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Abstract

Maintenance of neurogenesis in the adult hippocampus is important for functions such as mood
and memory. As exposure to unpredictable chronic stress (UCS) results in decreased hippocampal
neurogenesis, enhanced depressive- and anxiety-like behaviors and memory dysfunction, it is
believed that declined hippocampal neurogenesis mainly underlies the behavioral and cognitive
abnormalities after UCS. However, the effects of predictable chronic mild stress (PCMS) such as
the routine stress experienced in day-to-day life on functions such as mood, memory, hippocampal
neurogenesis are unknown. Using forced swim and elevated plus maze tests in a prototype of adult
rats, we demonstrate that PCMS (comprising 5 minutes of daily restraint stress for 28 days)
decreases depressive- and anxiety-like behaviors for prolonged periods. Moreover, we illustrate
that decreased depression and anxiety scores after PCMS are associated with ~1.8 fold increase in
the production and growth of new neurons in the hippocampus. Additionally, we found that PCMS
leads to enhanced memory function in water maze as well as novel object recognition tests.
Collectively, these findings reveal that PCMS is beneficial to the adult brain function, which is
exemplified by an increased hippocampal neurogenesis and an improved mood and cognitive
function.
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Introduction

The hippocampus, important for functions such as mood and memory, is one of the few
brain regions where addition of new neurons occurs throughout life.1-5 It is now well
established that neural stem cells (NSCs) that reside in the subgranular zone (SGZ) of the
dentate gyrus proliferate and give rise to new granule cells, which migrate into the granule
cell layer and integrate into the hippocampal circuitry with specific afferent and efferent
connectivity.6-8 While multiple earlier studies have suggested a role for hippocampal
neurogenesis in several cognitive functions,9-15 there has been no consensus regarding this
issue because of contrasting findings in other studies.16-18 However, recent studies
including investigations that utilized selective neurogenesis ablation techniques strengthen
the purported role of hippocampal neurogenesis in functions such as mood,19-21 learning
and memory.22-25 Thus, maintaining higher levels of hippocampal neurogenesis in
adulthood appears to be beneficial for improving mood and cognitive functions.

Indeed, studies have demonstrated reduced depressive-like behavior and/or improved
cognitive function with increased levels of hippocampal neurogenesis following chronic
antidepressant treatment,13,26 exposure to enriched environment27 or physical exercise.
6,14 Likewise, conditions that suppress hippocampal neurogenesis such as unpredictable
chronic stress (UCS) or greatly increased levels of stress hormones have been linked to
amplified depressive-like behavior and/or cognitive dysfunction.19,26,28-32 Thus, studies
support a link between the stress-induced depression & cognitive dysfunction and lower
levels of hippocampal neurogenesis. Pertaining to stress, it is apparent that a large number of
individuals in the general population display different levels of chronic stress in their day-to-
day lives.33 Yet, in only a fraction of individuals, chronic stress leads to mental illnesses
such as depression and anxiety, suggesting that the type, intensity and duration of stress play
roles in the development of stress-related mental illnesses. For example, multiple studies
clearly report that UCS leads to increases in depressive- and anxiety-like behaviors and
decline in hippocampal neurogenesis, even when the UCS is milder in intensity.31,32,34,35
It has been demonstrated that UCS reduces the proliferation of hippocampal NSCs and the
psychosocial stress reduces the survival of newly born neurons in the hippocampus, which
likely contribute to hippocampal atrophy typically seen after chronic stress.18,34-35
However, the effects of predictable chronic mild stress (PCMS) on mood, learning, memory
and hippocampal neurogenesis are mostly unknown. Because the majority of population
experiences a type of chronic stress that is predictable and relatively milder in nature, it is of
great interest to examine the effects of PCMS on depression- and anxiety-like behaviors,
cognitive function and hippocampal neurogenesis.

We tested the hypothesis that PCMS enhances functions such as mood, learning and
memory in adults via stimulation of NSCs and increased neurogenesis in the hippocampus.
We exposed a group of adult rats to 5 minutes of daily restraint stress for 28 days (a model
of PCMS) and investigated the stress-mediated effects on depressive- and anxiety-like
behaviors using the forced swim test (FST) and the elevated plus maze (EPM) test.
Additional group of age-matched adult rats that were handled similarly but not exposed to
restraint stress (controls) were also examined with FST and EPM test for comparison. We
next examined the extent of hippocampal neurogenesis to determine links between the level
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of depression and anxiety with the extent of production of newly born cells and neurons. We
also compared the dendritic growth of newly born neurons between the two groups to
ascertain the effects of PCMS on growth of newly born neurons. As our results showed an
association between enhanced hippocampal neurogenesis and declined depressive- and
anxiety-like behavior in rats subjected to PCMS, we extended this study to examine the
effects of PCMS-mediated increased neurogenesis on leaning and memory function.
Through investigation of additional groups of rats at 1.5-2.0 months after PCMS or handling
regimen using water maze test (WMT), novel object recognition test (NORT), FST and
EPM test, we demonstrate that exposure to PCMS considerably improves memory function
and PCMS mediated improved mood persists for prolonged periods.

Materials and methods

The experimental design comprising animal groups, different behavioral procedures, timing
of tissue harvest and processing, and quantitative morphometric measurements are
illustrated in Figure 1 of the supplemental document.

Animals and induction of PCMS

Three-months old Sprague-Dawley rats obtained from Harlan Sprague-Dawley
(Indianapolis, IN, USA) were used. All experiments performed in this study were approved
by the animal studies subcommittee of the Durham VA Medical Center. For induction of
PCMS, a rat restrainer made up of Plexiglas with small circular holes on sides for ventilation
and a sliding door to facilitate the restraint during the stress procedure was used (Fig. 1).
The animal was first guided to enter the restrainer and was allowed to stay for 5 minutes
with no mobility (Fig. 1). At the end of 5 minutes, the rat was withdrawn gently from the
restrainer and placed back into its home cage. This stress paradigm continued for 28 days
and all rats were stressed at the same time every day (i.e. between 3-5 PM) to maintain the
predictability of the timing of stress over the experimental duration. To deduce the effects of
handling on behavior and cognitive function, animals assigned for the control group
underwent similar handling every day for 28 days except the restraint stress procedure. The
handling of each rat in the control group comprised removal from its cage, placing near the
restraint stress apparatus for 5 minutes, and placing back in its cage. The handled group is
termed as the control group throughout the manuscript.

Analyses of depressive-like behavior using Forced swim test (FST)

One day after the completion of 28-day PCMS or handling regimen, depressive-like
behavior in animals belonging to both groups (n=6/group) were ascertained using the FST.
This test is widely used for measurement of depression-like behavior in rodents,36 and the
description of the procedure is detailed in the supplement document. Time spent in
immobility for the trial duration was calculated for every rat and utilized as an index of
depressive-like behavior. Data from PCMS and control groups were compared using the
two-tailed unpaired Student's t-test.
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Characterization of anxiety-like behavior using elevated plus maze (EPM) test

Anxiety-like behavior in animals belonging to both groups (n=6/group) were ascertained
using the EPM test. The EPM has been pharmacologically validated as a test for anxiety-like
behavior in rats, with a decrease in anxiety-related EPM indices occurring in response to
anxiolytic agents.37 The description of the procedure employed is detailed in the
supplement document. The number of open arm entries and duration of time spent in open
arms for the duration of the test were used for calculation of the extent of anxiety-like
behavior in each rat. Data from PCMS and control groups were compared using the two-
tailed unpaired Student's t-test.

5’-bromo-2’-deoxyuridine (BrdU) injections and tissue processing

To label the newly born cells that are generated over a 24-hr period in the neurogenic (SGZ-
GCL) region of the hippocampus, each rat belonging to both groups received four
intraperitoneal injections of BrdU (one injection every 6 hr over 18 hrs at a dose of 50
mg/Kg b.w.5) on the 3 day after 28-day PCMS or handling regimen. At 6 hrs after the last
BrdU injection, rats in both groups underwent intracardiac perfusion with 4%
paraformaldehyde. The brains were dissected out and collected in 4% paraformaldehyde.

Analyses of neurodegeneration and neuroinflammation after PCMS

The brains were cryoprotected and 30um-thick cryostat sections were cut coronally through
the entire hippocampus and collected serially. Serial sections (every 15%) through the entire
hippocampus were selected in each animal belonging to different groups and processed for
Fluoro-Jade B histochemical staining, as described in our earlier report.38 Additional series
(every 15!) of sections were immunohistochemically processed for visualization of
surviving neurons, reactive astrocytes, and activated microglial cells using mouse
monoclonal antibodies against neuron specific nuclear antigen (NeuN, a marker of mature
neurons; Chemicon), nestin (a marker of reactive astrocytes; Hybridoma Bank), ED-1 (a
marker of activated microglial cells; SeroTech) and the avidin-biotin complex (ABC)
method.39-40

BrdU and doublecortin (DCX) immunohistochemistry

Serial sections (every 151 through the entire hippocampus were selected in each animal
belonging to different groups and processed for BrdU immunostaining using a monoclonal
antibody to BrdU (1:500; BD Biosciences) and the ABC method, as described in our earlier
reports.4,41 Another series (every 151) of sections from each animal were processed for
doublecortin (DCX) immunostaining using a goat polyclonal antibody to DCX (1: 250;
Santa Cruz Biotechnology) using the ABC method, as detailed in our earlier study.4

Quantification of the numbers of newly born cells (BrdU) and neurons (DCX) in the
hippocampus

In order to determine the production of new cells per day and the status of hippocampal
neurogenesis, stereological quantifications of BrdU™ cells and DCX™ cells in the SGZ-GCL
were performed using serial sections (every 151) immunostained for BrdU or DCX and the
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optical fractionator method. The details pertaining to this procedure are described in the
supplement document.

Analyses of the neuronal fate-choice decision of newly born cells

We utilized the BrdU-DCX dual immunofluorescence and confocal microscopic analyses
for identifying newly born cells that differentiated into neurons. As DCX expression occurs
within 3 hrs after birth in newly born cells that are committed to neuronal lineage and DCX
is an excellent immature marker of newly generated neurons,4,41-42 this method facilitated
the quantification of net neurogenesis (i.e. the fraction of newly born cells that differentiate
into neurons). The detailed methodology is described in the supplement document.

Analysis of the dendritic growth of DCX* newly born neurons

In order to compare the dendritic growth of newly born neurons between the PCMS and
control groups, we quantified the dendritic growth of relatively mature neurons among DCX
+ newly born neurons using the Neurolucida neuron tracing system (Microbrightfield).
4-5,41 Relatively mature neurons within the DCX+ neuronal population are defined as
described in our earlier studies.4,41 The methodology is also briefly described in the
supplement document.

Characterization of learning and memory function using the water maze test (WMT)

Because rats subjected to PCMS exhibited decreased depressive- and anxiety-like behaviors
with enhanced hippocampal neurogenesis, we wondered whether PCMS-mediated increased
neurogenesis also improves learning and memory function. Therefore, using additional
groups of rats subjected to PCMS or handling (n=6/group), we examined hippocampal-
dependent spatial memory function using the Morris WMT,43 which is a closest parallel to
the episodic memory in humans. The WMT was performed at 1.5 months after the
completion of PCMS or handling regimen. The delay between PCMS or handling and the
WMT in this study is based on the earlier finding that newly generated neurons typically
take about 6 weeks to get incorporated into the spatial memory circuits.15 The procedure
employed for WMT is detailed in the supplement document.

Analyses of memory function using novel object recognition test (NORT)

As a second measure of memory function, each rat belonging to both groups were examined
with NORT25. The protocol used for NORT is described in the supplement document.
Memory analysis with NORT is based on the natural tendency of rodents to investigate a
novel object instead of a familiar one. The choice to explore the novel object reflects the use
of learning and (recognition) memory processes.25

Analyses of depressive- and anxiety-like behavior at extended time points after PCMS

In order to determine whether PCMS mediated decreases in depressive and anxiety-like
behaviors last for prolonged periods after PCMS, animals used for WMT and NORT above
were also tested for FST and EPM test as described earlier. These analyses characterized the
long-term outcome of PCMS on depression and anxiety.
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PCMS promotes antidepressant-like effects

In the first FST performed one day after the conclusion of PCMS or handling regimen, the
overall depressive-like behavior in rats subjected to PCMS was 51% less than that observed
in control rats (p<0.01; Fig. 1[A]). Thus, exposure to PCMS considerably reduces
depressive-like behavior, which is an indication of improved mood function or anti-
depressant-like effect mediated by PCMS. Analyses of additional groups of rats at ~2.0
months after the stress regimen also revealed better mood in rats exposed to PCMS, in
comparison to age-matched control rats (p<0.05; Fig. 1 [B]), suggesting that antidepressant
like effects of PCMS persists for prolonged periods.

PCMS reduces anxiety-like behavior

In the first EPM test performed two days after the conclusion of PCMS or handling regimen,
rats subjected to PCMS displayed nearly 3 fold increase in the number of entries into the
open arm in comparison to control rats (p<0.05; Fig. 1 [C]). Furthermore, comparison of the
total time spent in the open arm between the two groups revealed that PCMS treated rats
spent 4.3 folds greater amount of time in the open arm (p<0.05; Fig. 1 [D]). Thus, exposure
to PCMS reduces anxiety-like behavior, which is also an indication of improved mood
function. Investigation of additional groups of rats at ~2.0 months after the stress regimen
also revealed reduced anxiety in rats exposed to PCMS in comparison to age-matched
control rats (Fig. 1 [E, F]), as PCMS treated rats spent 6.3 folds greater amount of time in
the open arm (p<0.05; Fig. 1 [F]). Thus, the anxiolytic effects of PCMS are enduring.

PCMS does not cause neurodegeneration or neuroinflammation

We analyzed separate sets of serial sections through the hippocampus with Fluoro-Jade B
staining and immunostaining for NeuN, nestin and ED-1. These analyses revealed no signs
of neurodegeneration or neuroinflammation in PCMS treated rats (see Figs. 2 and 3 of the
Supplemental document).

PCMS enhances the production of new cells in the SGZ-GCL of the hippocampus

Visualization of BrdU+ cells with BrdU immunostaining revealed an increased production
of newly born cells in the SGZ-GCL of rats that underwent PCMS, in comparison to control
rats (Fig. 2 [A1-B2]). While newly born cells appeared as clusters in both groups, the PCMS
group exhibited an obvious increase in both density and size of clusters (Fig. 2 [A2, B2]).
Quantification of the total number of BrdU+ cells in the SGZ-GCL confirmed the increased
production of newly born cells per day in rats subjected to PCMS. Overall, the production of
new cells per day was increased by 1.5 folds in the PCMS group in comparison to the
control group (p<0.01, Fig. 2 [C1]). Thus, PCMS considerably enhances the overall
production of new cells per day, likely by increased proliferation of NSCs.
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PCMS does not alter the neuronal fate-choice decision of newly born cells in the
hippocampus

Quantification of the neuronal differentiation of newly born cells in the SGZ-GCL of PCMS
and control groups via BrdU and DCX dual immunofluorescence and Z-section analyses in a
confocal microscope (Fig. 2 [D1-D4]) revealed no changes in neuronal fate-choice decision
of newly born cells in rats that underwent PCMS. The average fraction of newly born cells
that differentiate into DCX+ neurons is 66% (66.3 £ 2.1%, n=6) in the control group and
70% (70 = 7.1%) in the PCMS group (p>0.05; Fig. 2 [E1]). Thus, PCMS does not modify
the extent of neuronal fate-choice decision of newly born cells in the neurogenic region of
the hippocampus.

PCMS greatly increases the production of new neurons per day in the hippocampus

By using percentages of neuronal differentiation among newly born cells and the overall
generation of new cells per day (i.e. BrdU+ cell counts), we calculated the production of
new neurons per day in both control and PCMS groups to ascertain net hippocampal
neurogenesis. This revealed an increased production of new neurons per day in the PCMS
group, in comparison to the control group. The overall production of new neurons per day in
the PCMS group is 1.6 fold greater than the control group (p<0.01; Fig. 2 [F1]). As neuronal
differentiation of newly born cells were comparable between the PCMS and control groups,
increased numbers of newly born neurons in the PCMS group mainly reflects increased
proliferation of NSCs with exposure to PCMS.

PCMS enhances the overall status of hippocampal neurogenesis as measured by numbers
of DCX+ newly born neurons

We ascertained whether the overall status of hippocampal neurogenesis is enhanced with
exposure to PCMS via DCX immunostaining (Fig. 3 [A1-B2] and stereological
quantification of all DCX+ neurons in the SGZ-GCL of control rats and rats subjected to
PCMS. Earlier studies have revealed that cells expressing DCX in the SGZ-GCL of rats are
new neurons that were born mostly during the two weeks prior to euthanasia.41 Thus, DCX
immunostaining reveals a mixed population of 1-14 day old newly born neurons and hence
provides a good measure of the ongoing status of hippocampal neurogenesis.
Morphologically, a vast majority of DCX+ cells in both groups exhibited vertically
orientated apical dendrites projecting into the dentate GCL and the molecular layer (Fig. 3
[A1-B2]). Quantification of DCX+ cells in the SGZ-GCL revealed that exposure to PCMS
increases the overall addition of new neurons to the SGZ-GCL by 1.8 folds (p<0.0001, Fig.
3 [C1]). Thus, the increase in hippocampal neurogenesis observed in the PCMS group is
consistent in terms of both net neurogenesis per day and the status of neurogenesis measured
via quantification of all DCX+ neurons.

PCMS considerably enhances the dendritic growth of newly born neurons in the
hippocampus

Morphometric analyses revealed that, relatively mature DCX+ neurons in rats exposed to
PCMS exhibit more complex dendritic trees with increases in the total dendritic length and
numbers of dendritic nodes and endings, in comparison to their counterparts in the control
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group (Fig. 4 [A]). The overall increase in the PCMS group is 1.8 fold for the total dendritic
length (p<0.001; Fig. 4 [B]), 1.9 fold for the total number of dendritic nodes (p< 0.001; Fig
4 [C]) and dendritic endings (p< 0.001; Fig. 4 [D]). The concentric circle analyses of Sholl
also revealed a similar trend (see Fig. 4 of the supplemental document for details).

PCMS does not alter learning but improves memory retention in the water maze task

Rats in both PCMS and control groups quickly learned to locate the position of the
submerged platform using spatial cues. This was evidenced by decreases in the latency to
reach the platform over the 7 training sessions. By 7th learning session, animals in both
PCMS and control groups displayed an ability to locate the platform within 8-12 seconds
after their release into the pool. Regression analyses revealed that both learning curves and
r2 values are identical between the two groups (Fig. 5 [A]). Comparison of values of the first
and last learning sessions revealed that the latency to reach the platform decreases over the
training period by 86% in the PCMS group (p<0.0001) and 80% in the control group
(p<0.001; Fig. 5 [B]). Thus, PCMS does not seem to alter the hippocampal-dependent
spatial learning ability for the age group tested in this study. However, analyses of memory
retrieval function revealed considerably improved memory function in rats that underwent
PCMS. This was evidenced by enhanced scores for all four parameters of memory retention
in the probe test that was conducted at 24 hrs after the last (7(") training session. First, in
comparison to rats in the control group (n=6), rats in the PCMS group (n=6) exhibited
considerably reduced latency to reach the platform area after their release into the pool (4.9
+ 0.8 seconds [control group] versus 2.3 + 0.6 seconds [PCMS group]), p< 0.05; Fig. 5 [C]).
Second, rats in the PCMS group spent more time in the platform area than control rats (4.7 +
0.5 seconds [control group] versus 8.1 + 0.8 seconds [PCMS group]), p< 0.01; Fig. 5 [D]).
Third, rats that underwent PCMS displayed greater numbers of platform area crossings than
rats in the control group (3.3 = 0.5 [control group] versus 5.3 £ 0.4 [PCMS group]), p< 0.05;
Fig. 5 [E]). Fourth, rats in the PCMS group exhibited increased dwell time in the platform
quadrant (i.e. the quadrant where platform was placed during learning sessions) than rats in
the control group (15.5 = 1.9 seconds [control group] versus 21.3 + 1.5 seconds [PCMS
group]), p< 0.05; Fig. 5 [F]). Thus, exposure of rats to PCMS considerably increases
memory retention ability.

PCMS improves novel object recognition ability

We used the amount of time spent with the novel object and the discrimination index for the
novel object as measures of memory function in NORT. The preference of the rat to delve
into the novel object indicates the use of learning and (recognition) memory processes 25.
This test is particularly ideal for examining neurogenesis related memory function, as an
earlier study using NORT in animals that underwent ablation of hippocampal neurogenesis
and animals having normal neurogenesis has demonstrated that hippocampal neurogenesis
plays a key role in the novel object recognition.25 In comparison to control rats, rats that
underwent PCMS spent similar time with the familiar object (p>0.05; Fig. 5 [G]) but spent
2.4 folds greater time with the novel object (p<0.05; Fig. 5 [H]). Furthermore, in rats treated
with PCMS, the total exploration time was 2.0 folds greater than control rats (p<0.06; Fig. 5
[17) and the discrimination index for the novel object was 17% greater than control rats
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(p<0.05; Fig. 5 [J]). Thus, NORT analyses clearly showed improved recognition memory in
PCMS treated rats.

Discussion

This study provides novel evidence that PCMS is beneficial for several brain functions
which include mood, memory and NSC plasticity. While the constructive effect of PCMS on
mood was evidenced by noticeable decreases in depressive- and anxiety-like behaviors in
FST and EPM test, the helpful effect of PCMS on cognitive function was exemplified by an
improved hippocampal-dependent memory function in both WMT and NORT. Furthermore,
enrichments in mood and memory after PCMS were associated with substantially increased
hippocampal neurogenesis. In view of the role of hippocampal neurogenesis in cognitive
functions, better mood and memory functions following PCMS appeared to be mediated via
increased plasticity of hippocampal NSCs resulting in increased production of new neurons.
As these findings pertaining to mood, memory and hippocampal neurogenesis are
remarkably contrary to the effects observed in earlier studies employing unpredictable
chronic stress (UCS) prototypes, our results underscore that chronic stress has the ability to
facilitate many beneficial effects on brain function when it is both milder and predictable in
nature.

Links between chronic stress, depression, anxiety, memory, and hippocampal
neurogenesis

Previous studies in several animal prototypes demonstrate that UCS leads to increased
depressive- and anxiety-like behaviors44-45 and learning and memory dysfunction.46 While
many changes in the hippocampus and the basolateral amygdala after UCS likely contribute
to these dysfunctions, hippocampal neurogenesis has emerged as one of the focal issues
underlying the stress-induced depression, anxiety and memory impairments.20-21,28,46-47
Indeed, it has been shown that both acute and chronic forms of unpredictable stress reduces
hippocampal neurogenesis.18,34-35,48 Furthermore, studies reveal that decreased
hippocampal neurogenesis, increased depressive & anxiety-like behaviors and memory
dysfunction occur in tandem following exposure to UCS.49 Additional studies demonstrate
that chronic antidepressant treatment not only ameliorates impairments in mood and
memory but also increases hippocampal neurogenesis.13,28,30,50-51 Thus, stress mediated
decrease in hippocampal neurogenesis appears to be one of the major reasons underling
mood and memory dysfunction after UCS. Recent studies on selective ablation of
hippocampal neurogenesis also support the role of hippocampal neurogenesis in reducing
depression and anxiety,19-21,52-53 and improving learning and memory function.22-25 In
contrast to findings in UCS prototypes, our results demonstrate reduced depressive- and
anxiety-like behaviors at both early and extended time-points after PCMS. These were
evidenced by decreases in the duration of immobilization in the FST and increased time
spent in the open arm with the EPM test. Moreover, enhanced memory function was
observed after PCMS in both WMT and NORT. This was illustrated by superior retention of
the learned memory in WMT and an increased amount of time spent with the novel object in
NORT. Interestingly, the overall decreases in depression and anxiety and improvements in
memory function were associated with enhanced production and growth of new neurons in
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the hippocampus. Thus, while our findings after PCMS are contradictory to what was
reported in studies using UCS, the link between the amount of hippocampal neurogenesis
and the extent of depressive-and anxiety-like behavior is conspicuously maintained as in
previous studies. This association reinforces the earlier suggestion that increased
hippocampal neurogenesis is beneficial for improving functions such as mood and memory.

Reasons underlying the beneficial effects of PCMS on mood and memory

Maintenance of homeostasis in conditions where physical and social demands change
frequently and/or unpredictably requires integration of neurobehavioral, neuroendocrine and
autonomic responses.54 Stimuli that severely perturb homeostasis (e.g. stress) induce
recruitment of several neuronal pathways to adapt to the demand, culminating in the
activation of hypothalamic-pituitary-adrenocortical (HPA) axis and an increased release of
the stress hormone corticosterone.55 Activation of HPA axis following positive forms of
stress (e.g. predictable stress in day to day life) experienced by individuals is believed to be
useful for preparing the brain and body for impending challenges and inducing pro-cognitive
effects,55-56 as this response is a natural reaction of the body involving enhanced heart rate
and blood pressure, increased flow of glucose and oxygen to the muscles and brain, and
moderate increase in the levels of corticosterone in the brain. On the other hand, negative
forms of stress (e.g. UCS) resulting from inability to cope with life changes, unmanageable
workload or difficult environment, can considerably increase the levels of corticosterone for
protracted periods and cause the development of major depression, anxiety-like disorders
and memory impairments.33,57-59 Previous studies imply an “inverted U” relationship
between stress and cognitive functions so that moderate increases in the levels of
corticosterone (following mild stress) leads to pro-cognitive effects, while greater increases
in corticosterone levels (following chronic stress) leads to detrimental effects on cognitive
processing.55-56

Thus, the overall stress reaction in an organism can be advantageous for cognitive functions
when it induces moderate increases in corticosterone levels and leads to adaptation and
resistance. Conversely, the stress reaction can be severely damaging to the organism with
considerable cognitive dysfunction when it facilitates much greater increases in
corticosterone levels and leads to aberrant adaptation comprising neurodegeneration,
neuroinflammation, increased depressive- and anxiety-like behaviors and memory
dysfunction. From these perspectives, it is likely that PCMS prototype employed in this
study induced only moderate increases in corticosterone levels for shorter durations over the
28-day exposure period. The following observations support the above possibility. First,
PCMS paradigm used in our study did not induce neurodegeneration which is contrary to
changes seen after UCS, severe restraint stress or greatly increased levels of corticosterone.
Lack of neurodegeneration after PCMS was confirmed by the absence of Fluoro-Jade B
positive cells and retention of the hippocampal cytoarchitecture that is comparable to the
control hippocampus with NeuN immunostaining. Second, exposure to PCMS did not
induce neuroinflammation typified by the rare occurrence of nestin+ reactive astrocytes and
ED-1+ reactive microglial cells as in the control hippocampus. Third, PCMS regimen
resulted in considerably increased production and enhanced dendritic growth of new neurons
in the hippocampus. Fourth, exposure to PCMS significantly improved mood and memory
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function, which is incongruent with the depression, anxiety and memory impairment
observed after UCS, severe restraint stress or greatly increased levels of corticosterone.
19,26,28-32,44-46 Thus, PCMS regimen employed in this study likely elicited moderate
increases in corticosterone levels which facilitated both adaptive and beneficial responses in
the brain.

Potential reasons underlying increased hippocampal neurogenesis after PCMS

Exposure to PCMS in this study induced ~1.8 fold increase in the production of new
neurons in the hippocampus. As the extent of conversion of newly born cells into neurons
was comparable between PCMS and control groups, enhanced neurogenesis after PCMS is a
result of daily increases in the production of new cells via augmented proliferation of NSCs.
Additionally, exposure to PCMS facilitated ~1.8 fold increase in the dendritic growth of
newly born neurons. These changes are contrary to the reported decreases in hippocampal
neurogenesis in models of UCS, subordination stress, foot shock stress, cold immobilization
stress and predator odor stress.35,45,60-61 The discrepancy between the current study and
previous studies likely reflects the effects of different levels of corticosterone elicited by the
chosen stress regimen. It is likely that PCMS induced moderate increases in corticosterone
for shorter durations over the 28-day exposure period stimulated an increased proliferation
of NSCs through multiple mechanisms. However, direct corticosterone effects on specific
receptors in NSCs do not appear to be the major reason for increased proliferation of NSCs.
This is because only a minority (~27%) of NSCs in the adult hippocampus expresses
glucocorticoid receptors and mineralocorticoid receptors are not expressed in hippocampal
NSCs.62 Furthermore, administration of glucocorticoid receptor agonist dexamethasone
actually suppresses cell proliferation.63

From the above view point, it is likely that moderately elevated corticosterone after PCMS
enhanced hippocampal neurogenesis through indirect effects, which could involve the
following. First, elevations in corticosterone following acute mild stress have been shown to
enhance glutamatergic neurotransmission through increased expression of NMDA and
AMPA receptors in the brain.55 As increased neural activity promotes proliferation of
NSCs,64-65 increased hippocampal neurogenesis after PCMS may be due to increased
excitatory neurotransmission in hippocampal circuits for brief periods over the 28-day
PCMS regimen. This idea is consistent with the glucocorticoid-mediated improved memory
observed in young humans, impaired memory seen in older humans with inhibition of
cortisol synthesis66 and biphasic effects of glucocorticoids on synaptic plasticity and
hippocampal-dependent memory function67. Second, while severe stress reduces the levels
of multiple neurotrophic factors, mild stress or lower doses of corticosterone or
dexamethasone treatments have been shown to induce transient increases in levels of
neurotrophic factors such as fibroblast growth factor-2, brain derived neurotrophic factor
and insulin-like growth factor-1.68-69 As all of these neurotrophic factors are capable of
stimulating the proliferation of NSCs70-72 and knockdown of some of these factors induces
both reduced hippocampal neurogenesis and depression,21 it is plausible that increased
neurogenesis after PCMS is related to increased levels of these neurotrophic factors. Third,
other neurogenesis stimulating, antidepressant, and memory enhancing factors such as
serotonin, neuropeptide Y and phosphorylated cyclic AMP response element binding protein
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might have also exhibited up-regulation with PCMS.73-75 Thus, activation of multiple
beneficial factors after PCMS likely influenced increases in the hippocampal neurogenesis,
mood and memory function. Studies on the levels of the above factors are needed in future
to further understand the mechanisms underlying PCMS mediated beneficial effects on the
adult brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by a Gulf War Research grant (to A.K.S.) and a VA Merit Review Award (to A.K.S.)
from the Department of Veterans Affairs, and an RO1 grant from the National Institute of Neurological Disorders
and Stroke (NS 54780 to A.K.S.).

References

1.

Kuhn HG, Dickinson-Anson H, Gage FH. Neurogenesis in the dentate gyrus of the adult rat: age-
related decrease of neuronal progenitor proliferation. J Neurosci. 1996; 16:2027-2033. [PubMed:
8604047]

. Eriksson PS, Perfilieva E, Bjork-Eriksson T, Alborn AM, Nordborg C, Peterson DA, et al.

Neurogenesis in the adult human hippocampus. Nat Med. 1998; 4:1313-1317. [PubMed: 9809557]

. Gould E, Tanapat P, Hastings NB, Shors TJ. Neurogenesis in adulthood: a possible role in learning.

Trends Cogn Sci. 1999; 3:186-192. [PubMed: 10322475]

. Rao MS, Hattiangady B, Abdel-Rahman A, Stanley DP, Shetty AK. Newly born cells in the ageing

dentate gyrus display normal migration, survival and neuronal fate choice but endure retarded early
maturation. Eur J Neurosci. 2005; 21:464-476. [PubMed: 15673445]

. Rao MS, Hattiangady B, Shetty AK. The window and mechanisms of major age-related decline in

the production of new neurons within the dentate gyrus of the hippocampus. Aging Cell. 2006;
5:545-558. [PubMed: 17129216]

. van Praag H, Schinder AF, Christie BR, Toni N, Palmer TD, Gage FH. Functional neurogenesis in

the adult hippocampus. Nature. 2002; 415:1030-1034. [PubMed: 11875571]

. Abrous DN, Koehl M, Le Moal M. Adult neurogenesis: from precursors to network and physiology.

Physiol Rev. 2005; 85:523-569. [PubMed: 15788705]

. Toni N, Laplagne DA, Zhao C, Lombardi G, Ribak CE, Gage FH, et al. Neurons born in the adult

dentate gyrus form functional synapses with target cells. Nat Neurosci. 2008; 11:901-907.
[PubMed: 18622400]

. Feng R, Rampon C, Tang YP, Shrom D, Jin J, Kyin M, et al. Deficient neurogenesis in forebrain-

specific presenilin-1 knockout mice is associated with reduced clearance of hippocampal memory
traces. Neuron. 2001; 32:911-926. [PubMed: 11738035]

10. Shors TJ, Miesegaes G, Beylin A, Zhao M, Rydel T, Gould E. Neurogenesis in the adult is

involved in the formation of trace memories. Nature. 2001; 410:372-376. [PubMed: 11268214]

11. Shors TJ, Townsend DA, Zhao M, Kozorovitskiy Y, Gould E. Neurogenesis may relate to some

but not all types of hippocampal-dependent learning. Hippocampus. 2002; 12:578-584. [PubMed:
12440573]

12. Drapeau E, Mayo W, Aurousseau C, Le Moal M, Piazza PV, Abrous DN. Spatial memory

performances of aged rats in the water maze predict levels of hippocampal neurogenesis. Proc Natl
Acad Sci U S A. 2003; 100:14385-14390. [PubMed: 14614143]

13. Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S, et al. Requirement of hippocampal

neurogenesis for the behavioral effects of antidepressants. Science. 2003; 301:805-809. [PubMed:
12907793]

Mol Psychiatry. Author manuscript; available in PMC 2011 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Parihar et al.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.
34.

Page 13

van Praag H, Shubert T, Zhao C, Gage FH. Exercise enhances learning and hippocampal
neurogenesis in aged mice. J Neurosci. 2005; 25:8680-8685. [PubMed: 16177036]

Kee N, Teixeira CM, Wang AH, Frankland PW. Preferential incorporation of adult-generated
granule cells into spatial memory networks in the dentate gyrus. Nat Neurosci. 2007; 10:355-362.
[PubMed: 17277773]

Bizon JL, Lee HJ, Gallagher M. Neurogenesis in a rat model of age-related cognitive decline.
Aging Cell. 2004; 3:227-234. [PubMed: 15268756]

Leuner B, Gould E, Shors TJ. Is there a link between adult neurogenesis and learning?
Hippocampus. 2006; 16:216—224. [PubMed: 16421862]

Thomas RM, Hotsenpiller G, Peterson DA. Acute psychosocial stress reduces cell survival in adult
hippocampal neurogenesis without altering proliferation. J Neurosci. 2007; 27:2734-2743.
[PubMed: 17360895]

Pollak DD, Monje FJ, Zuckerman L, Denny CA, Drew MR, Kandel ER. An animal model of a
behavioral intervention for depression. Neuron. 2008; 60:149-161. [PubMed: 18940595]

Revest JM, Dupret D, Koehl M, Funk-Reiter C, Grosjean N, Piazza PV, et al. Adult hippocampal
neurogenesis is involved in anxiety-related behaviors. Mol Psychiatry. 2009; 14:959-967.
[PubMed: 19255582]

Taliaz D, Stall N, Dar DE, Zangen A. Knockdown of brain-derived neurotrophic factor in specific
brain sites precipitates behaviors associated with depression and reduces neurogenesis. Mol
Psychiatry. Jul 21.2009 [Epub ahead of print].

Dupret D, Revest JM, Koehl M, Ichas F, De Giorgi F, Costet P, et al. Spatial relational memory
requires hippocampal adult neurogenesis. PLoS One. 2008; 3:e1959. [PubMed: 18509506]
Imayoshi I, Sakamoto M, Ohtsuka T, Takao K, Miyakawa T, Yamaguchi M, et al. Roles of
continuous neurogenesis in the structural and functional integrity of the adult forebrain. Nat
Neurosci. 2008; 11:1153-1161. [PubMed: 18758458]

Clelland CD, Choi M, Romberg C, Clemenson GD Jr. Fragniere A, Tyers P, et al. A functional role
for adult hippocampal neurogenesis in spatial pattern separation. Science. 2009; 325:210-213.
[PubMed: 19590004]

Jessberger S, Clark RE, Broadbent NJ, Clemenson GD Jr. Consiglio A, Lie DC, et al. Dentate
gyrus-specific knockdown of adult neurogenesis impairs spatial and object recognition memory in
adult rats. Learn Mem. 2009; 16:147-154. [PubMed: 19181621]

Vollmayr B, Mahlstedt MM, Henn FA. Neurogenesis and depression: what animal models tell us
about the link. Eur Arch Psychiatry Clin Neurosci. 2007; 257:300-303. [PubMed: 17401725]
Kempermann G, Gage FH. Closer to neurogenesis in adult humans. Nat Med. 1998; 4:555-557.
[PubMed: 9585224]

Warner-Schmidt JL, Duman RS. Hippocampal neurogenesis: opposing effects of stress and
antidepressant treatment. Hippocampus. 2006; 16:239-249. [PubMed: 16425236]

Montaron MF, Drapeau E, Dupret D, Kitchener P, Aurousseau C, Le Moal M, et al. Lifelong
corticosterone level determines age-related decline in neurogenesis and memory. Neurobiol Aging.
2006; 27:645-654. [PubMed: 15953661]

Hitoshi S, Maruta N, Higashi M, Kumar A, Kato N, Ikenaka K. Antidepressant drugs reverse the
loss of adult neural stem cells following chronic stress. J Neurosci Res. 2007; 85:3574-3585.
[PubMed: 17668856]

Li S, Wang C, Wang W, Dong H, Hou P, Tang Y. Chronic mild stress impairs cognition in mice:
from brain homeostasis to behavior. Life Sci. 2008; 82:934-942. [PubMed: 18402983]

Liu Q, YuJ, Mao-Ying QL, Mi WL, Li B, Wang YQ, et al. Repeated clomipramine treatment
reversed the inhibition of cell proliferation in adult hippocampus induced by chronic unpredictable
stress. Pharmacogenomics J. 2008; 8:375-383. [PubMed: 18195730]

Stambor Z. Stressed out nation. Monitor on Psychology. 2006; 37:28.

Joels M, Karst H, Alfarez D, Heine VM, Qin Y, van Riel E, et al. Effects of chronic stress on
structure and cell function in rat hippocampus and hypothalamus. Stress. 2004; 7:221-231.
[PubMed: 16019587]

Mol Psychiatry. Author manuscript; available in PMC 2011 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Parihar et al.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 14

Heine VM, Zareno J, Maslam S, Joels M, Lucassen PJ. Chronic stress in the adult dentate gyrus
reduces cell proliferation near the vasculature and VEGF and FIk-1 protein expression. Eur J
Neurosci. 2005; 21:1304-1314. [PubMed: 15813940]

Galea LA, Wide JK, Barr AM. Estradiol alleviates depressive-like symptoms in a novel animal
model of post-partum depression. Behav Brain Res. 2001; 122:1-9. [PubMed: 11287071]

Pellow S, Chopin P, File SE, Briley M. Validation of open:closed arm entries in an elevated plus-
maze as a measure of anxiety in the rat. J Neurosci Methods. 1985; 14:149-167. [PubMed:
2864480]

Rao MS, Hattiangady B, Reddy DS, Shetty AK. Hippocampal neurodegeneration, spontaneous
seizures, and mossy fiber sprouting in the F344 rat model of temporal lobe epilepsy. J Neurosci
Res. 2006; 83:1088-1105. [PubMed: 16493685]

Abdel-Rahman A, Rao MS, Shetty AK. Nestin expression in hippocampal astrocytes after injury
depends on the age of the hippocampus. Glia. 2004; 47:299-313. [PubMed: 15293228]
Hattiangady B, Rao MS, Shetty AK. Plasticity of hippocampal stem/progenitor cells to enhance
neurogenesis in response to kainate-induced injury is lost by middle age. Aging Cell. 2008; 7:207—
224. [PubMed: 18241325]

Rao MS, Shetty AK. Efficacy of doublecortin as a marker to analyse the absolute number and
dendritic growth of newly generated neurons in the adult dentate gyrus. Eur J Neurosci. 2004,
19:234-246. [PubMed: 14725617]

Kempermann G, Gast D, Kronenberg G, Yamaguchi M, Gage FH. Early determination and long-
term persistence of adult-generated new neurons in the hippocampus of mice. Development. 2003;
130:391-399. [PubMed: 12466205]

Morris R. Developments of a water-maze procedure for studying spatial learning in the rat. J
Neurosci Methods. 1984; 11:47-60. [PubMed: 6471907]

Gourley SL, Kiraly DD, Howell JL, Olausson P, Taylor JR. Acute hippocampal brain-derived
neurotrophic factor restores motivational and forced swim performance after corticosterone. Biol
Psychiatry. 2008; 64:884-890. [PubMed: 18675955]

Wang SH, Zhang ZJ, Guo YJ, Teng GJ, Chen BA. Hippocampal neurogenesis and behavioural
studies on adult ischemic rat response to chronic mild stress. Behav Brain Res. 2008; 189:9-16.
[PubMed: 18258314]

Borcel E, Perez-Alvarez L, Herrero Al, Brionne T, Varea E, Berezin V, et al. Chronic stress in
adulthood followed by intermittent stress impairs spatial memory and the survival of newborn
hippocampal cells in aging animals: prevention by FGL, a peptide mimetic of neural cell adhesion
molecule. Behav Pharmacol. 2008; 19:41-49. [PubMed: 18195593]

Lucassen PJ, Heine VM, Muller MB, van der Beek EM, Wiegant VM, De Kloet ER, et al. Stress,
depression and hippocampal apoptosis. CNS Neurol Disord Drug Targets. 2006; 5:531-546.
[PubMed: 17073656]

Pham K, Nacher J, Hof PR, McEwen BS. Repeated restraint stress suppresses neurogenesis and
induces biphasic PSA-NCAM expression in the adult rat dentate gyrus. Eur J Neurosci. 2003;
17:879-886. [PubMed: 12603278]

Becker S, Macqueen G, Wojtowicz JM. Computational modeling and empirical studies of
hippocampal neurogenesis-dependent memory: Effects of interference, stress and depression.
Brain Res. 2009; 1299:45-54. [PubMed: 19651106]

Sahay A, Hen R. Hippocampal neurogenesis and depression. Novartis Found Symp. 2008;
289:152-160. discussion 160-154, 193-155. [PubMed: 18497101]

Boldrini M, Underwood MD, Hen R, Rosoklija GB, Dwork AJ, John Mann J, et al.
Antidepressants increase neural progenitor cells in the human hippocampus.
Neuropsychopharmacology. 2009; 34:2376-89. [PubMed: 19606083]

Ageta H, Murayama A, Migishima R, Kida S, Tsuchida K, Yokoyama M, et al. Activin in the brain
modulates anxiety-related behavior and adult neurogenesis. PLoS One. 2008; 3:¢1869. [PubMed:
18382659]

Bergami M, Rimondini R, Santi S, Blum R, Gotz M, Canossa M. Deletion of TrkB in adult
progenitors alters newborn neuron integration into hippocampal circuits and increases anxiety-like
behavior. Proc Natl Acad Sci U S A. 2008; 105:15570-15575. [PubMed: 18832146]

Mol Psychiatry. Author manuscript; available in PMC 2011 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Parihar et al.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Page 15

Smith SM, Vale WW. The role of the hypothalamic-pituitary-adrenal axis in neuroendocrine
responses to stress. Dialogues Clin Neurosci. 2006; 8:383-395. [PubMed: 17290797]

Yuen EY, Liu W, Karatsoreos IN, Feng J, McEwen BS, Yan Z. Acute stress enhances
glutamatergic transmission in prefrontal cortex and facilitates working memory. Proc Natl Acad
SciUS A. 2009

Joels M, Pu Z, Wiegert O, Oitzl MS, Krugers HJ. Learning under stress: how does it work? Trends
Cogn Sci. 2006; 10:152-158. [PubMed: 16513410]

McEwen BS. The neurobiology of stress: from serendipity to clinical relevance. Brain Res. 2000;
886:172-189. [PubMed: 11119695]

Joels M, Krugers H, Karst H. Stress-induced changes in hippocampal function. Prog Brain Res.
2008; 167:3-15. [PubMed: 18037003]

Muscatell KA, Slavich GM, Monroe SM, Gotlib IH. Stressful life events, chronic difficulties, and
the symptoms of clinical depression. J Nerv Ment Dis. 2009; 197:154-160. [PubMed: 19282680]
Gould E, Tanapat P, Rydel T, Hastings N. Regulation of hippocampal neurogenesis in adulthood.
Biol Psychiatry. 2000; 48:715-720. [PubMed: 11063968]

Mirescu C, Peters JD, Gould E. Early life experience alters response of adult neurogenesis to
stress. Nat Neurosci. 2004; 7:841-846. [PubMed: 15273691]

Garcia A, Steiner B, Kronenberg G, Bick-Sander A, Kempermann G. Age-dependent expression of
glucocorticoid- and mineralocorticoid receptors on neural precursor cell populations in the adult
murine hippocampus. Aging Cell. 2004; 3:363-371. [PubMed: 15569353]

Yu IT, Lee SH, Lee YS, Son H. Differential effects of corticosterone and dexamethasone on
hippocampal neurogenesis in vitro. Biochem Biophys Res Commun. 2004; 317:484-490.
[PubMed: 15063783]

Deisseroth K, Singla S, Toda H, Monje M, Palmer TD, Malenka RC. Excitation-neurogenesis
coupling in adult neural stem/progenitor cells. Neuron. 2004; 42:535-552. [PubMed: 15157417]
Nakamichi N, Takarada T, Yoneda Y. Neurogenesis mediated by gamma-aminobutyric acid and
glutamate signaling. J Pharmacol Sci. 2009; 110:133-149. [PubMed: 19483378]

Lupien SJ, Wilkinson CW, Briere S, Menard C, Ng Ying Kin NM, Nair NP. The modulatory
effects of corticosteroids on cognition: studies in young human populations.
Psychoneuroendocrinology. 2002; 27:401-416. [PubMed: 11818174]

Joels M. Corticosteroid effects in the brain: U-shape it. Trends Pharmacol Sci. 2006; 27:244-250.
[PubMed: 16584791]

Molteni R, Fumagalli F, Magnaghi V, Roceri M, Gennarelli M, Racagni G, et al. Modulation of
fibroblast growth factor-2 by stress and corticosteroids: from developmental events to adult brain
plasticity. Brain Res Brain Res Rev. 2001; 37:249-258. [PubMed: 11744090]

Molteni R, Calabrese F, Cattaneo A, Mancini M, Gennarelli M, Racagni G, et al. Acute stress
responsiveness of the neurotrophin BDNF in the rat hippocampus is modulated by chronic
treatment with the antidepressant duloxetine. Neuropsychopharmacology. 2009; 34:1523-1532.
[PubMed: 19020498]

Jin K, Sun'Y, Xie L, Batteur S, Mao XO, Smelick C, et al. Neurogenesis and aging: FGF-2 and
HB-EGF restore neurogenesis in hippocampus and subventricular zone of aged mice. Aging Cell.
2003; 2:175-183. [PubMed: 12882410]

Lichtenwalner RJ, Forbes ME, Bennett SA, Lynch CD, Sonntag WE, Riddle DR.
Intracerebroventricular infusion of insulin-like growth factor-1 ameliorates the age-related decline
in hippocampal neurogenesis. Neuroscience. 2001; 107:603-613. [PubMed: 11720784]

Lee J, Seroogy KB, Mattson MP. Dietary restriction enhances neurotrophin expression and
neurogenesis in the hippocampus of adult mice. J Neurochem. 2002; 80:539-547. [PubMed:
11905999]

Decressac M, Prestoz L, Veran J, Cantereau A, Jaber M, Gaillard A. Neuropeptide Y stimulates
proliferation, migration and differentiation of neural precursors from the subventricular zone in
adult mice. Neurobiol Dis. 2009; 34:441-449. [PubMed: 19285132]

Howell OW, Silva S, Scharfman HE, Sosunov AA, Zaben M, Shatya A, et al. Neuropeptide Y is
important for basal and seizure-induced precursor cell proliferation in the hippocampus. Neurobiol
Dis. 2007; 26:174-188. [PubMed: 17317195]

Mol Psychiatry. Author manuscript; available in PMC 2011 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Parihar et al.

Page 16

75. Lee JS, Jang DJ, Lee N, Ko HG, Kim H, Kim Y, et al. Induction of neuronal vascular endothelial
growth factor expression by cAMP in the dentate gyrus of the hippocampus is required for
antidepressant-like behaviors. J Neurosci. 2009; 29:8493-8505. [PubMed: 19571140]

Mol Psychiatry. Author manuscript; available in PMC 2011 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Parihar et al. Page 17

Analyses with Forced Swim Test (FST)

A 200

o w 200

- £

s 150 g

= = _ 150

£ 8 £3

£ S 100 E S

£ Y

2 E

= 50 = 50
0

0

Analyses with Elevated Plus Maze (EPM) Test

C D
g ., 6 Z
_m
t 8 p<0.05 - p<0.05
s < el
<« £, 52
® 2 S v 12
58S 7 g
E S E<
=)

0 0
E F
> 8 @ 75
5 =
£ p>0.05 = 5 ped.05
:S. -
=2 EL
g Fz "
St
® O 4 U =
s E <
= = =5 25
Z 5 =9

o
0 0

B = Control Rats I = Rats that underwent PCMS

Figure 1.
The bar charts A & B illustrate the results of forced swim test (FST) at one day (A) and 2

months (B) after the predictable chronic mild stress (PCMS) regimen. Note that, rats that
underwent PCMS spend considerably reduced time in immobility (or floating), in
comparison to the age-matched control rats that underwent handling alone at both early and
extended time-points after PCMS. Reduced immobility time is an indication of reduced
depressive-like behavior in the PCMS treated rats at both time-points. The bar charts C-F
illustrate the results of elevated plus maze (EPM) test at 2 day (C, D) and 2 months (E, F)
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after the predictable chronic mild stress (PCMS) regimen. Note that, rats that underwent
PCMS exhibit greater numbers of entries into the open arm and spend considerably greater
time in the open arm, in comparison to the age-matched control rats that underwent handling
alone at both early (C, D) and extended (E, F) time-points after PCMS. Reduced immobility
time is an indication of reduced depressive-like behavior in PCMS treated rats at both time-
points. The number of entries and time spent in open arms were used as indices of anxiety
like behavior.
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Figure 2.
Representative photomicrographs depicting the distribution of newly born cells (i.e. BrdU+

cells) in the subgranular zone-granule cell layer (SGZ-GCL) of hippocampi from an age-
matched control rat (A1, A2) and a rat that underwent predictable chronic mild stress for 28
days (B1, B2). Scale bar, A1, B1 =200 um; A2, B2 =50 um; DH, dentate hilus. Figure C1
compares the total numbers of newly born cells generated per day in the SGZ-GCL between
control rats (n=6) and rats that underwent PCMS (n=6). Values represent means and
standard errors of the mean. Note that, PCMS group exhibits significantly greater numbers
of newly born cells than the control group. Figures D1-D3 illustrate newly born cells (i.e.
the BrdU+ cells shown in green color) expressing doublecortin (DCX, red color) in the
subgranular zone-granule cell layer of a rat treated with PCMS, visualized through BrdU-
DCX dual immunofluorescence and Z-section analyses using a laser confocal microscope.
Figure D4 shows an orthogonal view of a newly born cell expressing BrdU and DCX.
Figure E1 shows percentages of newly born cells that differentiate into DCX+ neurons in the
control and PCMS treated groups. Note that, the neuronal fate choice decision is similar
between the two groups. Figure F1 illustrates the net neurogenesis based on the total
numbers of BrdU+ cells and percentages of BrdU+ cells expressing DCX. The net
neurogenesis is much greater in the PCMS group, in comparison to the control group.
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Figure3.
Distribution of newly born neurons expressing doublecortin (DCX) in the subgranular zone-

granule cell layer (SGZ-GCL) of hippocampi from an age-matched control rat (A1, A2) and
a rat that underwent predictable chronic mild stress for 28 days (B1, B2). Scale bar, Al, B1
=200 pm; A2, B2 = 50 pm; SGZ-GCL to adult rats. DH, dentate hilus; ML, molecular layer.
The bar chart in Figure C1 compares the total numbers of DCX+ neurons (depicting the
overall status of neurogenesis) in the SGZ-GCL between control rats (n=6) and rats that
underwent PCMS (n=6). Values represent means and standard errors of the mean. Note that,
the PCMS group exhibits significantly greater numbers of newly born neurons than the
control group.
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Figure4.
Figure A illustrates drawings of representative neurons from the control and PCMS groups

using Neurolucida. Scale bar = 50um. ML, Molecular layer. The bar charts (B-D) compare
the total dendritic length (B), numbers of dendritic nodes (C), and numbers of dendritic
endings (D) of relatively mature DCX+ newly born neurons between control rats and rats
treated with predictable chronic mild stress (PCMS). Note that, newly born neurons from the
PCMS treated group exhibit considerably higher values for all parameters of the dendritic
growth.
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Comparison of Learning in Water Maze Test (WMT)
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Figureb5.
Figures A-B illustrate data pertaining to learning in the water maze test (WMT) between

control and PCMS treated groups. Note that, both groups exhibited excellent spatial learning
ability, as evidenced by progressive decreases in the latency to reach the platform over 7
sessions and similar r2 values (A), and >80% reduction in the latency to reach the platform
between the first and last sessions of learning (B). Figures C-F compare the results of probe
(memory retention) test performed at 24 hrs after the last learning session between control
and PCMS treated groups. Note that all parameters of the memory retention (latency to
reach the platform area, dwell time in platform area, platform area crossings and dwell time
in the platform quadrant) in the PCMS treated group are superior to the control group. The
bar charts G-I compare the control and PCMS treated groups for the time spent with: (i) the
familiar object (G); (ii) the novel object (H); and (iii) both familiar and novel objects (i.e.
total exploration time; I). The bar chart in J illustrates the discrimination index for the novel
object in both groups. Note that, in rats treated with PCMS, both time spent with the novel
object (H) and the discrimination index for the novel object (J) are significantly greater than
in age-matched control rats, which are suggestive of a superior memory function in the
PCMS treated rats.
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