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Abstract—The hippocampus is a brain region that is partic-
ularly susceptible to structural and functional changes in
response to chronic stress. Recent literature has focused on
changes in gene transcription mediated by post-translational
modifications of histones in response to stressful stimuli.
Chronic variable stress (CVS) is a rodent model that mimics
certain symptoms of depression in humans. Given that stress
exhibits distinct effects on the cells of the sub-regions of the
hippocampus, we investigated changes in histone acetyla-
tion in the CA1, CA3, and dentate gyrus (DG) of the hip-
pocampus in response to CVS. Western blotting revealed a
significant decrease in acetylation of histone 4 (H4) at Lys12
in CA3 and DG of CVS animals compared to control animals.
Furthermore, phospho-acetyl H3 (Lys9/Ser10) was also de-
creased in the CA3 and DG regions of the hippocampus of
CVS animals. In addition, since histone deacetylases
(HDACSs) contribute to the acetylation state of histones, we
investigated the effects of two HDAC inhibitors, sodium bu-
tyrate, a class | and Il global HDAC inhibitor, and sirtinol, a
class lll sirtuin inhibitor, on acetylation of histone 3 (H3) and
H4. Application of HDAC inhibitors to hippocampus slices
from control and CVS animals revealed increased histone
acetylation in CVS animals, suggesting that levels of histone
deacetylation by HDACs were higher in the CVS animals
compared to control animals. Interestingly, histone acetyla-
tion in response to sirtinol was selectively increased in the
slices from the CVS animals, with very little effect of sirtuin
inhibitors in slices from control animals. In addition, sirtuin
activity was increased specifically in CA3 and DG of CVS
animals. These results suggest a complex and regionally-
specific pattern of changes in histone acetylation within the
hippocampus which may contribute to stress-induced
pathology. © 2011 IBRO. Published by Elsevier Ltd. All rights
reserved.

Key words: epigenetics, chronic stress, hippocampus, his-
tone deacetylases, depression, sirtuins.

Chronic exposure to repeated stress is characterized by
hyperactivity of the hypothalamic pituitary adrenal (HPA)
axis and increased vulnerability to mental health pathology
such as depression (Herman et al., 2005; McEwen, 2007).
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A POTENTIAL ROLE OF SIRTUINS

In the hippocampus, chronic stress induces several struc-
tural and functional changes including decreased neuro-
genesis in the dentate gyrus (DG) (Heine et al., 2004),
suppression of synaptic plasticity in CA1 (Pavlides et al.,
2002; Alfarez et al., 2003), atrophy in the apical dendrites
of CA3 pyramidal neurons (Watanabe et al., 1992; Conrad
et al.,, 1996; Magarinos et al., 1996), and impairment in
hippocampus-dependent learning and memory (Conrad et
al., 1996; Kleen et al., 2006; Song et al., 2006; Li et al.,
2008a).

Recent literature aimed at uncovering the neurobiolog-
ical basis underlying stress-induced changes in the hip-
pocampus has focused on epigenetic regulation of chro-
matin (Weaver et al., 2004; Tsankova et al., 2006; Renthal
et al., 2007). Post-translational modifications of amino acid
residues on histone tails, one possible mechanism of epi-
genetic regulation, alter the structural conformation of
chromatin, thereby controlling the access to DNA by tran-
scriptional machinery (Herrera et al., 2000). In general,
acetylation of lysines and phosphorylation of serines and
threonines relaxes the DNA-histone interaction. This mod-
ification allows for permissive binding by transcriptional
machinery and promotion of gene transcription (Jenuwein
and Allis, 2001; Felsenfeld and Groudine, 2003). Post-
translational modification of histones in the brain have
been demonstrated in several neuropsychological disor-
ders like schizophrenia and bipolar disorder (Tsankova et
al., 2007; Jiang et al., 2008), as well as in response to
acute and chronic environmental stimuli (Tsankova et al.,
2004, 2006; Renthal et al., 2007; Jiang et al., 2008). Most
importantly, several studies demonstrated that histone
modifications underlie processes that occur in the hip-
pocampus including neuronal differentiation, neurodegen-
eration, synaptic plasticity and memory formation (Reul
and Chandramohan, 2007; Abel and Zukin, 2008; Jiang et
al., 2008).

Histone acetylation is tightly controlled by the antago-
nistic actions of two protein families, histone acetyltrans-
ferases (HATs) and histone deacetylases (HDACs). HATs
catalyze acetylation reactions, whereas HDACs remove
acetyl groups from lysine residues thereby controlling gene
expression through transcriptional repression (reviewed in
Berger, 2007). The HDACs are a super-family of 18 pro-
teins made up of four main classes: Class | (HDAC1-3, 8),
Class Il (HDAC4-10), Class lll (sirtuin 1-7), and Class IV
(HDAC11) (de Ruijter et al., 2003; Denu, 2005). The class
Il HDACs function via a novel mechanism requiring the
co-factor NAD™ (nicotinamide adenine dinucleotide) for
enzymatic activity (Denu, 2005). Studies suggest that
HDAC inhibitors have antidepressant-like effects in animal
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models of stress-induced depression (Schroeder et al.,
2007; Covington et al., 2009; Gundersen and Blendy,
2009).

The aim of this study was to investigate regulation of
post-translational modification of histones in the subre-
gions of the hippocampus of male rats that occur in re-
sponse to chronic variable stress (CVS). We first con-
firmed the physiological measures of stress in our CVS rat
model. Furthermore, we determined the participation of
HDACSs and sirtuins in acetylation of lysine 12 (K12) his-
tone 4 (H4) and phospho-acetylation of lysine 9/serine 10
(K9/S10) histone 3 (H3) in the hippocampus of chronically
stressed animals. Finally, we investigated sirtuin 1 (Sirt1)
activity in the hippocampus of CVS animals compared to
control animals.

EXPERIMENTAL PROCEDURES
Animals

Male Wistar rats (42 days of age upon arrival) were purchased
from Harlan Inc. (Indianapolis, IN, USA). On arrival, animals were
housed in pairs on a 12:12 light/dark cycle (lights on at 0700 h)
and received food and water ad libitum. Animals were given 14
days to acclimate prior to experimental manipulation. All experi-
mental procedures were conducted during the light cycle and
performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were
approved by the Tulane University Institutional Animal Care and
Use Committee.

Chronic variable stress

Animals were randomly assigned to CVS and control groups at 56
days of age. CVS was conducted using a modified method previ-
ously reported (Herman et al., 1995). Briefly, the CVS paradigm
consisted of twice-daily exposure to stressors applied over 14
consecutive days. Morning stressors were administered between
0830 and 1130, and afternoon stressors were administered be-
tween 1330 and 1630. Overnight stressors (social isolation or
social crowding) began immediately after cessation of the after-
noon stressor and concluded with the start of the next day’s
morning stressor. Stressors consisted of warm swim (20 min at
31-33 °C), cold swim (10 min at 16-18 °C), cold room (1-h at
4 °C, two rats per cage without bedding), rotation (1-h at 100 rpm),
social isolation (overnight, one rat per cage), and social crowding
(overnight, six rats per cage). With the exception of the overnight
stressors, the daily stressors were applied in a semi-randomized
manner with each stressor being assigned equally over the 14
days. All animals, control and CVS, were weighed every other
day. On the morning of day 15, animals were killed by rapid
decapitation, trunk blood collected, and adrenal glands weighed.
Animals were killed between 0900 and 1000, when corticosterone
levels are lowest, and at least 16 h after administration after the
last stressor.

Sucrose preference test

Sucrose preference was assessed based on methodology previ-
ously described (Rygula et al., 2005). Briefly, a subset of rats was
tested for sucrose preference on day 0 and day 14 of CVS
protocol. Rats were given 12 h (0700—-1900) to habituate to a free
choice between two bottles, both containing tap water. At 1900,
one bottle was replaced with 3% sucrose. The other bottle re-
mained as tap water. Animals were given free choice between
sucrose and tap water for 12 h (1900—0700). To prevent possible
effects of side preference, the position of the sucrose bottle was

randomly distributed among the cages. Consumption was calcu-
lated as the percentage of sucrose fluid volume consumed to total
fluid volume consumed.

Corticosterone assay

Trunk blood was allowed to coagulate at room temperature for 90
min. Samples were centrifuged at 2000Xxg for 15 min, serum
collected and samples stored at —20 °C. Samples were sent to the
University of Virginia Center for Research in Reproduction Ligand
Assay and Analysis Core for corticosterone measurements.

Hippocampal slice preparation and pharmacological
manipulations

Animals were killed by rapid decapitation. The brain was rapidly
removed and immersed in ice-cold aCSF containing (in mM): 125
NaCl, 2.5 KCl, 1.25 NaH,PO,, 25 NaHCO; 2 CaCl,, 1 MgCl,, 25
glucose. Transverse slices (400 wm) were prepared with a Vi-
bratome (St. Louis, MO, USA). The hippocampus was isolated
from transverse slices and allowed to equilibrate in aCSF for 1-h
at 32 °C. All solutions were saturated with 95/5% O,/CO,. Slices
were treated with the following drugs for 1-h at 32 °C: DMSO
vehicle, 100 uM Sirtinol (Calbiochem), aCSF vehicle, or 300 uM
sodium butyrate (Sigma).

Histone extraction

The brain was removed and immersed in ice-cold aCSF. 1 mm
coronal sections were made using a brain matrix (Braintree
Scientific) and the hippocampus was subdivided into CA1, CA3
and DG regions under direct visualization for histone and pro-
tein extraction. Fig. 1 indicates the regions dissected from
anterior and posterior hippocampal slices. Histones were ex-
tracted in homogenization buffer containing (in mM): Sucrose
250, Tris pH 7.5 50, KCI 50, PMSF 5, sodium butyrate 20,
sodium orthovanadate. Sample was centrifuged at 7700 G for
1-min. Pellet was resuspended in 0.4 N H,SO, and centrifuged
at max speed for 10 min at 4 °C. Trichloroacetic acid+4 mg/ml
deoxychloric acid was added to the supernatant and centri-
fuged at max speed for 30 min at 4 °C. Histones were extracted
with cold acidified acetone and centrifuged at max speed for 5
min at 4 °C. The histone pellet was resuspended in 10 mM Tris,
pH 8.0 and stored at —80 °C. Protein concentration was deter-
mined through Lowry protein assay. Samples were normalized
to 0.5 png/ul and 4 X sample buffer was added (0.3 M Tris, 40%
glycerol, 8% SDS, 200 mM DTT, and Bromophenol Blue).
Histones were separated on a 15% gel and transferred to
Immobilon for Western blotting.

Western blotting

Nuclear proteins were extracted using Chemicon’s compartmental
protein extraction kit. Protein concentration was determined
through Lowry protein assay. Samples were normalized to 0.5
ng/ul and 4X sample buffer was added. Nuclear proteins were
separated on a 10% SDS-PAGE gel. Blots were probed for anti-
acetyl p53 (lysine 379) antibody (1:1000, Cell Signaling Tech),
anti-p53 antibody (1:1000, Cell Signaling Tech), anti-sirtuin1 an-
tibody (1:500, Santa Cruz), and anti-HDACS5 antibody (1:1000,
Cell Signaling Tech).

Histone fractions were probed for the following antibodies:
anti-acetyl lysine 12 (K12) H4 (1:1000, Cell Signaling), anti-his-
tone 3 (1:1000, Cell Signaling), anti-acetyl lysine (K9)-and phos-
pho serine10 (S10) -histone 3 (1:1000, Cell Signaling). Blots for
modified histone antibody were stripped and re-probed for total
histone 3. The histone 4 antibody was undetectable; therefore all
histone modifications (K9/S10 H3 and K12H4) are normalized to
total H3 protein expression. Chemiluminescence was detected
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Fig. 1. Diagram of anterior and posterior hippocampal slice preparations (Paxinos and Watson, 2007). 1 mm coronal slices were prepared using a
brain matix which allows for uniform slice preparation and accurate tissue blocking. The hippocampus was dissected out under direct visualization.
Dashed lines are representative of the subregions of the hippocampus dissected into CA3, CA1, and DG regions.

with either ECL (Amersham, UK) or Super Signal (Pierce, Rock-
ford, IL, USA). Blots were exposed on Kodak XOMAT LS film.
Band densitometry was calculated as the mean grey value multi-
plied by the area (background subtracted) and were analyzed
using Image J.

Sirtuin1 activity assay

Sirtuin 1 activity was assessed in nuclear extracts from hip-
pocampus preparations via a commercially available kit (sirtuin
1 activity assay kit; Calbiochem). Briefly, protein concentration
was normalized across samples to a final concentration of 1
ng/ul. Samples were incubated with 100 uM of the sirtuin 1
acetylated (lysine 382) p53 substrate in the presence of 500 uM
NAD™ for 45 min at 37 °C. Deacetylation of the Sirt1 substrate
produces a fluorescence signal upon the addition of the devel-
oper compound. Fluorescence was read in clear, half-volume
96-well plates on SpectraMAX Gemini XS fluorescence plate
reader (excitation 355 nm, emission 465 nm, gain=85). Calcu-
lation of net fluorescence was obtained by subtraction of the
blank control value from the triplicate mean of each samples
fluorescence readings.

Statistical analysis

Statistical analyses were performed using ANOVA followed by
Bonferroni or Tukey’s post-hoc test comparisons when appropri-
ate. The Student t-test was used for pair-wise comparisons. All
analysis was performed using Graph Pad 5.

RESULTS

Physiological and behavioral markers of chronic
variable stress

The rodent model of CVS mimics chronic stress in humans
and provides a model of neuropsychological conditions like
chronic stress-induced depression (Katz et al., 1981; Katz
and Sibel, 1982; Sapolsky et al., 1986; Herman et al.,
1995). Animals exposed to mild stressors applied over
several weeks to several months exhibit many symptoms
similar to those observed in depressed patients, including
high circulating glucocorticoid levels (Raone et al., 2007),
attenuation of weight gain (Marin et al., 2007), adrenal
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Fig. 2. Physiological measures of chronic stress. Quantification of physical parameters from animals subjected to either control conditions or 14 d of
chronic variable stress (CVS). (A) CVS results in a significant decrease in weight gain (n=12) compared to control (n=12). (B) Serum levels of
corticosterone from trunk blood are increased in CVS animals compared to control animals (n=9). (C) A significant increase in adrenal weight relative
to body weight was seen in CVS animals compared to control animals (measured as mg/100 g body weight; n=12). (D) A reduction in sucrose
preference was observed following CVS (measured as % sucrose intake/total fluid intake; n=6). Data are shown as means+SE; * P<0.05 vs. control;

** P<0.01 vs. control; *** P<0.0001 vs. control.

hypertrophy (Ulrich-Lai et al., 2006) and anhedonia (Will-
ner et al., 1987, 1992; Zurita et al., 2000; Rygula et al.,
2005) as well as impaired cognitive functions (Bondi et al.,
2008). Rats subjected to CVS for 14 days and weighed
every other day demonstrated a significant decrease in
body weight gain (Fig. 2A) compared to handled controls.
Two-way ANOVA revealed a significant effect of stress
[F(1,322)=18.84, P<0.0001], time [F(7,322)=98.60, P<
0.0001], and stressxtime interaction [F(7,322)=493.85,
P<0.0001]. Subsequent Bonferroni post hoc tests con-
firmed a significant reduction in body weight gain by day 5
(P<0.05), which persisted throughout the remainder of the
experiment (day 7, 9, 11, 13, 15 P<0.0001). Additionally,
CVS animals showed a significant increase in plasma
corticosterone levels [Fig. 2B; 70.1£19.7 ng/ml (n=9)
compared to control animals 19.5+3.3 ng/ml (n=10),
P=0.0281] and adrenal hypertrophy [Fig. 2C; 20.4+0.8
mg/100 g body weight (n=12) compared to control ani-
mals with 14.2+0.4 mg/100 g body weight (n=12),
P<0.0001].

Anhedonia, or the decreased ability to experience
pleasure, is one of the core clinical symptoms of depres-
sion (American Psychiatric Association, 2000). The su-
crose preference test, which measures the rat’s con-
sumption of a palatable rewarding substance over a less
appetitive choice, is a behavioral measure of anhedonia
in rats that is affected during exposure to chronic stress
(Willner et al., 1987; Rygula et al., 2005). Fig. 2D shows
that control animals demonstrated a clear preference for

sucrose (81.6+£2.3% total volume consumed, n=6)
while CVS animals failed to show sucrose preference
(563.1£4.0% total volume consumed, n=6, P=0.004).
No difference was observed between control and CVS
animals in total fluid intake (P=0.3000; data not shown).
This suggests that CVS does not affect fluid consump-
tion but does alter preference for sucrose fluid. To-
gether, these data confirm that our animals showed
signs of chronic stress previously described.

Regulation of histone acetylation by chronic variable
stress

To first assess the effects of chronic stress on histone H3 and
histone H4 acetylation in the whole hippocampus, rats were
subjected to CVS for 14 days and levels of histone acetyla-
tion at several lysine residues were examined. CVS resulted
in a significant decrease in band density of the acetylated
lysine 12 (K12) H4 antibody (61+12%, n=6 compared to
control animals at 100+=10%, n=5; P=0.0336) and the phos-
pho-acetylated antibody of lysine 12/serine 10 (K9/S10) H3
(20+5%, n=6 compared to control animals at 100=17%,
n=4; P=0.0005; data not shown) in the whole hippocampus.
No significant difference in band density between control and
CVS animals was observed on lysine 8 (K8) H4, lysine 16
(K16) H4, or lysine 18 (K18) H3 (data not shown). This
suggests that acetylation of K12H4 and K9/S10 H3 is de-
creased in the hippocampus of CVS animals. Given these
results, and that chronic stress exhibits distinct effects on
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Fig. 3. Histone acetylation changes in the hippocampus are subregion-specific. Quantification and representative Western blots of histone acetylation
extracted from subdissected hippocampus of control and chronic variable stress (CVS) animals. (A) Immunoblotting of acetylated histone 4 lysine 12
[aH4(K12)] antibody showed a trend toward a decrease in the CA1 region of the hippocampus in CVS animals compared to control animals. (B) A
significant decrease in acetylation of H4(K12) was observed in CA3. (C) In the dentate gyrus (DG) region of the hippocampus, CVS resulted in a
significant decrease in band density of aH4(K12) acetylated antibody compared to control animals. (D, E, F) Representative Western blots of aH4(K12)
and total H3 for CA3 (D), CA1 (E) and DG (F) regions of the hippocampus. (G) Western blotting of phospho-acetylation of histone 3 at lysine9/serine

10 [paH3(K9/S10)] demonstrated that levels remained unchanged in CA1

. (H) A significant decrease in paH3(K9/S10) band density was observed in

CA3 of CVS animals compared to control animals. (I) A significant difference in paH3(K9/S10) was observed in the DG between control and CVS
animals. (J, K, L) Representative Western blots of paH3 (K9/S10) and total H3. Data are shown as means=SE; * P<<0.05 vs. control (n=5-6 animals

per group).

cells of the subregions of the hippocampus, we chose to
focus on K12H4 and K9/S10 H3 for the detailed localization
of the histone acetylation changes in response to chronic
variable stress.

No significant change in acetylated K12H4 band den-
sity was observed in CA1 although a trend was observed
(Fig. 3A, D; n=6, P=0.056). However, a significant de-
crease in band density of the acetylated K12H4 antibody
was observed in CA3 (Fig. 3B, E; 53+8%, n=6) and DG
(Fig. 3C, F; 5810%, n=6) of the hippocampus compared
to control animals [CA3 (100+18%, n=5, P=0.033), DG
(100=11%, n=5, P=0.022)]. For phospho-acetylated K9/
S10 H3, again no significant difference in band density was
observed in the CA1 region of the hippocampus (Fig. 3G,
J). A significant decrease in band density for the phospho-
acetylated K9/S10 H3 antibody was observed only in CA3

(Fig. 3H, K; 60+8%, n=6 compared to control animals at
100+15%, n=5, P=0.036) and DG (Fig. 3I, L; 76x5%,
n=5 compared to control animals at 100=7%, n=5,
P=0.027). These results show a region-specific change in
histone acetylation in CA3 and DG of the hippocampus.

The role of histone deacetylases in chronic variable
stress

Two possible mechanisms could mediate the decrease in
histone acetylation that we observed. One possibility is
increased HDAC activity and the other is decreased HAT
activity in the CVS animals. HDACs are one of the key
enzymes responsible for regulating histone acetylation,
and they have shown promise as a potential therapeutic
target in several human diseases. Therefore, HDAC activ-
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Fig. 4. Deacetylation of histones by Class I/ll histone deacetylases (HDACs) in control and CVS-treated hippocampus. Western blot analysis of
changes in histone 3 and histone 4 acetylation in response to HDAC inhibition in whole hippocampus slices from control and chronic variable stress
(CVS) animals treated for 1-h with either vehicle or 300 um sodium butyrate (NaB). (A) Quantification of percentage change from vehicle treated slices
in acetylation of lysine 12 on histone 4 [aH4(K12)]. A significant increase from vehicle in K12H4 acetylation was observed in CVS animals compared
to control animals. (B) Phospho-acetylation of lysine 9/serine 10 on histone 3 [paH3(K9/S10)] quantification of percentage change mediated by NaB
compared to vehicle treated slices. No significant change from vehicle was observed in CVS animals compared to control animals. (C) Quantification
and representative Western blots from nuclear protein extracted from subdissected hippocampus tissue from control and CVS animals. A significant
increase in histone deacetylase 5 (HDACS5) protein expression was observed in the CA1 region of CVS animals compared to control animals with no
change in either CA3 or DG. Representative Western blot of GAPDH protein expression are shown as a loading control. Data are shown as

means=*SE; * P<0.05 vs. control (=4 animals per group).

ity in the hippocampus of control and CVS animals was
investigated. In order to do this, we reasoned that applica-
tion of HDAC inhibitors to hippocampus slices would cause
larger increases in histone acetylation relative to vehicle-
treatment in the experimental group where HDACs were
most active. Hippocampus slices from control and CVS
animals were incubated with either 300 um sodium bu-
tyrate (NaB), a broad inhibitor of class I/ll HDACs, or 100
wm sirtinol, an inhibitor of the Class Il sirtuins. The
changes in histone acetylation of drug-treated slices rela-
tive to slices that were treated with vehicle, where no
change in activity is expected, were examined. The con-
centrations of these drugs were previously demonstrated
to effectively inhibit HDACs (Levenson et al., 2004) and
sirtuins (Renthal et al., 2009) in the slice preparation. A
significant increase in the magnitude of change in acety-
lation in response to HDAC inhibition compared to vehicle-
treated slices was observed on K12H4 in the hippocampus
slices of CVS animals incubated with NaB [Fig. 4A;
263+54% (n=4) compared to control animals at 65+23%
(n=4), P=0.015]. No significant difference was observed
in phospho-acetylation of histone H3 between control and
CVS slices that were treated with NaB (Fig. 4B). Since
NaB caused a significant increase in acetylation of K12H4
and not K9/S10 H3, these results suggest that Class I/1l
HDAC deacetylation of K12H4 is increased in the hip-
pocampus of CVS animals.

Previous research has shown that HDACS, a class Il
HDAC, is upregulated in the hippocampus in response to
chronic psychological stimuli. This increase in HDACS pro-
tein expression was attenuated by administration of the
antidepressant imipramine (Tsankova et al., 2006).
HDACS5 protein expression was examined throughout the
subregions of the hippocampus of control and CVS ani-
mals (Fig. 4C). Two-way ANOVA of the western blots
revealed a significant effect of brain region [F(2,17)=
4.966, P<0.05] and brain regionXcondition interaction
[F(2,17)=4.966, P<0.05]. Subsequent Bonferroni post hoc
tests confirmed a significant increase in HDAC5 protein
expression in only the CA1 region of the hippocampus
(P<0.001). These results suggest that HDAC5 protein
expression is increased in the CA1 area of CVS animals,
but not CA3 or the DG, where the histone modifications
were observed.

We also investigated the deacetylation of histones by
the Class Il sirtuin family. In CVS animals, incubation of
slices with the sirtuin inhibitor, sirtinol, resulted in a signif-
icant increase relative to vehicle-treated slices in acetyla-
tion of K12H4 [Fig. 5A; 107+14% (n=4), P=0.0015]. This
effect was not observed in control animals [1=6% (n=4)].
Furthermore, sirtinol produced a significant change from
vehicle in phospho-acetylation of K9/S10 H3 in the CVS
group [Fig. 5B; 451£130% (n=4) compared to control
animals at —28+52% (n=4), P=0.0301]. Interestingly,
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chronic variable stress (CVS) treated hippocampus. Western blot anal-
ysis of histone acetylation extracted from whole hippocampus slices
from control and chronic variable stress (CVS) animals treated for 1-h
with either vehicle or 100 um sirtinol. (A) Quantification of percentage
change from vehicle treated slices in acetylation of K12H4. Pharma-
cological application of sirtinol resulted in a significant increase from
vehicle in CVS animals compared to control animals. (B) Phospho-
acetylation of K9/S10 H3 quantification of percentage change from
vehicle treated slices. A significant increase from vehicle in phospho-
acetylation of H3 was observed in CVS animals compared to control
animals. Data are shown as means*=SE; * P<0.05 vs. control;
** P<0.01 vs. control (n=4 animals per group).

these results suggest that deacetylation of histones by
sirtuins is selectively increased in the hippocampus of CVS
animals compared to control animals, which demonstrate
low levels of histone deacetylation by sirtuins.

Chronic variable stress increases the activity of
sirtuin 1 in the hippocampus with no effect on
protein expression

Of the seven mammalian homologues of sirtuins, Sirt1,
Sirt2, Sirt3, and Sirt5 have characterized deacetylase func-
tions, however Sirt3 and Sirt5 are functionally restricted to
the mitochondria limiting their role in nuclear transcriptional
regulation (Whittle et al., 2007). Furthermore Sirt1, Sirt2,
and Sirt5 are expressed in the brain (Denu, 2005). Sirt1
demonstrates promiscuous enzymatic activity within the
nucleus and the cytoplasm. In addition to its role as an
HDAC, has been shown to deacetylate several non-his-
tone targets including hormone receptors (Whittle et al.,
2007; Wang et al., 2008), p300 (Bouras et al., 2005), and
several transcription factors (Haigis and Guarente, 2006).
Sirt1 is highly expressed within the structures of the hip-
pocampus and hypothalamus which have an important
role in the HPA axis response to stress (Ramadori et al.,
2008). Therefore we investigated whether Sirt1 protein
expression was increased in the hippocampus following

CVS. Surprisingly, we observed no significant interaction
in Sirt1 protein expression in CA1, CA3, or DG regions of
the hippocampus following CVS [Fig. 6A; Two-way
ANOVA, n=4, P=0.342]. Further examination of the spe-
cific activity of Sirt1 (see methods) within the nuclear ex-
tract from the subregions of the hippocampus of CVS
animals revealed a main effect of condition [Fig. 6B; Two-
way ANOVA, F(1,18)=8.377, P<0.01]. Subsequent Bon-
ferroni test revealed a significant increase in Sirt1 activity
in the CA3 [n=4, P<0.0001] and DG [n=4, P<0.05]. No
significant difference in Sirt1 activity was observed in CA1
between control and CVS animals (Fig. 6B).

To confirm these results another substrate for Sirt1,
acetylated (lysine 379) p53, was investigated. Immunoblot-
ting for this antibody has been used a marker for Sirt1
activity in vivo (Kim et al., 2007b; Ramadori et al., 2008).
Fig. 6C shows that a two-way ANOVA of Western blot data
revealed a significant effect of condition [F(1,30)=31.82,
P<0.001], brain region [F(2,30)=5.957, P<0.01], and
brain regionXcondition interaction [F(2,30)=5.957, P<
0.01]. Subsequent Bonferroni post hoc tests confirmed a
significant decrease in p53 acetylation in CVS animals in
both the CA3 [P<0.001] and DG [P<0.001] regions with
no significant difference from control animals in the CA1.
Together, these results demonstrate that CVS results in an
increase in Sirt1 activity within the CA3 and DG of the
hippocampus.

DISCUSSION

The aim of the present study was to examine acetylation of
histones in response to CVS. This study is the first to show
that CVS, a stress model that exhibits minimal habituation
of the HPA axis due to variable stressors, results in de-
creased histone acetylation at two lysine residues on H3
and H4, specifically in the CA3 and DG regions of the
hippocampus. This result is consistent with studies that
showed different epigenetic modifications in the hippocam-
pus in response to chronic restraint stress (Hunter et al.,
2009) and chronic defeat stress (Tsankova et al., 2006).

Interestingly, we also found increased levels of acety-
lation in response to HDAC inhibitors in the hippocampus
of CVS animals compared to control animals. NaB resulted
in an increase in acetylation of K12H4 in CVS animals,
while sirtinol increased acetylation of both K12H4 and
phospho-acetylation of K9/S10 H3. Interestingly, sirtuins
did not appear to deacetylate histones in control animals
as assessed by no change in acetylation in response to
application of sirtinol relative to vehicle-treated slices.
While we cannot rule out the involvement of other HDACs
in these histone acetylation changes, we show novel evi-
dence that stress exposure results in an increase in Sirt1
enzymatic activity in CA3 and DG regions, possibly con-
tributing to the observed hypoacetylation on K9H3 and
K12H4.

Until recently, epigenetic changes were considered to
be temporally restricted to cellular processes occurring
during development. However, it is now widely accepted
that epigenetic mechanisms can work in concert with tran-
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Fig. 6. Regulation of sirtuin 1 activity and protein expression in chronic stress. (A) Quantification and representative Western blots of sirtuin 1
expression from nuclear protein extracted from subdissected hippocampus of control and chronic variable stress (CVS) animals. No significant
difference from control animals in sirtuin 1 protein expression was seen in CA1, CA3, and DG regions in CVS animals (n=4). Representative blots
from GAPDH are shown as protein loading control. (B) Quantification of Sirt 1 activity in nuclear extract from subdissected hippocampus of control and
CVS animals. A significant increase in enzymatic activity of Sirt 1 was found in the CA3 and DG regions of the hippocampus of CVS animals compared
to control animals. No change from control was seen in CA1 [data is represented as arbitrary florescence units (AFU) relative to control; n=4]. (C)
Quantification and representative western blots of p53 acetylation relative to total p53 expression from nuclear protein extracted from subdissected
hippocampus of control and CVS animals. A significant decrease in acetylation of p53 was observed in the CA3 and DG hippocampus regions of CVS
animals compared to control animals while no difference from control was observed in CA1 (n=6). Data are shown as means*=SE; * P<0.05 vs.

control; *** P<<0.0001 vs. control.

scription factors and other histone modifying enzymes to
confer changes in gene expression in response to envi-
ronmental stimuli throughout the life span. We found that
chronic exposure to variable stress resulted in a subregion
specific decrease in H3 and H4 acetylation in the hip-
pocampus. Acetylation of K12H4 and phospho-acetylation
of K9/S10 H3 are associated with relaxation of the histone-
DNA complex and transcriptional activation (Agalioti et al.,
2002; Kurdistani et al., 2004; Berger, 2007). This suggests
that the hypoacetylation observed following CVS results in
a dynamic restructuring of the chromatin within the cells of
CA3 and DG which may confer to measurable changes in
transcription on a gene specific level. One possibility is that
changes in acetylation of H3 and H4 in the CA3 and DG
region of the hippocampus result in transcriptional dysregu-
lation of genes important in hippocampus-dependent pro-
cesses such as neurogenesis in the DG or maintenance of
dendritic morphology in CA3. Both processes are believed to
contribute to the pathology observed following chronic stress
exposure (Watanabe et al., 1992; Magarinos et al., 1996;

Gould et al., 1997; Tanapat et al., 1998; Conrad et al., 1999;
Heine et al., 2004). Additionally, while we observed no sig-
nificant changes in histone acetylation in the CA1 region, we
cannot exclude that other post-translational modifications of
histones such as methylation may occur in this region result-
ing in transcriptional changes. Hunter et al. (2009) found
deceased methylation of K4 and K27 on H3 in CA1 following
repeated restraint stress suggesting that the complexity of
post-translational modifications in response to stress de-
serves further exploration.

HDACS5 expression is decreased in the hippocampus of
chronically defeated mice that receive chronic imipramine
treatment, and HDACS overexpression in the DG blocked the
behavioral efficacy of imipramine treatment (Tsankova et al.,
2006). Furthermore, a recent study found that decreased
mRNA expression of HDACS was associated with treatment
proficiency in a clinical population recovering from a major
depressive episode (Belzeaux et al., 2010), suggesting that
HDAC5 may be an important target for novel antidepres-
sants. Although we found a significant upregulation of
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HDACS protein in the CA1 of CVS animals, these results did
not correlate with the localized changes in histone acetylation
that we observed in CA3 and DG. This implies that while
HDACS protein expression is regulated in CA1 in response to
CVS, these changes in protein expression most likely do not
contribute to the post-translational modifications that we ob-
served. However, we cannot exclude changes in HDACS activ-
ity that may participate in changes in acetylation in CA3 and DG.

Sirt1 is linked to several important processes including
energy metabolism, apoptosis, caloric restriction, cancer,
and aging (reviewed in Haigis and Sinclair, 2010). While
research involving animal models of neurodegenerative
diseases indicate that sirtuin activity is neuroprotective in
models of Alzheimer’s disease (Marambaud et al., 2005;
Qin et al.,, 2006; Kim et al., 2007a), these results are
confounded by research suggesting that inhibition of sirtuin
activity can also exhibit neuroprotective properties (Chong
et al., 2005; Li et al., 2008b), as well as exert positive
benefits on memory and cognition (Green et al., 2008;
Morales et al., 2010). In line with this, a recent study
showed that Sirt1 inhibition is important in controlling the
neuronal fate of adult progenitor cells, an effect directly
related to decreased acetylation of KOH3 (Prozorovski et
al., 2008). In addition to HDAC activity of sirtuins, deacety-
lation of other protein substrates may be important for
cellular processes involved in stress. Indeed, we showed
that acetylated p53 is decreased in the CVS-treated ani-
mals. Deacetylation of p53 by sirtuins protects neurons
from DNA damage-induced apoptosis (Hasegawa and Yo-
shikawa, 2008). Furthermore, other protein targets of Sirt1
include transcription factors such as NF-«B (Yeung et al.,
2004) and histone acetyltransferases such as p300/CBP
(Bouras et al., 2005) that can also participate in regulation
of gene transcription. This suggests conflicting roles for
mammalian sirtuins that may be mediated by divergent
functions of sirtuins.

We observed an increase in Sirt1 activity in the DG and
CA3 area of CVS animals, as measured by two different
assays, but no concomitant change in Sirt1 protein expres-
sion. One possibility for the increase is that in response to
environmental stress, Sirt1 activity is upregulated through a
positive-feedback mechanism in attempt to compensate for
the stress impact. On the other hand, chronic stress exposure
may lead to an aberrant increase in Sirt1 activity that contrib-
utes to transcriptional dysregulation. The mechanism of the
observed activity increase may be mediated by posttransla-
tional modifications of Sirt1. Several proteins interact with
Sirt1 and modulate its activity. These include active regulator
of Sirt1 (AROS) that activates Sirt1 (Kim et al., 2007b) or the
Sirt1 inhibitor, deleted in breast cancer 1 (DBC) (Kim et al.,
2008). In addition, posttranslational modifications (Smith et
al., 2008), and NAD™ metabolism (Denu, 2007) can also
modulate Sirt1 activity. Therefore, each of these mechanisms
provides additional potential targets for modulation and will
be the subject of further investigation.

Possible functional consequences

While the genes that are regulated by the histone modifi-
cations reported here are unknown, a possible speculative

functional consequence of these modifications is the reg-
ulation of hippocampus-dependent memory. In general,
chronic stress inhibits hippocampus-dependent memory
(Conrad et al., 1996; Kleen et al., 2006; Song et al., 2006;
Li et al., 2008a). Both Class I/ll HDACs and sirtuins are
implicated in modulation of hippocampus-dependent mem-
ory. Administration of Class I/l HDAC inhibitors enhances
hippocampus-dependent memory (Levenson et al., 2004;
Vecsey et al., 2007; Stefanko et al., 2009). Sirt1 over-
expressing mice exhibit deficits in the novel object recog-
nition task (Kakefuda et al., 2009), a hippocampus-depen-
dent form of memory that is impaired by chronic stress
(Elizalde et al., 2008; Li et al., 2008a). A recent study
showed that acetylation of K12 on H4 is also dysregulated
in the hippocampus and contributes to aging-related mem-
ory impairments (Peleg et al., 2010). Specifically, while
K12 and other sites on H4 are acetylated after training for
fear conditioning in young animals, K12 specifically is not
acetylated after training for fear conditioning in the aged
animal. This study further investigated genes that were
associated with acetylation of this site, and found regula-
tion of numerous memory-related genes. This suggests
that the decrease in H4 acetylation observed here may be
partially responsible for the decreased hippocampus-de-
pendent memory in chronically stressed animals.

The CA3 region is hypothesized to participate in pat-
tern completion and spatial memory (Nakazawa et al.,
2002; Kirwan et al., 2005; Kesner and Warthen, 2010). The
decrease in phospho-acetylation of H3 we observed may
also play a role in decreased spatial memory or object
recognition in CVS-treated animals (Elizalde et al., 2008;
Clarke et al., 2010; unpublished results). Therefore, these
studies lay the groundwork for further studies in the epi-
genetic regulation of hippocampus-dependent memory in
the CVS rodent model of depression and implicate sirtuins
as a target for therapeutic intervention.

The studies presented above provide a significant
contribution into our understanding of the role that chro-
matin remodeling has in the stress response within the
hippocampus. Understanding the molecular mecha-
nisms that contribute to changes in histone acetylation
and transcriptional dysregulation as well as the specific
genes involved will expand our knowledge into the
mechanisms of structural and functional changes ob-
served in the hippocampus following chronic stress, but
also lead to a better understanding of how these
changes relate to increased vulnerability to pathology
such as depression. Furthermore, by investigating the
specific enzymes involved in regulation of chromatin
open and closed state, we can potentially develop novel
therapeutic strategies for the treatment of stress-in-
duced depression.
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