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Excitatory amino acids play a key role in both adaptive and
deleterious effects of stressors on the brain, and dysregulated
glutamate homeostasis has been associated with psychiatric and
neurological disorders. Here, we elucidate mechanisms of epige-
netic plasticity in the hippocampus in the interactions between a
history of chronic stress and familiar and novel acute stressors that
alter expression of anxiety- and depressive-like behaviors. We
demonstrate that acute restraint and acute forced swim stressors
induce differential effects on these behaviors in naive mice and
in mice with a history of chronic-restraint stress (CRS). They
reveal a key role for epigenetic up- and down-regulation of the
putative presynaptic type 2 metabotropic glutamate (mGlu2)
receptors and the postsynaptic NR1/NMDA receptors in the
hippocampus and particularly in the dentate gyrus (DG), a
region of active neurogenesis and a target of antidepressant
treatment. We show changes in DG long-term potentiation (LTP)
that parallel behavioral responses, with habituation to the same
acute restraint stressor and sensitization to a novel forced-swim
stressor. In WT mice after CRS and in unstressed mice with a
BDNF loss-of-function allele (BDNF Val66Met), we show that the
epigenetic activator of histone acetylation, P300, plays a piv-
otal role in the dynamic up- and down-regulation of mGlu2 in
hippocampus via histone-3-lysine-27-acetylation (H3K27Ac)
when acute stressors are applied. These hippocampal responses
reveal a window of epigenetic plasticity that may be useful
for treatment of disorders in which glutamatergic transmission is
dysregulated.
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Stress effects on higher brain regions, such as hippocampus,
are known to involve actions of excitatory amino acids to

induce structural and functional changes depending upon the
type, intensity, and duration of the stressor (1). These differen-
tial responses, including determining susceptibility versus resil-
ience to stress, contribute to the pathophysiology of debilitating
stress-related disorders (2–5). The hippocampus is a brain region
noted for its plasticity in response to stress and sensitivity to
adrenal steroid hormones (6). Acute stress enhances synaptic
plasticity that is associated with improved cognition and other
adaptive functions whereas chronic stress produces opposite ef-
fects mediating, in the hippocampus, spine synapse turnover,
dendritic shrinkage, impaired long-term potentiation (LTP), and
suppression of adult neurogenesis in the dentate gyrus (DG)
(1, 7). Importantly, neuroanatomical changes in response to re-
peated stress recover in young adult animals, based upon the
restoration of dendritic length and branching and spine density
(8). However, there are underlying changes that can be seen at the
level of gene expression and epigenetic regulation that indicate
that the brain is continually changing (9, 10). Epigenetic modi-
fications, such as acetylation of histones, have also been involved in

the consolidation of contextual memories that allow the brain to
respond and adapt to changes in the environment (11).
Among the large number of mediators of brain structural and

functional plasticity, the glutamatergic system and BDNF play a
key role in mediating the effects of stress on both cognition and
psychopathology (1, 12–15). Animal models have shown that
chronic stress effects on dendritic remodeling are blocked by
blocking NMDA receptors (1, 16) and that adrenalectomy at-
tenuates the acute stress-induced elevations of extracellular
glutamate levels in the hippocampus (1, 17). More recently,
presynaptic type 2 metabotropic glutamate (mGlu2) receptor,
an inhibitor of synaptic glutamate release, has been identified
as a marker of stress susceptibility (2) and as a target for novel
rapidly acting antidepressants (18–20), such as acetyl-L-carnitine
(LAC). LAC rapidly up-regulated mGlu2 in the hippocampus,
along with correcting depressive-like behaviors (18–20). LAC
also elevated BDNF levels in a genetic animal model of de-
pressive-like behavior (18). From a translational standpoint,
BDNF signaling is also relevant. For example, 33% of the human
population present a BDNF Val66Met SNP that leads to a
valine-to-methionine substitution in the BDNF protein at codon
66, and this SNP has been associated with increased suscepti-
bility to development of stress-related disorders (21, 22).
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Chronic stress alters the hippocampal responses to familiar and
novel stressors, behaviorally, physiologically, and epigeneti-
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dysregulaton of glutamate is involved.
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Because the brain is continually changing its gene expression
with experience (10), we wanted to know how a history of stress
alters—behaviorally, physiologically, and epigenetically—the
responsivity to subsequent life stressful events, conferring a
differential susceptibility to psychopathologies. We investigated
in depth histone-3-lysine-27-acetylation (H3K27ac), a consistent
biomarker of mood-related behaviors and antidepressant action
(18–20). We demonstrate that a history of chronic stress alters
the response to familiar (known) and unfamiliar (unknown)
stressors, such that familiar acute restraint stress (ARS) and a
novel acute forced swim stress (AFS) have differential effects
upon the putative presynaptic mGlu2 and postsynaptic NR1/
NMDA receptors in the hippocampus of naive and chronically
stressed mice. These effects are strongest in the dentate gyrus
(DG), a region of active neurogenesis and target of antidepressant
treatment. Consistent with the responses of these markers to
rapid-acting antidepressants (18), these molecular responses are
consistently associated with changes in anxiety- and depressive-like
behaviors. We also show that DG-LTP is involved in the memory
formation associated with habituation to the same stressor (ARS)
and sensitization to a novel stressor (AFS). Finally, using both WT
BDNF Val66Val and BDNF Val66Met transgenic mice, we
demonstrate that the epigenetic regulator of gene transcription,
P300, has a pivotal role in the dynamic up- and down-regulation of
mGlu2 expression in the hippocampus in the course of the con-
tinuously adapting responses of the brain to the environment.

Results
Differential Responses of the Hippocampus to Novel and Familiar
Stressors in Chronically Stressed Mice. Because excessive gluta-
matergic activity is a key mediator of stress-induced changes in
hippocampal morphology and function (1), we evaluated the
effects of stress upon key glutamate genes based on the type,
intensity, and duration of the stress. We first evaluated the
impact of prolonged 21 d of chronic-restraint stress (CRS) on
the presynaptic mGlu2 receptor and on the obligatory subunit
NR1 of the NMDA receptor, targets for novel rapidly acting an-
tidepressants (18–20, 23). As expected from previous work (24),
21-d CRS, which leads to dendritic remodeling in the CA3 hip-
pocampus (6), resulted in a significant increase in adrenal-to-body
weight ratio compared with nonstressed mice (Fig. S1) that is
consistent with elevated glucocorticoid production contributing to
dendritic remodeling (13). Interestingly, 21-d CRS significantly
decreased the transcription of the putative presynaptic mGlu2
receptor (Fig. 1A), an inhibitor of glutamate release that recently
has been identified as a marker of mood-related behavior (2, 18).
There was also a trend to decrease the mRNA for the NR1 of
NMDA receptors in the hippocampus (Fig. 1B). Thus, transcrip-
tional CRS effects in the hippocampus imply a strong increase in
glutamatergic activity in line with previous evidence showing that
stress-increased extrasynaptic glutamate contributes to structural
changes in the CA3 hippocampus (1, 6).
This plasticity of the glutamate system in the hippocampus that

can either increase or decrease the potential for excitoxic damage
(6, 25) also affects behaviors, including those related to anxiety
and depression. To determine how a chronic stress history alters
the brain ability to respond to an acute stress, we measured the
levels of mGlu2 and NR1/NMDA transcripts in mice that were
chronically stressed for 21 d and then subjected to an episode of
either acute novel forced swim stress (AFS) or acute familiar re-
straint stress (ARS) on day 22 (Fig. S2).
CRS for 21 d altered the response to both AFS and ARS

within the hippocampus, but in different ways: 2 h after AFS in
CRS mice, mGlu2 transcripts were still down-regulated whereas
hippocampal NR1/NMDA transcripts showed a threefold up-
regulation (Fig. 1 A and B), pointing to increased glutamatergic
responsiveness in CRS mice exposed to AFS, which does not
have this effect in naive mice (Fig. S3 A and B). Interestingly, 2 h

after the familiar ARS, which, in naive mice, resulted in changes
in mGlu2 and NR1/NMDA receptors (Fig. S3 A and B), we
found no change in NR1/NMDA mRNA levels, but the CRS-
induced decrease in mGlu2 mRNA in the hippocampus was, at
least temporarily, reversed (Fig. 1A). Thus, we found opposite
changes in mGlu2 in CRS mice after exposure to AFS and ARS,

Fig. 1. Differential responses of the hippocampus to novel and familiar
stressors in chronically stressed mice. (A and B) The 21-d CRS decreased the
transcription of presynaptic mGlu2 receptors, inhibitors of synaptic gluta-
mate release, and resulted in a nonsignificant decrease in the transcription
of the obligatory subunit NR1 of NMDA receptors in hippocampus. Two
hours after AFS in CRS mice, mGlu2 transcripts were still down-regulated
whereas hippocampal NR1/NMDA transcripts were significantly up-regu-
lated. Conversely, 2 h after a known ARS in CRS mice, we observed no sig-
nificant change in NR1/NMDA mRNA levels, but the CRS-induced decrease in
mGlu2 in hippocampus was temporarily reversed [mGlu2, F3,20 = 9.75, P <
0.001 (stress); NR1/NMDA, F3,14 = 15.2, P < 0.001 (stress)]. (C) Immunohisto-
chemistry analyses for mGlu2 expression in the subregions of the hippo-
campal formation (DG, CA3, and CA1) showed a subregional localization of
CRS effects within the DG: CRS induced a large decrease in mGlu2 immu-
noreactivity in the DG, with no change in the CA3 and CA1. However, 2 h
after a known ARS in CRS mice, the CRS-induced decrease in mGlu2 ex-
pression was temporarily reversed in the DG hippocampus, with no change
in the CA3 and CA1 hippocampus. Conversely, 2 h after an unknown AFS in
CRS mice, mGlu2 expression was still down-regulated in the DG, with no
change in the CA3 and CA1 hippocampus [mGlu2, DG, F3,71 = 5.22, P < 0.01
(stress); CA3, F3,66 = 1.26; CA1, F3,65 = 1.67)]. (D) No significant change was
observed, after CRS, in NMDA immunoreactivity within the hippocampal
subregions (DG, CA3, and CA1). Two hours after a known ARS in CRS mice,
we observed no significant change in NMDA expression within the hippo-
campal subregions whereas, 2 h after an unknown AFS in CRS mice, NMDA
expression was increased in the DG, CA3, and CA1 hippocampus [NMDA, DG,
F3,35 = 4.82, P < 0.01 (stress); CA3, F3,35 = 6.03, P < 0.01; CA1, F3,30 = 6.29, P <
0.01]. (E) Representative 10× images of hippocampal sections of NMDA
immunoreactivity from unstressed mice (Top Left), CRS mice (Top Right), 2 h
after ARS in CRS mice (Bottom Left) and 2 h after AFS in CRS mice (Bottom
Right). Bars represent mean + SEM, and * indicates significant comparisons
with corresponding controls, *P < 0.05, **P < 0.01.

Nasca et al. PNAS | December 1, 2015 | vol. 112 | no. 48 | 14961

N
EU

RO
SC

IE
N
CE

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516016112/-/DCSupplemental/pnas.201516016SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516016112/-/DCSupplemental/pnas.201516016SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516016112/-/DCSupplemental/pnas.201516016SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516016112/-/DCSupplemental/pnas.201516016SI.pdf?targetid=nameddest=SF3


with an up-regulation of mGlu2 in CRS mice after exposure to
the familiar ARS, but not after exposure to novel AFS (Fig. 1),
thus further elaborating metaplastic changes of the glutamatergic
system in stress responses (26).

Neuroanatomical Specificity of mGlu2 and NMDA Changes. To gain
insights into the regional localization of the stress-induced
changes in presynaptic mGlu2 and postsynaptic NMDA recep-
tors and to explore whether the different responses to acute
known or unknown stressors in CRS mice are reflected at the
protein level, we measured mGlu2 and NMDA expression in the
subregions of the hippocampal formation (DG, CA3, and CA1).
Immunohistochemistry analyses showed that CRS induces large
decreases in mGlu2 immunoreactivity in the DG, with no change
in the CA3 and CA1 (Fig. 1C). No significant change was ob-
served, after CRS, in NMDA expression within the hippocampal
formation (Fig. 1 D and E). With regard to the familiar and novel
acute stressors in CRS mice, 2 h after ARS in CRS mice, NMDA
receptor expression was not altered within the hippocampal sub-
regions (Fig. 1 D and E), and the CRS-induced decrease in mGlu2
expression in the DG hippocampus was, at least temporarily, re-
versed with no change in the CA3 and CA1 hippocampus (Fig.
1C). Conversely, 2 h after AFS in CRS mice, we observed a sig-
nificant increase in NMDA expression in the DG, CA3, and CA1
hippocampus (Fig. 1 D and E) whereas mGlu2 is still depressed in
the DG hippocampus, showing agreement between mRNA and
protein levels and suggesting also that the DG, a zone of active
neurogenesis, may play a key role in these response to stressors.

Prior Chronic Stress History Alters the Behavioral Reactivity to Future
Stressors. Because the hippocampus mediates contextual and
temporal aspects of stress-related memory, as well as mood-
related behaviors, we next investigated how the stress challenges
affect behavioral responses. Two hours after AFS, which did not
result in depressive-like behavior in naive mice (Fig. S3D), we
observed a worsened depressive-like behavior in CRS mice (Fig.
2A). Thus, the chronic stress history (CRS) altered the brain’s
ability to respond to a novel acute stressor, and this response was
associated with glutamatergic hyperactivity of the hippocampus

based on the strong elevation of NR1/NMDA receptors and on
the down-regulated mGlu2 receptors (Fig. 1) that inhibit glutamate
release. On the other hand, 21-d CRS opens a “window of plasticity”
that enables the coping response to a single, familiar ARS on day 22,
as shown by decreased immobility time in the tail suspension test
(TST) (Fig. 2A) 2 h after ARS in CRS mice. This, at least transient,
“reversal effect” was associated with increased mGlu2 expression in
the hippocampus and a reduction in glutamatergic activity.
To further explore whether ARS in CRS mice at least tempo-

rarily reverses CRS-induced mood abnormalities and to learn how
a previous stress history (CRS) alters the brain’s reactivity to un-
known stressors, we assessed an anxiety-like behavior in 21-d CRS
mice 2 h after an episode of either AFS or ARS using the light–
dark test (LDT) (27). The 21-d CRS mice spent more time in the
light chamber when subjected to the familiar ARS (i.e., less anx-
ious), but less time in the light chamber (i.e., more anxious) when
subjected to a novel AFS (Fig. 2B).

Novel and Familiar Stressors Have Different Effects on Synaptic
Plasticity After 21-d CRS. Because stress hormones with their syner-
gistic interaction with glutamate are suggested to mediate negative
and positive influence on memory through induction of long-term
potentiation (LTP) (1, 28), we evaluated the effects of either a novel
AFS or a familiar ARS on day 22 after 21 d of CRS on basal synaptic
transmission and DG-LTP induced by high-frequency stimulation
(HFS). We found that hippocampal slices from CRS mice exhibited
significantly reduced maximum field excitatory postsynaptic potentials
(fEPSPs) compared with nonstressed mice, particularly when the
presynaptic afferents were stimulated at higher intensities (Fig. 3A).
HFS to the medial perforant pathway produced significantly lower
LTP in CRS mice (133.5 ± 5.4%) compared with nonstressed con-
trols (176.3 ± 6.7%) (Fig. 3B). Thus, CRS significantly reduced basal
synaptic transmission and DG-LTP (Fig. 3). In hippocampal slices
from CRS mice that experienced the novel AFS, DG-LTP continued
to be suppressed (128.0 ± 7.2%). In contrast, the familiar ARS in-
creased DG-LTP in hippocampal slices from 21-d CRSmice (176.5±
13.8%) (Fig. 3B). Thus, the familiar ARS applied in CRS mice, at
least transiently, reversed the CRS-induced decrease in DG-LTP that
may represent a habituation memory for familiarity while promoting
sensitization to the novel AFS (29). Moreover, the persistence of the
different electrophysiological responses to the familiar ARS vs. the

Fig. 2. Prior chronic stress history alters the behavioral reactivity to future
stressors. (A) Immobility time at the tail suspension test (TST) in nonstressed
age-matched mice and in mice after chronic restraint stress (21-d CRS) as well
as in CRS mice 2 h after either an additional known ARS or an additional
unknown AFS. The 21 d of CRS resulted in an increased immobility time at
the TST. An unknown AFS, which did not result in depressive-like behavior in
naive mice (Fig. S3), worsened, in 21-d CRS mice, the depressive-like behavior
(i.e., more depressive-like behavior, thus sensitization). Conversely, 2 h after
a known ARS in CRS mice, immobility time at the TST was decreased (i.e., less
depressive-like behavior, and thus an habituation and reversal effect) [TST,
F3,25 = 21.58, P < 0.0001 (stress)]. (B) The 21-d CRS mice showed different
responses to the AFS and ARS at the light–dark test (LDT) because, 2 h after
ARS in CRS mice, time spent in the light chamber was increased (i.e., less
anxious, and thus a habituation and reversal effect), but time spent in the
light chamber was reduced 2 h after AFS in CRS mice (i.e., more anxious, and
thus sensitization) [LDT, F3,25 = 18.03, P < 0.0001 (stress)]. Bars represent
mean + SEM, and * indicates significant comparisons with corresponding
controls, *P < 0.05, **P < 0.01, ***P < 0.0001.

Fig. 3. Novel and familiar stressors have different effects on synaptic plasticity
after 21-d CRS. (A and B) Hippocampal slices from CRS mice exhibited signifi-
cantly reduced maximum fEPSPs compared with nonstressed mice, particularly
when the presynaptic afferents were stimulated at higher intensities. Also, HFS
to the medial perforant pathway produced significantly lower DG-LTP in CRS
mice compared with nonstressed controls. In hippocampal slices from CRS mice
after an unknown AFS, DG-LTP was still reduced whereas DG-LTP was increased
in hippocampal slices from CRS mice after a known ARS, suggesting that an
additional known ARS, but not a subsequent unknown AFS, applied in CRS mice
at least transiently reversed CRS-induced decrease in DG-LTP [LTP, F3,25 = 21.6,
P < 0.0001 (stress)].
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novel AFS in vitro in slices of CRS hippocampus indicates a meta-
stable change at the cellular level.

P300 Regulates the mGlu2-Driven Window of Plasticity Opened by a
Familiar Stressor in the Hippocampus After CRS. To investigate
whether the “window of plasticity” (opened by CRS in response to
the familiar ARS that is able to reverse, within 2 h, the behavioral
and molecular effects of CRS) is a transient or a permanent effect,
we used the tail suspension test (TST) in CRS mice to show that,
2 h after ARS, they do not show depressive-like behavior. Indeed,
we showed that CRS mice with an additional ARS and 24-h re-
covery showed a markedly higher immobility time in the TST
(depressive-like behavior) (Fig. 4A). Furthermore, this behavioral
recurrence of depressive-like behavior is concomitant with a
reappearance of down-regulation of mGlu2 mRNA and an im-
munocytochemical signal in the DG-hippocampus of CRS mice
24 h after the ARS (Fig. 4B and Fig. S4). Thus, the reversal effect
at 2 h post-ARS in 21-d CRS mice reveals a temporary “window of
plasticity” that might be capitalized for therapeutic purposes.
Recently, we discovered that the more anxiety-prone naive

C57bl mice, revealed by a light–dark screening method, have
higher hippocampal mineralocorticoid (MR) levels and respond
to ARS with a robust down-regulation of mGlu2 receptors in the
hippocampus (2), the up-regulation of which is mediated by the
histone acetyl-transferase (HAT) P300. Chromatin immunopre-
cipitation (ChIP) assays showed that ARS induced a decrease
of P300 that was accompanied by decreased acetylation on the

H3K27 bound to Grm2 promoter, which regulates expression of
the mGlu2 receptor (18). Here, we determined whether a change
in P300 levels is involved in the regulation of the transient effect
induced by ARS in CRS. Although 21-d CRS down-regulated
P300 as well as mGlu2 mRNA levels, the application of ARS to
21-d CRS mice increased P300 hippocampal transcripts 2 h after
ARS (Fig. 4B). As predicted, 24 h after ARS in 21-d CRS mice,
mGlu2 mRNA levels were again down-regulated in the hippo-
campus (Fig. 4B). As noted, the mGlu2 elevation 2 h after ARS in
CRS mice is associated with decreased immobility time in the
TST (i.e., less depressive-like behavior) and with elevated im-
mobility time 24 h later (Fig. 4A). Consistently, 24 h after ARS in
CRS mice, P300 and mGlu2 mRNA levels were once again lower
in the hippocampus, showing, again, the tight association with
the biphasic changes observed in mGlu2 transcripts and the epi-
genetic mechanism for its regulation in the hippocampus.
Because P300 is a regulator of acetylation of histone-3-lysine-27-

acetylation (H3K27ac), an epigenetic marker that has been corre-
lated with transcriptional activation (30) and a consistent marker of
antidepressant action (18–20), we performed ChIP for the H3K27ac
bound to the promoter of theGrm2 gene, which encodes for mGlu2
receptors. In keeping with the finding that many epigenetic markers
are rapidly regulated and transient (30), we found that the CRS-
induced decrease in H3K27ac in the Grm2 promoter was rapidly
reversed 2 h after ARS in CRS mice and was once again down-
regulated 24 h after ARS in CRS mice (Fig. 4C). This dynamic
epigenetic regulation of the mGlu2 promoter driven by H3K27ac

Fig. 4. P300 regulates the mGlu2-driven window of
plasticity opened by stress in the hippocampus of
CRS and BDNF Val66Met mice. (A) At 24 h after an
additional ARS in CRS mice, immobility time at the
TST was once again significantly increased (reap-
pearance of depressive-like behavior) compared
with age-matched controls, suggesting that the re-
versal effect observed 2 h after ARS in CRS mice was
transient [TST, F3,16 = 9.65, P < 0.001 (stress)].
(B) Concomitantly, mGlu2 and P300 transcripts were
once again down-regulated 24 h after ARS in CRS
mice [mGlu2, F3,15 = 11.74, P < 0.001 (stress); P300,
F3,19 = 32.01, P < 0.0001 (stress)]. (C) Chromatin im-
munoprecipitation assay (ChIP) showed that the CRS-
induced decrease in the levels of acetylated H3K27
bound to the Grm2 promoter (which encodes for
mGlu2 receptors) was rapidly reversed 2 h after
ARS in CRS mice whereas levels of H3K27ac bound to
the Grm2 promoter were once again down-regu-
lated 24 h after ARS in CRS mice. (H3K27Ac, F3,20 =
6.54, P < 0.01 (stress)]. (D) P300 regulates acetylation
of the lysine K27 on the histone H3 bound to the
Grm2 promoter, which regulates expression of the
mGlu2, to control stress responses. (E) A subset of
susceptible heterozygous BDNF Met mice, identified
at the light–dark test as anxiety-prone mice (Fig. S5),
showed increased immobility time at the TST com-
pared with age-matched male homozygous BDNF
Val mice. The immobility time, in heterozygous
BDNF Met mice, measured at the TST, was signifi-
cantly reduced 2 h after ARS (i.e., less depressive-like
behavior) whereas it was once again significantly
increased 24 h after ARS (i.e., more depressive-like
behavior) [TST, F3,36 = 7.22, P < 0.001 (stress)].
(F) The susceptible heterozygous BDNF Met mice
showed reduced hippocampal mGlu2 and P300
levels compared with age-matched male homozygous BDNF Val mice. Two hours after ARS, mGlu2 and P300 levels were rapidly up-regulated in heterozygous
BDNF Met mice whereas they were once again down-regulated 24 h after ARS [mGlu2, F3,13 = 36.29, P < 0.0001 (stress); P300, F3,14 = 13.2, P < 0.001 (stress)].
(G) ChIP showed that the susceptible heterozygous BDNF Met mice have reduced hippocampal levels of H3K27ac bound to the Grm2 promoter compared
with age-matched male homozygous BDNF Val mice. At 2 h after ARS, levels of H3K27ac bound to the Grm2 promoter were rapidly up-regulated in het-
erozygous BDNFMet mice whereas they were once again down-regulated 24 h after ARS [H3K27Ac, F3,15 = 18.38, P < 0.0001 (stress)]. Bars represent mean + SEM, and
* indicates significant comparisons with corresponding controls, *P < 0.05, **P < 0.01, ***P < 0.0001.
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in our mouse model is consistent with previous findings showing
a key role of the same marker H3K27ac in rat studies in the
control of mGlu2 transcription (18).

Further Support for the P300 Role in the Control of the mGlu2-Driven
“Window of Epigenetic Plasticity” Opened by Stress in Heterozygous
BDNF Val66Met Mice. Next, we evaluated the occurrence of this
window of epigenetic plasticity also in the humanized mouse model
of BDNF loss-of-function (BDNFVal66Met). The Val66Met SNP is
carried by 33% of the human population and has been associated
with the development of neuropsychiatric disorders (21, 22). Here,
we found that a subset of naive heterozygous BDNFVal66Met
mice, identified at the light–dark screening method as particularly
anxiety-prone (2) (Fig. S5), showed increased immobility time in the
TST (Fig. 4E) along with reduced hippocampal P300 levels (Fig.
4F) that led to a decrease in the acetylation of H3K27 bound to
the Grm2 promoter as shown by ChIP (Fig. 4G). In turn, CRS-
decreased acetylation of H3K27 led to a decreased transcription
for mGlu2 in the hippocampus (Fig. 4F). However, 2 h after ARS,
without any prior history of CRS, heterozygous BDNFmet mice
showed reduced immobility time at the TST (i.e., less depressive-
like behavior) (Fig. 4E). As was the case for WT mice given CRS,
this enhanced plasticity 2 h after ARS was accompanied by a rapid
up-regulation of P300 transcript levels in the hippocampus (Fig.
4F) that increases transcription of mGlu2 receptors through
acetylation of H3K27 (Fig. 4 F and G). Moreover, 24 h after ARS
in heterozygous BDNFVal66Met mice, the transient increase was
reversed, with increased immobility time in the TST, along with
reduced P300 transcripts and H3K27ac levels in the hippocampus
and down-regulation of mGlu2 transcripts (Fig. 4 E–G). Thus, ARS
opens the window of plasticity in BDNFVal66Met mice, as well as in
CRS-WT mice.

Discussion
We have uncovered mechanisms of epigenetic plasticity of the
hippocampus in response to acute and chronic stressors, re-
vealing that the putative presynaptic mGlu2 receptors and the
postsynaptic NR1/NMDA receptors are dynamically regulated in
the hippocampus in relation to anxiety- and depressive-like be-
haviors. Our findings demonstrate that a history of chronic stress
determines the responses to future familiar or novel acute
stressors. Furthermore, we showed that stress-induced changes
in DG-LTP reveal memory-like plasticity, with habituation to the
same stressor (ARS) and sensitization to the novel stressor
(AFS). Using both WT mice and a humanized mouse model of
reduced BDNF function (Val66Met SNP), we found that the
epigenetic activator of histone acetylation, P300, plays a pivotal
role in the dynamic up- and down-regulation of mGlu2 expres-
sion in the hippocampus in response to chronic and acute novel
and familiar stressors. This dynamic reaction of the hippocampus
reveals a window of epigenetic plasticity, a temporary timeframe
of dynamic neuroplasticity, in response to stress that could allow
interventions to rapidly promote resilience through regulation of
acetylation of histones.

Glutamatergic Regulation. CRS for 21 d in naive mice causes po-
tentially maladaptive neural responses with no significant change
in NR1/NMDA receptors and a decrease in mGlu2 expression in
the DG hippocampus, both in terms of mRNA levels and im-
munocytochemistry for the receptors. Therefore, a paradigm of
21-d CRS, which results in increased immobility time in the
TST (depressive-like behavior) and decreased time in the light
chamber of a light–dark box (anxiety-like behavior), alters glu-
tamate homeostasis in the DG hippocampus. The strength of
changes of mGlu2 expression in the DG points to a region
of active neurogenesis and a target of antidepressant treatment
(31). Indeed, reduced activity of mGlu2, an inhibitor of glutamate
release, would lead to increased glutamatergic activity, which

inhibits neurogenesis (32). It is noteworthy that neither ARS nor
AFS in naive animals resulted in increased immobility time in the
TST whereas 21-d CRS was needed for this effect. In the present
study, AFS in naive animals resulted in no significant behavioral
changes at the LDT (Fig. S3C) whereas, as reported recently, ARS
results in anxiety-like behavior in susceptible mice characterized
by an MR-driven down-regulation of mGlu2 receptors in the hip-
pocampus, suggesting that higher MR in susceptible mice may be
the result of an early life history of stress (2).

History of Chronic Stress. Does a history of chronic stress alter the
brain’s ability to respond appropriately to an acute stress chal-
lenge? Our findings demonstrate the importance of a stress
history in determining the response to future familiar or novel
stressors. Here, we show that a history of stress (21-d CRS) alters
the reactivity to future stressors that may be, at least temporarily,
adaptive for known stressors (ARS) or may sensitize to unknown
stressors (AFS). CRS mice exposed to a novel AFS were sensi-
tized and showed more depressive- and anxiety-like behaviors,
which were not observed in naive animals after AFS. These
behavioral outcomes were accompanied by a glutamatergic hy-
peractivity of the hippocampus based on the strong elevation of
NR1/NMDA receptors and on the continued down-regulation of
mGlu2 receptors, which normally inhibit glutamate release. We
detected these changes in mGlu2 and NR1 receptors at both the
mRNA and immunocytochemical levels.
On the other hand, 21-d CRS altered the ability to respond

to an additional familiar ARS, as shown by the transiently
decreased immobility time at the TST and increased time
spent in the light chamber of a light–dark box. This “reversal
effect” is transient and is associated with an increase in hip-
pocampal mGlu2 expression, which would reduce glutamate
overflow.
Recently, mGlu2 receptors have been identified as markers of

mood-related behavior and individual responsiveness to stress (2,
18); thus, it is noteworthy that we found an opposite trend in mGlu2
expression in CRS mice after exposure to AFS and ARS, with an
up-regulation of mGlu2 in CRS mice after exposure to the familiar
ARS, but not after exposure to the novel AFS. Previous studies
showed that prior daily exposure to the same stressor confers pro-
tection from some effects of acute superimposed stressors (29). In
the present study, our stress challenge paradigm may have induced
a form of metaplasticity in the responses of the glutamate mGlu2
and NMDA receptors through mechanisms of adaptation that
promote increased DG-LTP that we found in the response of CRS
mice to the familiar ARS (33). The metaplasticity we describe is
similar to that reported to enhance the neuronal environment for
learning and memory through increased late-phase LTP in animals
trained on memory tasks (34).
Conversely, after the novel AFS, CRS mice showed decreased

neuronal responsiveness and lower DG-LTP. How these re-
sponses may be related to altered learning, and learning ability
remains to be determined. Future studies should address whether
the large up-regulation of the essential subunit NR1 of NMDA
receptors after AFS in CRS mice is a metaplastic effect induced by
stress that helps to keep synaptic efficacy in the appropriate state
for learning and memory processes to adapt to future stressful life
episodes or whether the huge up-regulation in NR1/NMDA re-
ceptors is a maladaptive response that could lead to permanent
damage if not appropriately treated.

Role of P300 in a Window of Epigenetic Plasticity Unveiled by Stress.
Recently, we discovered that, in susceptible, naive individuals with
higher MR levels, ARS induces anxiety-like behavior through a
down-regulation of mGlu2 receptors in the hippocampus mediated
by the HAT P300 (2). Chromatin immunoprecipitation assays
showed that the decrease of P300 expression decreases acetylation
of the lysine K27 on the histone H3 bound to the Grm2 promoter,
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which regulates expression of the mGlu2 receptor (18). In the
present study, we found that an additional known ARS applied to
CRS mice at least transiently reverses the CRS effects, showing
that the brain and, more specifically, the hippocampus are con-
tinuously adapting to the environment. Here, we report that the
transient reversal effect induced by ARS in CRS animals is driven
by a dynamic and transient up-regulation of P300 leading to in-
creased acetylation of histone H3K27 and increased expression of
mGlu2 in the hippocampus (Fig. 4D). Interestingly, heterozygous
BDNFVal66Met mice without any chronic stress history react
similarly to WT BDNFVal66Val mice with a history of CRS,
showing the same transient up-regulation of mGlu2 mediated by the
same mechanism accompanied by reduced anxiety- and depressive-
like behavior. Therefore, ARS in CRS mice and ARS applied to
heterozygous BDNF Val66Met mice open a window of epigenetic
plasticity in the hippocampus in terms of regulation of mGlu2 ex-
pression driven by P300, revealing epigenetic mechanisms through
which the brain is continuously adapting to external influences.

Translational Implications. The window of epigenetic plasticity of-
fers opportunity for behavioral and pharmacological interventions
that can increase resilience by correcting imbalances of excitatory
transmission through regulation of gene transcription via histone
modifications and related epigenetic alterations. Thereby, this
window of epigenetic plasticity can be capitalized by behav-
ioral and pharmacological interventions to reestablish bal-
anced neural circuitry in the hippocampus, prefrontal cortex, and
amygdala that become unbalanced in stress-related disorders

(3, 35–38). Pharmacological interventions may include acetyl-L-
carnitine (LAC), a donor of acetyl groups that has been shown to
rapidly counteract depressive-like behavior and rectify glutamate
dysregulation (18). Behavioral and pharmacological interven-
tions that are rapid may be useful in relation to suicide pre-
vention because they can quickly alleviate depression, counteract
impulsiveness, and improve self-regulatory ability (39, 40). Fur-
thering our understanding of how stress affects glutamate ho-
meostasis, altering glutamate pre- and postsynaptic receptors,
will ultimately contribute to improved therapeutics for more
rapidly promoting resilience through more balanced cognitive
function and decision making.

Methods
All procedures were carried out in accordance with the National Institutes of
Health, The Rockefeller University Institutional Animal Care and Use Com-
mittee guidelines, and the European (86/609/EEC) and Italian (D.Lgs 116/92)
guidelines of animal care. See SI Methods for details of stress procedure,
behavioral tests (tail suspension, light–dark screeningmethod), gene expression
protocol, ChIP procedure and promoters’ primers, immunohistochemistry pro-
tocol, densitometric analysis, and electrophysiology.
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