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Abstract

Background—Exposure to chronic stress produces negative effects on mood and hippocampus-

dependent memory formation. Alterations in signaling cascades and histone acetylation present a

mechanism of modulation of transcription that may underlie stress-dependent processes in the

hippocampus critical to learning and memory and development of depressive behaviors.

Methods—The rat model of chronic variable stress (CVS) was used to investigate the role of

changes in protein acetylation and other molecular components of hippocampus-dependent

memory formation and anhedonic behavior in response to CVS.

Results—Chronic variable stress treatment decreased both extracellular signal-regulated protein

kinases 1 and 2 activation and Bcl-2 expression in all three regions of the hippocampus that

corresponded behaviorally with a decrease in memory for the novel object location task and

increased anhedonia. Extracellular signal-regulated protein kinases 1 and 2 activation was not

significantly affected in the amygdala and increased in the medial prefrontal cortex by CVS.

Chronic variable stress had no significant effect on activation of Akt in the hippocampus. We

investigated molecular and behavioral effects of infusion of the sirtuin inhibitor, sirtinol, into the

dentate gyrus (DG). Sirtinol infusion into the DG prevented the CVS-mediated decrease in

extracellular signal-regulated protein kinases 1 and 2 activity and Bcl-2 expression, as well as

histone acetylation in the DG previously observed following CVS. This corresponded to enhanced

performance on the novel object location memory task, as well as reduced anhedonic behavior.

Conclusions—These results suggest that changes in sirtuin activity contribute to changes in

molecular cascades and histone acetylation within the hippocampus observed following CVS and

may represent a novel therapeutic target for stress-induced depression.
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While many studies have shown that chronic stress has the ability to exert negative

influences on hippocampus function (1–4), the molecular mechanisms responsible for this

effect are poorly understood. We previously demonstrated that the nicotinamide adenine

dinucleotide-dependent deacetylase, SIRT1, is activated in the hippocampus during chronic

stress (5). SIRT1 is part of the sirtuin family of class III histone deacetylases (SIRT1-7) that

is highly expressed throughout the hippocampus (6) and is localized to both the cytoplasm

and the cell nucleus, where it can deacetylate histones as well as stress response factors (7).

The function of this increased SIRT1 activity in chronic stress is unknown.

Sirtuins play a role in cognitive function and mood regulation, but their role in memory

formation is not well understood. Recent studies suggest that SIRT1 expression is essential

for hippocampus-dependent memory formation (8,9), but another study showed that

overexpression of SIRT1 inhibits memory formation in young and old animals (10). In

humans, variations in the SIRT1 gene are associated with anxiety (11), and SIRT1 expression

is correlated with prevalence of depression (12). Brain-specific Sirt1 knockout mice showed

reduced anxiety, while Sirt1 overexpressing mice exhibited enhanced anxiety. Furthermore,

socially defeated wild-type mice demonstrated reduced sucrose preference, while brain-

specific Sirt1 knockout mice did not (11), suggesting SIRT1 function mediates a

susceptibility to stress-induced anhedonia. Additionally, SIRT1 in the nucleus accumbens is

associated with chronic cocaine use in rodent models (13). This contrasting evidence

suggests that sirtuin activity is important for both mood regulation and memory formation

and its activity must be tightly regulated for proper hippocampus function. We hypothesized

that hyperactivation of sirtuins during chronic stress modulates molecular and behavioral

effects of chronic stress. We specifically investigated molecular cascades in the

hippocampus, hippocampus-dependent memory, and anhedonic behavior.

Methods and Materials

Rats

Male Wistar rats (42 days of age; Harlan Inc., Indianapolis, Indiana) were housed in pairs on

a 12:12 light/dark cycle (lights on at 0700 hours) and received food and water ad libitum.

Rats were given 14 days to acclimate before experimental manipulation. All experimental

procedures were conducted during the light cycle and were approved by the Tulane

University Institutional Animal Care and Use Committee.

Chronic Variable Stress

Rats (56 days of age) were randomly assigned to control and chronic variable stress (CVS)

groups. Chronic variable stress was conducted using a modified method previously reported

(5,14) (Supplemental Methods and Materials in Supplement 1) and consisted of twice-daily

exposure to randomly assigned stressors applied over 14 days. Sirtinol infusion techniques
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are described in Supplemental Methods & Materials in Supplement 1. Physiological markers

of stress are reported in Supplemental Results in Supplement 1.

Sucrose Preference Test

A subset of rats was tested on day 14 of CVS protocol for sucrose preference. Rats were

given 12 hours (0700 to 1900 hours) to habituate to a free choice between two bottles, both

containing tap water. At 1900 hours, one bottle was replaced with 3% sucrose. The other

bottle remained as tap water. Rats were given free choice between sucrose and tap water for

12 hours (1900 to 0700 hours). To prevent possible effects of side preference, the position of

the sucrose bottle was randomly distributed among the cages. Consumption was calculated

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 minutes. Samples were

centrifuged at 2000 g for 15 minutes, serum was collected, and samples were 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 by radioimmunoassay.

SIRT1 Activity Assay

SIRT1 activity was assessed in extracts from hippocampal preparations via a commercially

available kit (Sirtuin 1 Activity Assay Kit; Calbiochem, San Diego, California)

(Supplemental Methods and Materials in Supplement 1).

Tissue Processing

Molecular analysis was performed on a separate group of rats that did not receive memory

or sucrose preference testing to avoid the effects of behavioral testing on molecular changes

as previously described (5) (Supplemental Methods and Materials in Supplement 1).

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were performed as previously described (15).

Messenger RNA Extraction and Reverse Transcriptase Polymerase Chain Reaction

Samples were processed using the RNAeasy Mini Kit (Qiagen, Alameda, California)

according to the manufacturer’s instructions. The RNA was purified with RNAeasy

microcolumns and reverse-transcribed using iScript cDNA Synthesis Kit (Biorad, Hercules,

California). Complementary DNA was quantified by quantitative polymerase chain reaction

using iQ SYBR Green (BioRad). Each reaction was run in triplicate and analyzed using the

ΔΔCt method. Real-time polymerase chain reaction assays were tested to determine and

compare the efficiencies of the target and control gene amplifications to ensure high (90% to

100%) and similar efficiency. A single peak on the melt curve confirmed the presence of

specific amplification products. The primer sequences used for the reverse transcriptase

polymerase chain reactions are described in Supplement 1.
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Results

Impaired Object Location Following Chronic Variable Stress

We first investigated the performance of control and CVS-treated rats in the object location

task. On the day of training and testing (morning of day 15), rats received an initial sample

trial and were tested for object location memory 30 minutes later (Figure 1A). No

differences in total object investigation independent of location were detected between

control rats and rats exposed to chronic variable stress during the sample trial (t10 = ± .86, p

>.1) or during the retention trial (t10 =±.83, p > .1). A significant difference in object

location memory between the groups was revealed (t10 = ±3.32, p < .01), in which rats

subjected to chronic variable stress spent significantly less time investigating the object in

the novel location during the retention trial than control rats (Figure 1B). Furthermore,

control rats (t5 = ±4.60, p < .01), but not rats exposed to chronic variable stress (t5 =±.06, p

> .1), investigated the object in the novel location at a level greater than chance during the

retention trial (Figure 1B). These results show that CVS has a significant negative effect on

object location memory in adult male rats.

Regulation of Extracellular Signal-Regulated Protein Kinases 1 and 2 and the Downstream
Neuroprotective Target Bcl-2 in Chronic Variable Stress

Given the relationship between the extracellular signal-regulated protein kinases 1 and 2

(ERK1/2) pathway and memory formation, ERK1/2 activation in the subregions of the

hippocampus were investigated by Western blot in control and CVS-treated rats. Two-way

analysis of variance (ANOVA) revealed a significant effect of CVS condition on ERK1/2

activation (F1,25 = 35.04, p < .0001; Figure 2A). Subsequent pairwise comparisons showed a

significant reduction in immunoreactivity of the phospho-ERK1/2 antibody relative to total

ERK1/2 across all three regions of the hippocampus of CVS rats (cornu ammonis 1 [CA1]

[51 ± 8%, n = 5 compared with control rats at 100 ± 10%, n = 6, p < .05]; cornu ammonis 3

[CA3] [31 ± 5%, n = 5 compared with control rats at 100 ± 15%, n = 6, p < .001]; and

dentate gyrus [DG] [48 ± 9%, n = 5 compared with control rats at 100 ± 19%, n = 4, p < .

05]). These results show that CVS significantly reduced ERK1/2 activation in three

subregions of the hippocampus.

Since Bcl-2 is downstream of ERK1/2 activation, the effect of chronic stress on expression

of Bcl-2 in the subregions of the hippocampus was also determined. Bcl-2 is a

neuroprotective protein within the Bcl-2 family of antiapoptotic proteins and exerts

neurotrophic effects when activated downstream of ERK1/2 (16,17). Two-way ANOVA

revealed a significant effect of CVS condition (F1,25 = 40.40, p < .0001; Figure 2C). Further

pairwise comparisons demonstrated that there was a significant reduction in

immunoreactivity of the Bcl-2 antibody relative to glyceraldehyde 3-phosphate

dehydrogenase antibody in the CA1 (51 ± 9%, n = 6), CA3 (34 ± 4%, n = 5), and DG (66 ±

8%, n = 5) regions of the hippocampus of CVS rats compared with control rats (CA1 [100 ±

11%, n = 6, p < .01]; CA3 [100 ± 7%, n = 4, p < .001]; and DG [100 ± 12%, n = 6, p < .05]).

This suggests that ERK1/2 activation and Bcl-2 expression are decreased in parallel by CVS

in each area of the hippocampus. We also investigated ERK1/2 activation in other areas of
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the brain known to be involved in the response to stress, specifically the medial prefrontal

cortex and amygdala (Figure S1 in Supplement 1).

Transcriptional Regulation of Bcl-2 in the DG of Chronically Stressed Rats

We have previously shown decreased acetylation of H4(K12) in the DG of CVS-treated rats

(5). To further investigate how changes in H4 acetylation in DG contribute to transcriptional

regulation of genes important for learning and memory, ChIP on the DG of chronically

stressed rats was performed. A comparison by t test showed a significant increase in

acetylation of H4(K12) associated with the Bcl-2 promoter in chronically stressed rats (2624

± 1069, n = 4; Figure 3A) compared with control rats (23 ± 9, n = 6, t10 = 3.1, p < .05).

We also investigated transcriptional regulation at the promoter of another gene involved in

long-term memory formation and regulated by stress in the hippocampus, Zif-268.

Chromatin immunoprecipitation from the DG revealed that there was no significant

difference in transcriptional regulation of the Zif-268 promoter (t9 = .12, p = .95; Figure 3B)

associated with observed alterations in H4(K12) for CVS rats. This suggests that increased

acetylation of H4(K12) associated with the Bcl-2 promoter observed in CVS rats is specific

and not a reflection of global transcriptional regulation.

We also investigated messenger RNA (mRNA) expression levels of both Bcl-2 and zif-268.

A significant increase in Bcl-2 mRNA expression relative to actin in the DG of CVS animals

was observed (20 ± 8%, n = 8; Figure 3C) compared with control animals (2 ± 1%, n = 8, t14

= 2.30, p < .05). In contrast, mRNA levels of zif-268 were unchanged between control and

CVS animals (t14 = .67, p = .51; Figure 3D).

Effects of Sirtuins in the Hippocampus

Of the seven mammalian homologues of sirtuins, SIRT1, SIRT2, SIRT3, and SIRT5 have

characterized deacetylase functions; however, SIRT3 and SIRT5 are functionally restricted

to the mitochondria, limiting their role in transcriptional regulation (18–21). Therefore, we

targeted SIRT1 and SIRT2 as a possible mechanism to regulate histone acetylation. SIRT1

is localized to both the nucleus (22,23) and the cytoplasm (24). SIRT1 is highly expressed in

the brain, particularly within the structures of the hippocampus and hypothalamus, which are

important for a role in the hypothalamic-pituitary-adrenal axis (6). In addition to its function

as a histone deacetylase, SIRT1 deacetylates several nonhistone targets, including the

hormone receptors (21); p300, a histone acetyltransferase and nuclear receptor co-activator

(25); and several transcription factors including p53 and NFκB (26). SIRT2 is primarily a

cytoplasmic enzyme responsible for the deacetylation of α-tubulin (27).

We previously showed that CVS resulted in a decrease in acetylation of the SIRT1-specific

nonhistone target, acetylated p53, and concomitant increase in SIRT1 activity in the CA3

and DG regions of the hippocampus with CVS (5). In this study, we examined differences in

acetylation of α-tubulin, a SIRT2-specific nonhistone target (27) in the hippocampus of

control and CVS animals (Figure 4). Western blotting revealed no significant difference in

acetylation of α-tubulin between control and CVS animals (t = .3, df = 10; p = .8, n = 6 per

group). These results show that the α-tubulin substrate for SIRT2 is not significantly
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differentially acetylated in response to CVS and suggest that SIRT2 may not be significantly

activated in the hippocampus in the CVS-treated animals compared with control animals. It

does not, however, rule out the possibility of SIRT2 deacetylation of other substrates.

Sirtuin Inhibition in the DG Rescues the Effects of CVS on ERK1/2 and Bcl-2

The physiological function of this increased SIRT activity in CVS was determined. Sirtinol,

a SIRT1 and SIRT2 inhibitor, was infused in the DG according to methods (see Supplement

1). Figure 5A shows the timeline of treatments the animals received, and Figure 5B shows

the site of the bilateral cannulation of the dorsal DG. Table S2 in Supplement 1 shows that

chronic sirtinol infusion into the DG had no significant effect on physiological parameters

associated with chronic stress exposure. Furthermore, no significant difference in

corticosterone was observed between the CVS sham, CVS vehicle, or CVS sirtinol animals,

suggesting that sirtinol does not affect baseline hypothalamic-pituitary-adrenal axis response

to stress.

We next confirmed that sirtinol infusion into the DG of the hippocampus affected SIRT1

activity in the DG. One-way ANOVA revealed a significant effect of treatment condition on

SIRT1 activity in the DG (F3,19 = 4.58, p = .02; Figure 5C). Subsequent pairwise

comparisons confirmed our previous results, as there was a significant increase in SIRT1

activity in the DG of CVS vehicle-treated animals (118 ± 8%, n = 5) compared with control

vehicle-treated animals (100 ± 4%, n = 5, p = .03). However, infusion of sirtinol into the DG

of CVS animals resulted in a significant decrease in SIRT1 activity compared with CVS

vehicle-treated animals (n = 5; p = .01). Surprisingly, levels of SIRT1 activity in CVS

sirtinol-treated animals were also significantly less than in control sirtinol-treated animals (p

= .03). Levels in CVS sirtinol-treated animals were not significantly different from control

vehicle-treated animals, suggesting that sirtinol infusion was able to block the CVS-induced

increase in SIRT1 in the DG. We also assessed SIRT1 activity in the nearby CA3 region.

One-way ANOVA showed a significant effect of CVS on SIRT1 activity in the CA3 (F3,19

= 4.13, p = .02; Figure 5D). As we had previously observed, CVS resulted in an increase in

SIRT1 activity in the CA3 region of the hippocampus of CVS-vehicle treated animals (111

± 4%, n = 5) compared with control vehicle-treated animals (100 ± 3%, n = 5, p = .04).

Sirtinol infusion did not reduce SIRT1 activity in the CA3 region, as CVS sirtinol-treated

animals had significantly higher levels of SIRT1 activity than control vehicle-treated

animals (111 ± 2%, n = 5, p = .01). These results demonstrate that the SIRT inhibition was

localized to the DG in our study.

We also confirmed that infusion of sirtinol directly into the DG prevented the decrease in

acetylation of H4(K12) we had previously seen. One-way ANOVA showed an overall effect

of drug treatment on acetylation of H4(K12) in the DG (F3,26 = 7.43, p < .01; Figure 5E).

Subsequent pairwise comparisons revealed CVS vehicle-treated animals showed a

significant decrease in acetylation of H4(K12) (52 ± 3%, n = 7) compared with control

vehicle-treated animals (100 ± 5%, n = 6, p < .001) in the DG. However, CVS sirtinol-

treated animals had levels of H4(K12) acetylation that were significantly greater than CVS

vehicle-treated animals (84 ± 4%, n = 8 compared with CVS vehicle-treated animals at 52 ±

3%, n = 7, p < .05), suggesting that chronic sirtinol infusion into the DG prevented
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decreased acetylation of H4(K12) seen as a result of CVS exposure. Furthermore, the level

of H4(K12) acetylation in CVS sirtinol-treated animals was not significantly different than

both control vehicle-treated and control sirtinol-treated animals.

Next, effects of inhibition of SIRT activity in the DG of CVS animals on molecular changes

in the DG were determined. Chronic variable stress resulted in a significant decrease in

ERK1/2 activation in CVS vehicle-treated animals (52 ± 11%, n = 5; Figure 6A) compared

with both control vehicle-treated animals (100 ± 9%, n = 5, p = .01) and control sirtinol-

treated animals (104 ± 8%, n = 5, p = 0.005). Sirtinol infusion into the DG reversed the

decrease in ERK1/2 activation in CVS sirtinol-treated animals (101 ± 11%, n = 6) compared

with CVS vehicle-treated animals (p = .01). In fact, CVS sirtinol-treated animals had levels

of ERK1/2 activation that were not significantly different from both control vehicle-treated

or control sirtinol-treated animals, suggesting that blocking sirtuin activity was able to

attenuate the effects of CVS on the ERK1/2 activation in the DG.

Chronic variable stress resulted in a significant decrease in Bcl-2 protein in CVS vehicle-

treated animals (63 ± 11%, n = 5; Figure 6B) compared with control vehicle-treated animals

(100 ± 9%, n = 5, p = .03) as previously observed, with a trend toward significant compared

with control sirtinol-treated animals (93 ± 11%, n = 5, p = .09). Sirtinol attenuated the effect

of CVS on Bcl-2 protein in the DG. Chronic variable stress sirtinol-treated animals (90 ±

5%, n = 6) had a significant increase in Bcl-2 protein expression in the DG compared with

CVS vehicle-treated animals (p = .04). This suggests that increased sirtuin activity in the DG

following CVS contributes to downregulation of ERK1/2 and Bcl-2. We also investigated

the effects of CVS and sirtinol infusion in the DG on another important signal transduction

pathway, the Akt pathway (Figure S2 in Supplement 1). The Akt pathway can be regulated

in parallel with the extracellular signal-regulated kinase/mitogen-activated protein kinase

pathway in plasticity (28). In addition, Akt is responsible for direct inhibition of glycogen

synthase kinase-3β, a kinase that has emerged as a significant target of mood-stabilizing

agents like valproate and lithium and is regulated by some antidepressants (fluoxetine and

imipramine) (29,30). The results suggest that Akt is not significantly affected by CVS or by

sirtinol.

Sirtinol Treatment Prevents Stress-Induced Deficits in Spatial Memory

Sirtinol-infused rats were tested for object location memory similar to the protocol described

above. There were no differences in total object investigation independent of location

between groups during the sample trial (p = .8) or during the retention trial (p = .8; data not

shown). Control animals, regardless of treatment, investigated the moved object at levels

significantly greater than chance (control sham t13 = ±3.3, p < .05; control vehicle t8 = ±2.7,

p < .01; control sirtinol t10 = ±4.8, p < .001). Furthermore, chronically stressed animals that

received sirtinol infusion directly into the DG also investigated the novel location

significantly greater than chance (t11 = ±4.7, p < .001). By contrast, untreated chronically

stressed animals explored the novel location at chance levels (CVS sham t11 = ±.1, p > .05;

CVS vehicle t8 = ±.9, p > .05). Two-way ANOVA revealed a significant main effect of drug

on object location memory (F2,62 = 4.656, p = .02; Figure 7). No significant interaction (p

= .2) or effect of stress (p = .2) was observed. These results suggest that while CVS has a
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negative effect on object location memory in adult male rats, chronic treatment with sirtinol

into the dorsal DG attenuated this effect.

Sirtinol Treatment Prevents the Development of Anhedonia in Chronically Stressed
Animals

The effect of sirtinol infusion in the DG on sucrose preference as a measure of anhedonia

was determined. Two-way ANOVA revealed a significant interaction of drug and stress

condition on sucrose preference (F2,17 = 8.7 p <.01; Figure 8). Subsequent pairwise

comparisons showed that CVS sham animals did not show preference for sucrose (50 ± 5%,

n = 4) compared with control shams (83 ± 2%, n = 4, p < .01). Additionally, CVS vehicle-

treated animals also demonstrated anhedonic behavior and did not show a preference for

sucrose (48 ± 6%, n = 4, p <.01). However, CVS sirtinol-treated animals demonstrated a

clear preference for sucrose (75 ±2%, n = 4) that was statistically greater than both CVS

shams (p < .05) and CVS vehicle-treated animals (p < .05). There was no difference in

sucrose preference between CVS sirtinol-treated animals and animals that were not

chronically stressed regardless of drug treatment. This suggests that infusion of sirtinol into

the DG of animals subjected to CVS prevented the deficit in sucrose preference.

Discussion

In this study, we showed that CVS increased depressive-like behavior as measured by

decreased sucrose preference, a measure of anhedonic behavior, as well as decreased

memory performance on the object location task. These behavioral changes corresponded to

an overall decrease in H4(K12) acetylation, ERK1/2 phosphorylation, and Bcl-2 expression

in the subregions of the hippocampus subsequent to chronic stress. We saw no significant

effect of stress or sirtinol on Akt phosphorylation. This result is consistent with a previous

study that showed sirtinol had no effect on the Akt pathway but reduced ERK1/2 signaling

(31). Furthermore, we showed there is no effect of CVS on ERK1/2 phosphorylation in the

amygdala, but ERK1/2 phosphorylation is increased in the medial prefrontal cortex and

Bcl-2 levels are unchanged. This suggests that the effects of stress on ERK1/2 activation and

subsequent pathways are region-specific. Importantly, we showed that the anhedonia and

memory deficits, as well as the molecular effects, were reversed by sirtuin inhibition in the

DG. Interestingly, sirtuin inhibition did not reverse the physiological effects of CVS, adrenal

hypertrophy, reduced weight gain, and elevated corti-costerone levels. This suggests that

sirtuin activity in the DG is not involved in regulation of these measures.

We found impaired object location memory in rats exposed to CVS. A limitation of this

study is that we only performed one memory test. It is unknown whether sirtinol would

reverse the effect of CVS on all tests of hippocampus-dependent memory. We did not

investigate other tasks that involved swimming, such as Morris water maze, since the swim

stress that CVS animals experience may confound the results. In addition, tests that require

food deprivation, such as the radial arm maze, would introduce the stress of food deprivation

into the control cohorts. Indeed, food deprivation increases corticosterone levels in mice

(32). We conclude from our study that CVS impaired, and sirtinol reversed, object location

memory. Consistent with previous reports that show a role for ERK1/2 in spatial memory
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(33–35), our results indicate that the integrity of ERK1/2 is essential for spatial learning and

memory, as impaired object location memory corresponded to a decrease in ERK1/2

activation.

We also investigated whether CVS-induced changes in ERK1/2 phosphorylation are

associated with reduced Bcl-2 transcriptional expression. Chronic stress can lead to

depression, and Bcl-2 is implicated in depression, as Bcl-2 expression is increased in the

hippocampus by chronic treatment with antidepressants (36) and valproate, a drug

implicated as a histone deacetylase inhibitor (16). We previously showed that H4(K12)

acetylation is decreased in the CA3 and DG regions of hippocampus in response to CVS (5).

We saw a decrease in Bcl-2 protein expression in response to chronic stress. The ChIP and

mRNA data suggest that this effect may not be due to a single epigenetic effect, as we

observed an increase in H4(K12) acetylation at the Bcl-2 promoter and a corresponding

increase in Bcl-2 mRNA in chronic stress. The opposing effects on the Bcl-2 mRNA may be

a compensatory mechanism to transcriptionally upregulate Bcl-2 expression. The

discrepancy between the protein regulation and transcript suggests posttranscriptional

regulation of Bcl-2 by microRNAs or posttranslational degradation of the protein by chronic

stress.

Investigation into the role of sirtuins in cognition and the effects of stress on the

hippocampus is still in its early stages. While SIRT1 has been shown in some animal models

to be essential for normal cognitive function and synaptic plasticity (8,9), others have shown

deficits in learning and memory with SIRT1 overexpression (10). Nicotinamide, a sirtuin

inhibitor, prevented memory impairment on the Morris water maze spatial task in a

transgenic model for Alzheimer’s associated with cognitive decline, further implicating a

role for sirtuins in hippocampus-dependent memory formation (37). Sirtinol infusion did not

affect memory, anhedonic behavior, or SIRT1 activity levels in control animals. Previous

results from our lab demonstrated a significant effect of sirtinol on histone acetylation in

hippocampus slices from CVS-treated animals but not control animals. The effect of sirtinol

in our experiments is consistent with recent publications that showed that variations in the

SIRT1 gene are associated with anxiety in human populations (11), and SIRT1 expression is

associated with prevalence of depression (12). The results from our study suggest that

inhibition of excessive sirtuin activity in the DG during CVS may have beneficial effects on

hippocampus-dependent memory formation and function. Furthermore, in chronically

stressed animals, sirtuin inhibition contributed to improvement in memory formation and

reduced anhedonia that was associated with an increase in ERK1/2 and Bcl-2 in the DG.

We did not investigate the specific mechanism by which sirtuin inhibition regulates the

ERK1/2 cascade, but several possibilities exist. One possibility is that sirtinol, or SIRT1

activity, affects another pathway that impinges upon the ERK1/2 pathway. It is worth noting

that CVS decreased SIRT1 activity in the presence of sirtinol (Figure 5C). This may have

caused differential activation of another signaling cascade that modulated the ERK1/2

cascade. This suggests a possible interaction of SIRT1 and other sirtuins or a narrow range

of optimal function of SIRT1 activity, such that excessive activity also inhibits the ERK1/2

cascade and ultimately hippocampus function.
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Another possibility is that activation of SIRT1 suppresses proliferation of neuronal

progenitors, whereas inhibition has the opposite effect by increasing differentiation (38).

Since the DG is one of the areas of the brain where neurons continually regenerate into

adulthood, stabilization of neurogenesis by sirtuin inhibition likely plays a role in the

mechanism of the increased hippocampus function in these experiments. Indeed, reduced

adult neurogenesis has been shown to occur in response to chronic stress exposure (39–44).

Further studies will investigate the effects of SIRT1 inhibition on chronic stress-induced

changes in neurogenesis specifically.

Our study suggests that the DG is the primary locus within the hippocampus mediating

aberrant regulation of these pathways in chronic stress, as sirtinol infusion directly into the

DG prevented the molecular and behavioral changes we observed subsequent to chronic

stress. These molecular effects ultimately influence memory formation and/or stress

reactivity. These studies indicate sirtuin inhibition is a therapeutic target for cognitive effects

of depression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chronic variable stress (CVS) decreases memory formation in the hippocampal-dependent

task, novel object location. (A) Schematic representation of the behavioral protocol used for

novel object location in a black Plexiglas open arena. During the sample phase, rats were

exposed to two identical objects and allowed to freely explore for 3 minutes. Following a

30-minute delay period in their home cages, rats were returned to the open arena for the 3-

minute retention trial in which one of the objects had been moved to a novel location. The

discrimination index was defined as the ratio of time spent investigating the object in the

novel location relative to total time investigating the objects during the first minute of the

retention trial. (B) Chronic variable stress treated animals spent significantly less time

investigating the object in the novel location than control rats. In addition, control rats only

investigated the object in the novel location at a level greater than chance. The dotted line

represents chance level (.5). Data are shown as means ± SE; **p< .01 versus control, ¶¶p < .

01 versus chance (.5); (n = 6 animals per group).
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Figure 2.
Activation of extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) and expression

of its downstream neuroprotective target protein, Bcl-2, in the subregions of the

hippocampus of chronic variable stress (CVS) animals. (A) Quantification and

representative Western blots of phosphorylated ERK1/2 relative to total ERK1/2 in the

hippocampus subregions of control and CVS animals. A significant decrease in activated

ERK1/2 relative to total ERK1/2 was observed in the cornu ammonis 1 (CA1), cornu

ammonis 3 (CA3), and dentate gyrus (DG) regions of the hippocampus of CVS animals

compared with control animals. (B) Quantification and representative Western blots of Bcl-2

protein expression relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) protein

from the hippocampus of control and CVS animals. Chronic variable stress resulted in a

significant decrease in Bcl-2 protein relative to GAPDH protein in all three regions of the

hippocampus compared with control animals. Data are shown as mean ± SE; *p < .05 vs.

control; **p < .01 vs. control; ***p < .0001 vs. control; (n = 4–6 animals per group). pERK,

phosphorylated extracellular signal-regulated kinase; tERK, total extracellular signal-

regulated kinase.
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Figure 3.
Regulation of Bcl-2 gene expression in the dentate gyrus (DG) of chronic variable stress

(CVS) animals. (A) Chromatin immunoprecipitation (ChIP) for the Bcl-2 promoter

associated with acetylation of lysine 12 on histone 4 (ac K12 [H4]). Chronic variable stress

results in a significantly increased fold change relative to the input fraction compared with

control (CTL) animals. (B) Chromatin immunoprecipitation for the zif-268 promoter

associated with ac K12 (H4). No significant difference between control and CVS animals

was seen in regulation of the zif-268 promoter associated with ac K12 (H4). (C)
Quantification of relative fold change in Bcl-2 messenger RNA (mRNA) expression

normalized to actin in the DG of both control and CVS animals. A significant increase in

Bcl-2 mRNA expression was seen compared with control animals. (D) No significant

difference in zif-268 mRNA expression was observed between control and CVS animals in

the DG of the hippocampus. Data are shown as means ± SE; *p < .05 vs. control; (n = 4–6

animals per group for ChIP; n = 8 animals per group for mRNA).
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Figure 4.
Alpha-tubulin is not significantly acetylated in chronic stress relative to control animals.

Hippocampus tissue from control rats and chronic variable stress (CVS) treated rats was

tested for levels of α-tubulin acetylation. Quantification (upper) and representative Western

blots (lower) of acetylated α-tubulin relative to total α-tubulin from the cytosolic fraction of

control and CVS animals. No significant difference of α-tubulin acetylation was observed

between control and CVS-treated hippocampus (p = .8, n = 6 per group).
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Figure 5.
Sirtinol infusion into the dentate gyrus (DG) blocks the chronic variable stress (CVS)-

induced increase in SIRT1 activity. (A) Schematic showing the time line and experimental

design. (B) Schematic of the rat brain showing the infusion coordinates (black lines) into the

dorsal hippocampus. (C, D) Quantification of SIRT1 activity in the DG (C) and cornu

ammonis 3 (CA3) (D) of the hippocampus of control and CVS animals following chronic

DG infusion of either the SIRT1 inhibitor, sirtinol (50 μmol/L), or vehicle (5%

hydroxypropyl β-cyclodextrin). (C) Chronic variable stress resulted in a significant increase

in SIRT1 activity in the DG compared with control animals. Sirtinol attenuated this increase
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and resulted in a significant reduction in SIRT1 activity compared with vehicle-infused

animals. (D) SIRT1 activity was significantly increased in the CA3 following CVS. Sirtinol

infusion into the DG failed to rescue this effect in the CA3 region. (E) Immunoblotting of

acetylated histone 4 lysine 12 (acH4[K12]) antibody from the DG of control and CVS

animals following infusion of either sirtinol or vehicle. A significant decrease in acetylation

of H4 (K12) was seen in the DG of CVS vehicle-treated animals compared with control

vehicle-treated animals. No significant difference was observed in acetylation of H4 (K12)

between control vehicle-treated, control sirtinol-treated, and CVS sirtinol-treated animals;

however, CVS sirtinol-treated animals showed a significantly greater acetylation of H4

(K12) in the DG regions of the hippocampus compared with CVS vehicle-treated animals.

Data are shown as means ± SE; *p < .05; **p < .01; ***p < .001; (n = 5–6 animals per

group for sirtuin 1 activity; n = 6–8 animals per group for histone acetylation). (Coronal rat

brain section reproduced with permission from Paxinos and Watson [45].) AP, anterior-

posterior; ML, medial-lateral.
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Figure 6.
SIRT1 inhibition is able to rescue the molecular effects of chronic variable stress (CVS) on

extracellular signal-regulated kinase (ERK) and Bcl-2 protein expression in the dentate

gyrus (DG). Quantification and representative Western blots of extracellular signal-

regulated protein kinases 1 and 2 (ERK1/2) and Bcl-2 protein expression in the DG of the

hippocampus of control vehicle-treated, CVS vehicle-treated, control sirtinol-treated, and

CVS sirtinol-treated animals. (A) Immunoblotting revealed that a significant reduction in

phosphorylated ERK1/2 to total ERK1/2 protein expression was seen in the DG in CVS

vehicle-treated animals. Sirtinol infusion into the DG significantly reversed this decrease to

levels similar to both control vehicle-treated and control sirtinol-treated animals. (B) Bcl-2

protein expression was significantly decreased relative to glyceraldehyde 3-phosphate
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dehydrogenase (GAPDH) protein expression in the DG following CVS exposure in the

vehicle-treated group. Sirtinol significantly increased levels of Bcl-2 protein expression

CVS exposure from the vehicle-treated CVS animals. Chronic variable stress sirtinol-treated

animals had Bcl-2 protein levels that did not significantly differ from control vehicle-treated

animals or control sirtinol-treated animals. Data are shown as means ± SE; *p < .05; **p <.

01, #p = .09 (n = 5–6 animals per group). pERK, phosphorylated extracellular signal-

regulated kinase; tERK, total extracellular signal-regulated kinase.
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Figure 7.
Sirtinol infusion into the dentate gyrus prevents memory impairment on the novel object

location task. Chronic variable stress (CVS) animals that received chronic sirtinol infusion

into the hippocampus performed significantly better than CVS sham and there was a trend

toward significance compared with the CVS vehicle-treated animals on the novel object

location task. Chronic variable stress sham and CVS vehicle-treated animals performed at

the level of chance, while CVS sirtinol-treated, control sham, control vehicle-treated, and

control sirtinol-treated animals all performed significantly better than chance. Data are

shown as means ± SE, ¶p < .05, ¶¶p <.01, ¶¶¶p <.001 versus chance (.5). The dotted line

represents chance level (.5). The results from animals shown in Figure 1 are included in

graph.
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Figure 8.
Sirtinol infusion prevents the development of depressive-like behavior in chronic variable

stress (CVS) exposed rats. Sucrose preference was assessed on CVS and control animals

subjected to either sham, vehicle, or sirtinol infusion into the dentate gyrus. Control animals

regardless of condition demonstrated a clear preference for sucrose. Chronic variable stress

sham and CVS vehicle-treated animals failed to show preference for sucrose. Chronic

sirtinol infusion into the dentate gyrus prevented the development of this depressive-like

behavior. The dotted line represents chance level (50%). Data are shown as means ± SE; *p

< .05; **p < .01 (n = 8 animals per group).
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