show an age-dependent decline in object memory in
middle-aged life.

ES Induces Temporally Dependent, Biphasic Effects on Adult
Hippocampal Neurogenesis

We next examined if ES animals across the life span exhibit
alterations in neurogenesis, a form of hippocampal plasticity
modulated by stress (4,33) and strongly correlated with cognition
(34,35). Hippocampal neurogenesis was assessed using the
proliferation marker BrdU and the immature neuronal marker
DCX. As we have reported previously (26), P21 ES animals exhibit
a significant increase in progenitor proliferation (p ¼ .03)
Figure 2. Early stress history influences performance on the novel object
recognition test selectively in middle-aged life. (A) Shown is a schematic
representation of the experimental design. Animals subjected to early
stress (ES) and their age-matched control animals (C) were trained at 2
and 15 months (mths) of age on an emotionally neutral task of learning,
the novel object recognition test. Post 3 days of arena acclimatization (A)
(arrows), control and ES animals were exposed to two identical objects in
the arena (day 1). Object memory was tested 24 hours later (day 2).
Animals were retested for object memory using a second novel object on
day 7. (B, C) Object memory on day 2 (B) or day 7 (C) was not different
between young adult control and ES animals. (D) Middle-aged ES animals
exhibited a significant impairment in object memory on day 2. (E) Middle-
aged ES animals showed a significant impairment in object memory when
retested on day 7. Results are the mean � SEM of the discrimination
index (2 months: n ¼ 17–20/group; 15 months: control animals n ¼ 9, ES
n ¼ 20; *p � .05, **p � .01, ***p � .001, unpaired Student t test). P,
postnatal day.
(Figure 3B). Enhanced proliferation was accompanied by a
significant increase in the hippocampal DCX-immunopositive
immature neurons in P21 ES animals (p ¼ .01) (Figure 3E). Young
adult ES animals exhibited no significant difference in BrdU- and
DCX-positive cell numbers (Figure 3C,F). Strikingly, middle-aged
ES animals exhibited significantly decreased hippocampal BrdU-
positive cells (p ¼ .04) and DCX-positive immature neurons (p ¼
.02) (Figure 3D,G). While proliferating progenitors were reduced
in middle-aged ES animals, Sox-2/glial fibrillary acidic protein
double-positive quiescent stem cells were unaltered at this age
(p ¼ .44) (Figure S2 in Supplement 1). Further, progenitor
differentiation was unaltered at 2 and 15 months of age in ES
animals (Figure S3 in Supplement 1).

Compelling evidence indicates that 4- to 8-week-old neurons
are preferentially recruited into hippocampal spatial memory
networks (36). We examined the relationship between the extent
of neurogenesis and spatial memory recall in middle-aged
animals. Control and ES groups, treated with BrdU before
MWM, showed no difference in performance during training
and the 24-hour probe test (Figure S4B,C in Supplement 1).
Animals with early stress of maternal separation showed a sig-
nificant deficit in platform recall in the 6-day probe test (p ¼ .01)
(Figure S4D in Supplement 1) accompanied by decreased BrdU/
NeuN double-positive neuron number (p ¼ .03) (Figure S4E in
Supplement 1). A strong positive correlation (r ¼ .90, p ¼ .0003)
was found between the percent time in target quadrant and BrdU/
NeuN double-positive cell number (Figure S4F in Supplement 1).
These results suggest that the decreased hippocampal neurogenesis
in middle-aged ES animals may underlie the MWM memory
deficit.

Our results indicate that ES animals show a transient increase
in hippocampal neurogenesis in postnatal life and a steep decline
in hippocampal neurogenesis at 15 months of age coincident
with impairments in hippocampal-dependent cognitive tasks.

ES Results in Age-Dependent Bidirectional Alterations in
Epigenetic Regulation of Hippocampal Bdnf Expression

Given that ES alters hippocampal neurogenesis and cognitive
function, we hypothesized that ES may influence levels of BDNF,
a key modulator of neurogenesis (37,38) and hippocampal-
dependent cognition (39,40). Bdnf expression is under the
transcriptional control of eight distinct promoters, which drive
the expression of unique noncoding 5’ exons (I–VIII) alternatively
spliced to a common 3’ coding exon (IX), giving rise to exon-
specific Bdnf transcripts (41) (Figure 4A). We examined epigenetic
histone modifications at Bdnf promoters (I, II, IV, VI) that regulate
the expression of Bdnf transcript variants at P21, 2 months, and
15 months in control and ES animals.

Animals with early stress of maternal separation showed a
significant induction in Bdnf IV mRNA at P21 (p ¼ .02) and at 2
months (p ¼ .007) (Figure 4C,G) in the hippocampal DG subfield,
accompanied by decreased repressive H3K9me2 modification at
this promoter at both ages (P21: p ¼ .03; 2 months: p ¼ .007)
(Figure 4B,F; Figure S5B,C in Supplement 1). No changes were
observed in other Bdnf transcript variants examined (Figure S5B,C
in Supplement 1). Enhanced Bdnf IV expression also resulted in
increased Bdnf IX (total Bdnf) mRNA levels in the DG of postnatal
(p ¼ .04) and young adult ES animals (p ¼ .04) (Figure 4D,H).
Enhanced Bdnf IV and IX expression at P21 and 2 months was
confirmed using qPCR (P21 Bdnf IV: control ¼ 1.00 � .04, ES ¼
1.15 � .04, p ¼ .02; Bdnf IX: control ¼ 1.00 � .06, ES ¼
1.18 � .04, p ¼ .04; 2-month Bdnf IV: control ¼ 1.00 � .14,
ES ¼ 1.60 � .26, p ¼ .04; Bdnf IX: control ¼ 1.00 � .04,
www.sobp.org/journal



Figure 3. Early stress evokes bidirectional changes in hippocampal neurogenesis across the life span. Hippocampal neurogenesis in animals with a
history of early stress (ES) was studied using the exogenous mitotic marker 5-bromo-2-deoxyuridine (BrdU) to assess hippocampal progenitor
proliferation and the endogenous marker doublecortin (DCX) to determine immature neuron number. (A) Shown is a schematic of the experimental
design. Early stress and control (C) animals received treatment with BrdU in postnatal life (postnatal day [P]21), young adulthood (2 months [mths]), and
in middle-aged life (15 months) and were killed (S) 2 hours post BrdU administration. Shown are representative images from control and ES animals, of
BrdU- and DCX-positive (�ve) cells within the subgranular zone (SGZ)/granule cell layer (GCL) at P21 (B, E), 2 months (C, F), and 15 months (D, G). (B)
Stereological analysis revealed a significant increase in BrdU-positive cell numbers at P21. (C) In young adulthood, no change was observed in BrdU-
positive cell numbers within the SGZ/GCL. (D) In striking contrast, middle-aged ES animals exhibited a significant decline in BrdU-positive cell numbers.
(G) Quantitative analysis revealed a bidirectional change in immature neuron number with an increase at P21 (E) and a steep decline at 15 months of age
(G). (F) In young adulthood, no change was observed in DCX-positive cell numbers within the SGZ/GCL. Results are expressed as mean � SEM of BrdU-
positive cells in the SGZ/GCL and mean � SEM of DCX-positive cells/section (n ¼ 4–6/group/age; *p � .05, unpaired Student t test).
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ES ¼ 1.26 � .06, p ¼ .001, unpaired Student t test; results are the
mean � SEM fold change of control). A robust enhancement of
hippocampal mature BDNF protein levels in ES animals was also
noted at both P21 (p ¼ .007) and in young adulthood (p ¼ .02)
(Figure 4E,I).

In striking contrast, middle-aged ES animals demonstrated a
significant decline in Bdnf IV mRNA in the DG (p ¼ .01),
accompanied by increased repressive H3K9me2 modification at
this promoter (p ¼ .01) (Figure 4K,J; Figure S5D in Supplement 1).
Other Bdnf transcript variants showed no change in expression
(Figure S5D in Supplement 1). Middle-aged ES animals demon-
strated no change in Bdnf IX mRNA levels in the DG (Figure 4L).
These findings were confirmed by qPCR analysis, which revealed
decreased hippocampal Bdnf IV but not IX expression in middle-
aged ES animals (Bdnf IV: control ¼ 1.00 � .09, ES ¼ .61 � .06,
p ¼ .004; Bdnf IX: control ¼ 1.00 � .14, ES ¼ .99 � .10, p ¼ .99;
unpaired Student t test; results are the mean � SEM fold change
of control). Hippocampal BDNF protein levels were unaltered in
middle-aged ES animals (p ¼ .11) (Figure 4M). It is noteworthy
that ES animals at younger ages exhibit reduced H3K9me2 at the
Bdnf IV promoter along with enhanced Bdnf IV expression,
whereas middle-aged ES animals show enhanced repressive
H3K9me2 at the Bdnf IV promoter concomitant with decreased
Bdnf IV expression, indicating bidirectional effects of ES on the
epigenetic regulation of hippocampal Bdnf IV expression.
www.sobp.org/journal
Antidepressant-Mediated Amelioration of ES Evoked
Changes in Middle-Aged Life

We next addressed whether chronic antidepressant treatment
could alleviate the consequences observed in middle-aged ES
animals. Amitriptyline treatment prevented the decreased Bdnf IV
expression within the DG (Figure 5B,C) [F(2,14) ¼ 8.87, p ¼ .003]
and also attenuated the increased repressive H3K9me2 modifica-
tion at the Bdnf IV promoter in the hippocampi of middle-aged
ES animals (Figure 5D) [F(2,21) ¼ 8.01, p ¼ .003]. Amitriptyline
treatment did not alter Bdnf IX expression in ES animals (control ¼
100 � 7.97, ES ¼ 103.05 � 10.17, ES Ami ¼ 106 � 8.46, p ¼ .90,
one-way ANOVA; results are the mean � SEM percentage of
controls). Amitriptyline treatment rescued the DCX-positive neu-
ron number decline in middle-aged ES animals (Figure 5E,F)
[F(2,46) ¼ 6.03, p ¼ .005]. No significant differences were
noted across groups on the MWM task during training and
the 24-hour probe test (Figure 5G,H). In the 10-day probe test,
middle-aged ES animals exhibited no greater than chance
preference for the target quadrant (p ¼ .14), whereas both the
control (p ¼ .002) and ES Ami (p ¼ .005) groups showed
significant preference over chance for the target quadrant.
One-way ANOVA analysis revealed an amitriptyline-mediated
attenuation of the ES-induced cognitive decline (Figure 5I)
[F(2,22) ¼ 5.29, p ¼ .01]. These results indicate that chronic
amitriptyline treatment attenuates the maladaptive neurogenic,



Figure 4. Age-dependent biphasic alterations in the epigenetic regulation of brain derived neurotrophic factor (BDNF) expression following early stress
exposure. (A) Shown is a schematic representation of the Bdnf gene composed of eight 50 noncoding exons (I–VIII) that are alternatively spliced to the
common 30 coding exon IX, with the expression of each 50 noncoding transcript regulated by its own unique promoter. The arrows show the Bdnf
promoters profiled for histone modifications. Chromatin immunoprecipitation (ChIP) analysis for the repressive histone 3 lysine 9 (H3 K9) dimethylation
histone modification at the Bdnf IV promoter, expression of Bdnf IV and Bdnf IX messenger RNA (mRNA) levels, and hippocampal mature BDNF protein
levels were analyzed in animals with early stress exposure (ES) and control animals (C) at postnatal day (P)21, 2 months (mths), and 15 months. The Bdnf
IV promoter revealed a significant downregulation in the repressive H3 K9 dimethylation modification at P21 (B) and in 2-month-old ES animals (F), and
in contrast, an enhancement of this repressive modification was observed in 15-month-old ES animals (J). A significant increase in Bdnf IV mRNA
expression in the hippocampal dentate gyrus subfield of ES animals was observed at P21 (C) and 2 months (G) with a significant decline in expression of
this Bdnf variant at 15 months (K). A significant increase in Bdnf IX mRNA expression in the hippocampal dentate gyrus subfield of ES animals was noted
at P21 (D) and 2 months (H). No change in Bdnf IX mRNA expression was observed in ES animals at 15 months of age (L). Shown are the representative
autoradiographs of Bdnf IV and Bdnf IX containing transcripts for all the three ages examined. (E, I) Increased levels of hippocampal BDNF protein were
observed in ES animals at P21 (E) and at 2 months of age (I). (M) Brain derived neurotrophic factor protein was observed to be unchanged in 15-month-
old ES animals as compared with their control animals. Shown are representative western blots for BDNF and beta-III-tubulin
(b-Tub). Results are expressed as mean � SEM percentage of control for mRNA expression, mean � SEM fold change of control for ChIP and western
blot analysis (in situ hybridization: n ¼ 4–7/group/age; ChIP: n ¼ 7–9/group/age; western blot analysis: n ¼ 4–6/group/age, *p � .05, **p � .01, unpaired
Student t test).
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neurotrophic, and cognitive changes observed in middle-aged ES
animals.
Discussion

Our results reveal that ES animals at younger ages exhibit
enhanced hippocampal neurogenesis, epigenetic modifications
associated with enhanced Bdnf expression, and improved cognitive
performance selectively on stress–associated, hippocampal-dependent
learning tasks. In contrast, middle-aged ES animals show reduced
neurogenesis and epigenetic modifications associated with de-
creased Bdnf IV expression. Concomitantly, significantly impaired
performance was noted on both stress-associated and none-
motive cognitive tasks in middle-aged ES animals. Chronic
antidepressant treatment attenuated the repressive epigenetic
modification at the Bdnf IV promoter, the decreased Bdnf IV
expression, the neurogenic decline, and the memory deficit in
middle-aged ES animals.

Early stress of maternal separation has predominantly been
associated with negative consequences, including perturbed stress-
response neurocircuitry and enhanced emotionality (14,15).
www.sobp.org/journal



Figure 5. Antidepressant treatment ameliorates the epigenetic repression of Bdnf IV expression and the neurogenic and cognitive decline in middle-
aged animals with early stress history. (A) Shown is a schematic representation of the experimental design. A cohort of animals with early stress history
(ES) received treatment with the antidepressant amitriptyline (Ami) for a period of 5 months before assessing histone 3 lysine 9 (H3 K9) dimethylation
histone modification at the Bdnf IV promoter, Bdnf IV expression, hippocampal neurogenesis, and Morris water maze (MWM) performance at 15 months
(mths) of age. Middle-aged animals from all groups, namely control (C), ES, and ES Amitriptyline (ES AMI), were trained on the MWM and subjected to 24-
hour and 10-day probe tests. (B, C) Chronic amitriptyline treatment attenuated the significant decline in Bdnf IV messenger RNA (mRNA) levels within the
hippocampal dentate gyrus subfield observed in middle-aged ES animals. (B) Shown are representative autoradiographs of hippocampal Bdnf IV
expression for middle-aged control, ES, and ES AMI animals. (D) Chronic amitriptyline treatment ameliorated the enhanced repressive H3 K9
dimethylation modification at the Bdnf IV promoter in middle-aged ES animals as assessed using chromatin immunoprecipitation (ChIP) analysis. (E, F)
The significant decline in hippocampal doublecortin (DCX)-immunopositive cells observed in middle-aged ES animals was also prevented by chronic
amitriptyline treatment. (E) Shown are representative images of DCX-positive (�ve) cells from middle-aged control, ES, and ES AMI animals. Values are
expressed as mean � SEM percentage of control for mRNA expression, mean � SEM fold change of control for ChIP analysis (n ¼ 5–9/group, **p � .01
as compared with control, one-way analysis of variance [ANOVA], Tukey-Kramer post hoc test) and mean � SEM of DCX-positive cells/section (n ¼ 12–21/
group, **p � .01 as compared with control, one-way ANOVA, Tukey-Kramer post hoc test). (G) Middle-aged animals from all groups did not exhibit any
difference in escape latencies across MWM training (T) (n ¼ 8–9/group, p � .05, repeated measures ANOVA). (H) In the 24-hour probe test (PT), animals of
all three groups did not differ in the percent time in the target quadrant. (I) Chronic amitriptyline treatment prevented the significant decline in percent
time spent in the target quadrant on the 10-day probe test (RT) in ES animals (*p � .05 as compared with control, one-way ANOVA, Tukey-Kramer post
hoc test). The dashed line in the bar graphs represents the chance percentage time (25%) spent in the target quadrant. All values are expressed as
mean � SEM of the time taken to reach the hidden platform during MWM training and mean � SEM of the percent time spent in the target quadrant for
the probe tests. P, postnatal day.
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However, ES may also facilitate adaptive changes that calibrate
responses to hostile future environments. Here, we provide novel
evidence of cognitive, molecular, and neurogenic changes observed
at younger ages in ES animals, suggestive of adaptive outcomes. It
is striking to note the improved spatial learning in the stress-
associated MWM task in young adult ES animals. This improved
performance may involve differential behavioral reactivity and
attention to cues. Our results are in agreement with evidence
linking models of differential maternal care, neonatal novelty, and
juvenile stress to improvements on cognitive tasks (18–20). Our
results are in concert with the tuning hypothesis (42), which
suggests that adverse early experience fine-tunes neurocircuitry to
provide a survival advantage in stressful environments.
www.sobp.org/journal
Postnatal ES animals exhibit enhanced hippocampal neuro-
genesis and increased BDNF levels, suggesting a role for
increased trophic signaling in the enhanced newborn neuron
availability (43). However, hippocampal neurogenesis is only
transiently enhanced during postnatal life, whereas enhanced
BDNF levels are sustained into adulthood, suggesting an appar-
ent dissociation between the neurogenic and neurotrophic
changes evoked by ES. Increased Bdnf expression is driven via
the activity-responsive Bdnf IV promoter (44), with a significant
decline in the same repressive H3K9me2 mark at both ages.
Several studies with diverse adult-onset stress models have
observed enhanced repressive histone modifications at the Bdnf
IV promoter (27,45), in stark contrast to our results of decreased
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repressive histone marks at this Bdnf promoter in postnatal and
young adult ES animals. Enhanced BDNF has been implicated in
structural plasticity (37,38) and hippocampal-dependent learning
(39,40). Despite enhanced BDNF levels, ES animals exhibit
selective improvement on stress-associated, but not emotionally
neutral, learning tasks. While enhanced BDNF may provide a
suitable substrate, the motivational and arousal cues involved
in stressful learning tasks may be important to interact with this
substrate to manifest as improved cognitive performance. Taken
together, the molecular and cellular changes, along with the
enhanced hippocampal-dependent spatial learning, observed
soon after ES likely represent adaptive changes that facilitate
stress coping.

Most studies have examined ES effects only at specific time
points, failing to provide insights into consequences across a life
span. We find that ES-evoked changes differ substantially across life,
with potentially adaptive outcomes shifting to deleterious conse-
quences on neurogenesis and trophic factor expression, concomi-
tant with memory impairments in middle-aged ES animals.
Molecular and cellular hippocampal changes in middle-aged ES
animals may contribute to the cognitive decline observed in the
MWM and NOR. However, given the steep decline in middle-aged
ES animals in object memory, which involves a strong nonhippo-
campal component, we cannot preclude the role of other brain
regions in the ES-evoked cognitive deficits (46,47). Our results agree
with previous studies that demonstrate that models of inadequate
maternal care lead to cognitive impairments in middle-aged life
(48,49). A key structural correlate of the cognitive impairment in
middle-aged ES animals is the hippocampal neurogenic decline. We
observed a strong positive correlation between hippocampal
neurogenesis and long-term MWM memory in middle-aged animals.
This agrees with prior reports of positive correlations between
individual MWM performance in aged animals and rates of
neurogenesis (50,51). In contrast to younger ES animals, middle-
aged ES animals showed an increased repressive H3K9me2 mod-
ification at the Bdnf IV promoter with reduced levels of this Bdnf
transcript, which did not translate into reduced total Bdnf IX mRNA.
However, given that the Bdnf IV promoter is regulated by learning
paradigms (52), it is possible to speculate that the responsivity of
this promoter may be compromised in middle-aged ES animals. Our
results indicate biphasic age-dependent changes in Bdnf expression,
hippocampal neurogenesis, and cognition in ES animals. Previous
reports have examined neurogenic changes evoked by ES predo-
minantly in adulthood (2–7 months of age). While our results are in
agreement with a prior report of no neurogenic change in young
adult ES animals (53), they differ from prior reports demonstrating
decreased hippocampal neurogenesis in young adult animals with a
history of ES (54–56). The discrepancy of these results could arise as
a consequence of differences in the paradigm of maternal separa-
tion, time points examined, or animal strains.

The antidepressant-mediated amelioration of epigenetic and
gene expression changes at the Bdnf IV promoter and the
attenuation of the neurogenic and cognitive decline in middle-
aged ES animals provide support for the hypothesis that
impaired neurotrophic signaling and hippocampal neurogenesis
may contribute to the long-term memory decline in middle-aged
ES animals. These findings suggest that antidepressant treatment
long after the cessation of ES, through epigenetic modulation of
critical molecular factors, may serve to reverse late-onset
cytoarchitectural and behavioral consequences associated with
ES history.

In conclusion, our study provides novel insights into the
diverse consequences of ES across a life span, highlighting the
emergence of distinct and sometimes bidirectional, temporally
specific changes at the molecular, epigenetic, neurogenic, and
behavioral levels. Our results suggest transient and early adaptive
changes that eventually tip into maladaptive consequences at
the molecular, structural, and functional levels in the hippocam-
pus later in life. These results compel a reappraisal of the
traditional notion that early stress is deterministic for future
negative outcomes. Rather, our results indicate that when viewed
across a life span, ES-evoked changes are temporally quite
distinct and span a wide spectrum, raising the intriguing
possibility that while early adaptive outcomes may enhance
cognitive function under stressful conditions, such enhanced
fitness may eventually extract a high cost.
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