1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Nat Neurosci. Author manuscript; available in PMC 2013 April 01.

-, HHS Public Access
«

Published in final edited form as:
Nat Neurosci. 2012 October ; 15(10): 1382-1390. doi:10.1038/nn.3214.

REST-dependent epigenetic remodeling promotes the in vivo
developmental switch in NMDA receptors

Alma Rodenas-Ruano”, Andrés E. Chavez", Maria J. Cossio, Pablo E. Castillo, and R.
Suzanne Zukin'

Dominick P. Purpura Department of Neuroscience Albert Einstein College of Medicine Bronx, NY
10461

Abstract

N-methyl-D-aspartate receptors (NMDARS) are critical to synaptogenesis, neural circuitry and
higher cognitive functions such as learning and memory. A hallmark feature of NMDARS is an
early postnatal developmental switch from primarily GIuN2B- to GIuN2A-containing. Although
the switch in phenotype has been an area of intense interest for two decades, the mechanisms that
trigger it, and the link between experience and the switch are unclear. Here we show a novel role
for the transcriptional repressor REST in the developmental switch of synaptic NMDARs. REST
is activated at a critical window of time and acts via epigenetic remodeling to repress grin2b
expression and properties at rat hippocampal synapses. Knockdown of REST in vivo prevented the
decline in GIuN2B and developmental switch in NMDARSs. Notably, maternal deprivation
impaired REST activation and acquisition of the mature NMDAR phenotype. Thus, REST is
essential for experience-dependent fine-tuning of genes involved in synaptic plasticity.

INTRODUCTION

NMDARs are hetero-tetramers typically composed of GIuN1 and GIuN2 subunits, and the
precise subunit composition determines NMDAR functional properties? 2. A developmental
switch in subunit composition from primarily GIuN2B- to GIuN2A-containing occurs during
postnatal development3~'. This developmental switch is significant in that GIUN2B
expression can restrict synaptic incorporation of AMPARsS: 9, reduce the threshold for and
enhance the magnitude of long-term potentiation (LTP)® 10.11 and promote hippocampal-
dependent learning2, plasticity-induced spine growth19, and dendritic patterning critical to
information processing®3. Moreover, GluN2B-containing NMDARs exhibit slower decay
times, carry more Ca2* current per unit charge’ and preferentially tether to the plasticity
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protein CaMKI114, These findings highlight the importance of maintaining correct GIUN2A/
GIuN2B levels in adults. However, the molecular mechanisms controlling the long-term
switch in NMDAR subunit composition during brain development remain unclear.

Epigenetic modification of chromatin is a key regulator of gene expression in virtually all
tissues including the brain, and provides a mechanism through which neuronal activity and
early experience in life can modify brain development!® 16, An attractive scenario is that
during postnatal development, experience triggers chromatin remodeling and transcriptional
repression of grin2b, the gene encoding the NMDAR subunit GIuUN2B. The Repressor
element 1 silencing transcription factor (REST); also known as Neuron-restrictive silencer
factor (NRSF) is a gene-silencing factor that is widely expressed during embryogenesis in
pluripotent stem cells and neural progenitors, where it acts via epigenetic remodeling to
silence a large array of coding and noncoding neuronal genes important to synaptic function
including grin2b!7-21, REST binds RE1 (also known as NRSE), a 23 base pair motif within
the promoter of target genes, and acts as a platform that recruits co-repressors, which
promote chromatin remodeling via modifications of core histone proteins and DNA22-24,
Initially thought to function as a master negative regulator of genes involved in neurogenesis
and neuronal differentiation, loss of REST is critical to acquisition of the neuronal
phenotypel8: 19, However, a role for REST in synaptic function in mature neurons under
physiological conditions is, as yet, unknown.

The subunit composition of synaptic NMDARS is regulated acutely, on the order of minutes
or hours, in response to neuronal activityl% 25-28 and in a long-lasting manner by early
postnatal experience® 29-33_ The present study was undertaken to investigate molecular
mechanisms underlying the long-term switch in GIuN2 subunits at hippocampal synapses
during normal postnatal development and in response to early-life experience. We show that
REST is activated and recruited to the GIuUN2B promoter in differentiated neurons and is
critical to the enduring physiological switch in synaptic NMDARs phenotype at dentate
gyrus granule cell synapses observed in vivo during normal postnatal development. We
further show that adverse experience in early life in the form of maternal deprivation
disrupts activation of REST and the switch in synaptic NMDARs. Thus, REST is essential
for experience-dependent fine-tuning of genes involved in synaptic activity and plasticity via
epigenetic mechanisms.

To examine a possible role for REST in the developmental switch of NMDAR subunit
expression, we examined postnatal expression of REST, GIuUN2A, and GIuN2B in the
hippocampus of neonatal rats. A transient, but marked increase in REST abundance
occurred at postnatal day 14-15 (P14-15; Fig 1a, b; see scanned membrane in
Supplementary Fig. 1a) coinciding with a long-term decline in GIuN2B mRNA expression
(Fig. 1c). GIuN2B protein abundance remained essentially constant from P8 until P21, after
which it declined by ~2.5-fold to a level that persisted until adulthood (Fig. 1a, d). GIUN2A
protein was barely detectable at P3, and progressively increased by nearly 5-fold by P30, a
level that persisted until P60 (Fig. 1a, e; Supplementary Table 1). Whereas GIuN2B and
GIuN2A are developmentally regulated, GIuN1 mRNA expression is unaltered postnatally

Nat Neurosci. Author manuscript; available in PMC 2013 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rodenas-Ruano et al.

Page 3

(Fig. 1f). To determine whether the observed increase in REST at P14-15 occurs primarily
in the nuclear fraction of neurons, we microdissected the cell body layer of the hippocampus
at indicated ages and extracted the nuclear fraction. REST abundance in nuclei increased by
more than 3-fold (vs. 0.3-fold in whole hippocampal lysates) at P14-15 relative to P9 (Fig.
1g; Supplementary Fig. 1b; Supplementary Table 2). These findings document a marked
increase in the transcriptional repressor REST in the nuclei of hippocampal neurons.

REST binds RE1/NRSE sites within promoters of target genes?3, including grin2b?%: 21, To
evaluate whether the increase in REST abundance at P14-15 coincides with REST
enrichment at grin2b, we examined REST occupancy at two RE1 sites contained within the
proximal (PR1) and distal (PR2) regions of the grin2b promoter (Fig. 1h; Supplementary
Fig. 2a, b) by means of chromatin immunoprecipitation (ChIP). Of note, the mouse grin2b
promoter has multiple RE1 motifs which act synergistically to enhance the binding affinity
for REST20, REST was highly enriched at PR1 (Fig. 1i), and PR2 (Fig. 1j; Supplementary
Fig. 3c, d and Supplementary Table 3) at P15, directly preceding the decline in GIuN2B
MRNA expression. Because REST occupancy was greater at PR1 than at PR2 at all ages
examined, we focused on PR1 in subsequent experiments. REST occupancy at the grin2b
promoter persisted as late as P60, consistent with a role for REST in long-term
transcriptional repression of GIUN2B. In contrast, REST was not enriched at exon 4 of the
grin2b gene (Supplementary Fig. 4a), or at the promoter of the actin gene, both of which
lack REL1 sites (Supplementary Fig. 4b). Moreover, REST was not enriched at RE1 sites
within the grin2a (GIuN2A,; Fig. 1k), grinl (GIuN1; Fig. 1l), or gria2 (GIuA2) gene
promoters (Supplementary Fig. 4c). Collectively, these findings indicate target specificity of
REST in mature, differentiated neurons.

Co-assembly of REST with the co-factor COREST, enhances the ability of REST to repress
genes34 and can effect long-term gene silencing?2. Recruitment of COREST to the grin2b
promoter was first evident at P15, and was greatest at P60, the latest age examined (Fig.
1m). The REST corepressor complex promotes post-translational modifications of core
histone proteins and methylation of cytosines within DNAI8. G9a, a site-specific histone
methyltransferase which confers methyl moieties to H3K®9, is associated with REST
repression3®, and was highly enriched at the grin2b promoter (~9-fold) at P15 (Fig. 1n), after
which it gradually decreased to ~6-fold at P21 and to ~4-fold at P60, the latest time point
examined. As is the case of other transcription factors, the binding affinity of REST to RE1,
and its ability to repress target genes is enhanced by co-existence of chromatin repressive
marks36. Trimethylation of core histone 3 at lysine 9 (H3K9me3), a functional readout of
G9a and a mark of transcriptional repression, transiently increased ~10-fold at the grin2b
promoter by P15, and 5-fold by P21, after which it declined to levels near to those observed
at P3 (Fig. 10). In contrast, trimethylation of H3 at lysine 27 (H3K27me3), also a mark of
gene silencing, increased dramatically (~20-fold) at the grin2b promoter at P15, but
continued to rise in occupancy (~50-fold) as late as P60 (Fig. 1p; see Supplementary Fig 3f
and Supplementary Table 4). Thus, although initially both repressive marks are likely acting
in concert, the long-term decline in GIUN2B expression is associated with the long-term
repressive mark H3K27me3. The striking increase in repressive marks was accompanied by
a marked and transient reduction in trimethylation of H3 at lysine 4 (H3K4me3), a mark of
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active gene transcription, to almost undetectable levels at P15, followed by a significant rise
at P21 to the higher levels observed at earlier ages (Fig. 1q; Supplementary Fig 3e). At P21
and as late as P60, the latest time point examined, the grin2b promoter exhibited a bivalent
pattern of epigenetic marks in which marks of repression (H3K27me3, H3K9me3)
colocalize with marks of active gene transcription (H3K4me3); under these conditions,
genes will be repressed yet at the same time poised for activation3”. Methyl CpG binding
protein 2 (MeCP2), a protein that reads epigenetic marks and functions as a transcriptional
repressorl®, was enriched at the grin2b promoter by ~5 fold at P15, and by ~20-fold at P60
(Fig. 1r; Supplementary Table 3). Thus, recruitment of REST to the grin2b promoter and
epigenetic marks of repression directly precede the long term decline in GIUN2B subunit.

To examine a possible causal role for REST in the long-term decline in GIUN2B expression,
we focused on the dentate gyrus (DG), a key relay station in the hippocampal formation
where a transient increase in REST precedes the developmental switch in NMDAR subunit
composition (Fig. 2a and Supplementary Table 5). Pharmacologically-isolated NMDAR-
mediated EPSCs (see Methods) exhibited both a progressive decrease in sensitivity to the
GIluN2B-selective antagonist Ro25-6981 (0.5 pM) (Fig. 2b), and faster EPSC decay kinetics
with age (Fig. 2c). These findings suggest that in DG, as in other brain regions® 4 30, there
is a developmental switch in synaptic NMDAR phenotype from primarily GIuN2B- to
primarily GIuN2A-containing. We injected synthetic RNAI targeted to REST (RESTi)38 or
nontargeting RNAI (does not target any known vertebrate gene; Supplementary Fig. 5)
directly into the DG of rat pups by means of the lentivirus expression system at either P10,
an age prior to the initial decline in GIuN2B, or at P24 (Fig. 3a), after the initial decline in
GIuN2B (see Fig. 1a,d) and switch in NMDAR phenotype (Fig. 2b,c) have started. RESTi
delivered at P10 was abundantly expressed in dentate granule cells (DGCs) by P14, as
assessed by the intensity of green fluorescence (Fig. 3b, top panels). Injection of RESTi at
P10 decreased the levels of REST mRNA assessed at P14 and P28-32 (Fig. 3c). While
RESTi injected at P10 elicited increased the levels of GIuN2B mRNA by more than 7-fold
(Fig. 3d), it had little or no effect on GIuUN2A mRNA, nor GIuN1 mRNA (Fig. 3e), assessed
by gPCR of clusters of GFP-positive DGCs expressing RESTi at P28-32 (GFP positive
neurons), relative to non-transduced control cells. This observation is consistent with the
concept that REST regulates a subset of "transcriptionally responsive™ genes in postnatal
neurons, as recently reported for the chloride transporter KCC2 in cortical neurons in
vitro3. Whereas RESTIi delivered at P24 decreased REST mRNA expression (Fig. 3c), it
did not significantly alter GIluN2B mRNA, assessed at P28-31 (Fig. 3d; Supplementary
Table 6), indicating that reducing REST after the switch has been triggered does not reverse
the decline in grin2b transcription.

To determine whether the increase in GIuUN2B mRNA expression induced by RESTi is
functionally significant, we monitored pharmacologically-isolated, NMDAR-EPSCs onto
DGC synapses (see Methods). We first analyzed the input/output function of NMDAR-
mediated transmission in RESTi expressing neurons relative to neighboring, non-transduced
control cells in the same hippocampal slice. RESTi injected at P10 significantly increased
NMDAR transmission (Fig. 3f; Supplementary Table 7). Consistent with this observation, in
animals injected at P10, but not at P24, neurons expressing RESTi exhibited a higher
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NMDAR/AMPAR ratio than did neurons expressing nontargeting RNAi (Fig. 3b, bottom
panels; Fig. 3g). Moreover, another synthetic RNAI that targets a different sequence within
the REST gene (called RESTi*, see Methods) also increased the NMDAR/AMPAR ratio
(Fig. 39). In contrast, the frequency and amplitude of AMPAR-mediated miniature EPSCs,
the paired-pulse ratio of evoked EPSCs, and I/V curves for AMPAR-EPSCs and NMDAR-
EPSCs were unchanged in RESTi expressing neurons (Supplementary Figs. 6, 7), strongly
suggesting that RESTi does not detectably alter glutamate release probability, quantal size of
AMPAR-mediated synaptic transmission or rectification properties of synaptic AMPARS or
NMDARSs at DGC synapses. Together, these results suggest that knocking down REST
prevents the normal developmental decline in GIuUN2B mRNA and presumably protein,
thereby selectively increasing NMDAR- (but not AMPAR-) mediated transmission.

We next examined the impact of RESTi on the properties of NMDAR-mediated
transmission. In animals injected with either RESTi or RESTi* at P10, NMDAR-EPSCs
recorded at P28-32 exhibited a greater sensitivity to the GIuN2B-selective antagonist Ro25-
6981 (0.5 uM; Fig. 4a) and slower decay kinetics, relative to NMDAR-EPSCs recorded
from non-transduced DGCs or DGCs expressing nontargeting RNA. (Fig. 4b;
Supplementary Table 8). These observations are consistent with an increase in synaptic
GIuN2B-containing receptors® 40, In contrast, neurons injected with RESTi at P24 showed
no detectable change in sensitivity of NMDAR-EPSCs to R025-6981 (Fig. 4a) or decay
kinetics (Fig. 4b) relative to non-transduced DGCs, consistent with the notion that REST
acts within a critical time window during development to promote epigenetic marks of
repression that contribute to the switch in synaptic NMDAR properties. To examine the
impact of RESTi injected at P10 on GluN2A-containing NMDARs we assessed the
sensitivity of NMDAR-EPSCs to Zn?*, which in the nanomolar range, preferentially inhibits
GIuN2A- vs. GIuN2B-containing NMDARs (see Methods). To validate the selectivity of
Zn2* for GluN2A-containing NMDARs, we recorded NMDAR-EPSCs at an older age
(P29-30), when synaptic NMDARs are primarily GIuN2A-containing, and at a younger age
(P7-8), when the contribution of GIuUN2A-containing receptors is minimal. The reduction in
NMDAR-EPSC amplitude produced by Zn?* was marked at P29-30 but greatly diminished
at P7-8 (Fig. 4c; Supplementary Table 8). NMDAR-EPSCs recorded from RESTi-P10
neurons at P29-30 exhibited significantly less sensitivity to 200 nM Zn?* (see Methods and
Supplementary Fig. 8) than NMDAR-EPSCs recorded from non-transduced DGCs (Fig. 4c;
p<0.001). These results demonstrate that REST regulates the GIUN2B/GIuN2A expression
ratio and significantly contributes to the switch in synaptic NMDAR phenotype from
primarily GIuUN2A- to GIuN2B-containing during postnatal development.

Epigenetic modifications of chromatin reflect environmental influences that are not “hard-
wired” into the DNA sequencel® 16, Given that REST acts via epigenetic remodeling to
promote the developmental switch in NMDAR phenotype, we reasoned that experience
might influence activation of REST and the long-term decline in GIUN2B expression.
Maternal deprivation during the first week of postnatal life has a profound and enduring
impact on hippocampal development*! and NMDAR subunit composition in the
hippocampus3. We first assessed whether adverse experience early in life in the form of
maternal deprivation could influence REST and REST-dependent silencing of grin2b.
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Animals subjected to maternal deprivation (Fig. 5a, see Methods) showed a marked
reduction in REST protein in the nuclear fraction of the hippocampus assessed by Western
analysis (Fig. 5b, 5¢ left panel), a decrease in REST mRNA (Fig. 5c, right panel), and
increase in GIuUN2B mRNA expression in DG, assessed by qRT-PCR at P30 (Fig. 5¢, right
panel). In contrast, GIUN2A, GIuN1, and GIuA2 mRNA expression were unaltered in DG at
P30, indicating target specificity of REST (Supplementary Fig. 9; Supplementary Table 9).
Moreover, maternally-deprived rats exhibited a marked reduction in REST (Fig. 5d), and
H3K27me3 (Fig. 5e) occupancy at the grin2b promoter in DG, relative to age-matched,
normally-reared rats (Supplementary Table 10). To examine the impact of maternal
deprivation on NMDAR subunit composition at synapses, we assessed levels of receptor
subunits in endoplasmic reticulum (ER) and postsynaptic density (PSD) from normally-
reared and maternally-deprived pups at P30 (see Methods). GIuN2B was markedly increased
in both ER and PSD fractions of maternally-deprived vs. normally-reared animals (Fig. 5f).
Whereas total cellular abundance of GIuN1 protein was unchanged, GIuN1 protein was
decreased in the ER fraction and increased in the PSD fraction (Fig. 5d), consistent with
forward trafficking of GIuN1 from the ER to the PSD in the hippocampus of maternally-
deprived rats. The increase in synaptic GIuN1 likely reflects assembly and synaptic
incorporation of new GIuN1/GIuN2B receptors. In contrast, GIUN2A was unchanged in total
cell lysates, ER and PSD fractions from maternally-deprived vs. normal-reared rats (Fig. 5d,;
Supplementary Table 9), consistent with no change in occupancy of REST at grin2ain
maternally-deprived animals (Supplementary 11; Table 10). These findings show that
maternal deprivation during the first week of life interferes with activation of REST and
occupancy of epigenetic marks of repression, and prevents the decline in synaptic GIuN2B
(but not the rise in GIUN2A) during postnatal development.

To evaluate the functional consequences of maternal deprivation on NMDAR-mediated
synaptic transmission, we recorded NMDAR-EPSCs at synapses onto DGCs in slices from
maternally deprived pups and normally-reared littermates at P28—-31. Consistent with an
increase in synaptic GIUN2B, with little or no change in GIUN2A (Fig. 5f, Supplementary
Fig. 9), NMDAR-EPSCs of maternally-deprived rats exhibited enhanced sensitivity to the
GIluN2B-selective antagonist Ro25-6981 (0.5 uM; Fig. 6a) and slower EPSC decay kinetics
(Fig. 6b, Supplementary Table 11). In contrast, the paired-pulse ratio of evoked EPSCs
(Supplementary Fig. 10) and NMDAR/AMPAR ratios (Fig. 6¢) were unchanged.
Intriguingly, maternal deprivation induced a modest increase in the quantal amplitude of
AMPAR-mediated transmission —as indicated by changes in miniature EPSC (mEPSC)
amplitude but not frequency- (Fig. 6d, Supplementary Table 11), which could account for
the lack of change in NMDAR/AMPAR ratio. While the increase in mEPSC amplitude
might be due to compensatory changes in AMPAR number or function, we did not detect a
change in GIuA2 protein level (Fig. 5d; Supplementary Table 9). Neither REST abundance
at gria2 (Supplementary Fig. 11; Supplementary Table 10), nor GIuUA2 mRNA
(Supplementary Fig. 9; Supplementary Table 10) were changed at P30. Thus, while the
mechanism underlying the increase in AMPAR-mediated transmission in maternally-
deprived animals remains unclear, it is unlikely due to REST-dependent transcriptional
regulation of GIuUA2. Together, these findings strongly suggest that maternal deprivation,
known to be associated with aberrant behavior42, impairs activation of REST and the switch
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in NMDAR subunit composition during development, likely due to the inability of low
levels of REST to repress transcription of grin2b.

DISCUSSION

The present study demonstrates a critical and previously unrecognized role for experience-
dependent, epigenetic remodeling of synaptic NMDARs during hippocampal development.
Our results indicate that REST is essential to the developmental switch in GIUN2A/GIuN2B
ratio at hippocampal synapses in vivo. REST orchestrates epigenetic remodeling of the
grin2b promoter and long-lasting transcriptional repression of GIUN2B early in postnatal
development. While previous studies have shown that acute neuronal activity can regulate
NMDAR subunit composition on the order of minutes or hours9: 25-28  these studies have
not addressed the enduring physiological switch in synaptic NMDARs observed in vivo
during postnatal development. Whereas studies of the switch in NMDARSs during postnatal
development have focused on the increase in GIUN2A at synapses of visual cortex3: 33, we
demonstrate an essential role for the decline in GIUN2B expression at hippocampal
synapses. A prevailing view has been that REST serves as a master regulator of neuronal
gene expression in pluripotent stem cells and neural progenitors. To our knowledge, our
study is the first demonstration that REST-dependent epigenetic modifications alter
properties of a synaptic protein in differentiated neurons and that REST can regulate
synaptic function. We further show that adverse early life experience in the form of maternal
deprivation disrupts activation of REST, alters the epigenetic landscape at the grin2b
promoter, and prevents acquisition of the mature NMDAR phenotype at hippocampal
synapses. Our finding that the switch is mediated by experience-dependent mechanisms in
vivo supports a novel and previously unappreciated role for REST as a link between
experience and synaptic function.

REST exhibits both target and temporal specificity

While genome wide and cell line studies reveal that only ~13% of predicted RE1 sites
actually bind REST, there is little information on mechanisms underlying target specificity
and affinity in neurons in vivo. Our studies show that REST exhibits target specificity in
differentiated neurons during postnatal development. Whereas REST is enriched at the
grin2b promoter, it is not enriched at grinl, grin2a or gria2 promoter, which contain known
REL1 sites. Some of these findings are not entirely surprising, as GIUN1 mRNA expression in
the hippocampus is not developmentally regulated (see Fig. 1d), and GIUN2A mRNA
expression is highly increased during development*, Also, our finding that REST is not
enriched at grin2a in differentiated neurons is consistent with findings of others that grin2a
is not a functional target of REST in mammalian cells23: 43, The observation that REST is
not recruited to the gria2 promoter during early postnatal development is in contrast to
findings that gria2 is a known functional target of REST in mammalian cells** and in CA1
neurons in response to ischemic insults in vivo3®. Thus, target specificity of REST may vary
with cell type and context.

Although not addressed in the present study, the long-term increase in GIUN2A expression
during postnatal development is likely regulated at least in part by REST-independent
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transcriptional activation, as for example CREB#3, and/or post-transcriptional mechanisms
such as translation and receptor trafficking. It is interesting that REST knockdown enhances
NMDAR-mediated transmission (Fig. 3f,g). Such an increase is presumably due to the
selective REST-dependent increase in GIUN2B expression at the synapse (Figs. 3d, 4a,b),
consistent with the notion that availability of GIUN2 subunits determines the total number of
functional NMDARSs*®. Our results reinforce the notion that although REST can repress
thousands of genes, other supporting mechanisms may be necessary to enable REST-
dependent repression, as for example changes in the epigenetic landscape at the gene
promoter. An open question is what mechanism turns on REST expression in differentiated
neurons at P15-17. Recent studies indicate that a fundamental mechanism by which REST
is regulated is at the level of protein stability and degradation. REST protein stability is
bidirectionally regulated by B-TrCP-dependent, ubiquitin-based proteasomal

degradation6: 47 and HAUSP-dependent deubiquitination, leading to enhanced protein
stability#8. One possibility is that early life experience regulates REST expression through
these degradative mechanisms.

We also report that the temporal context in which REST modulates grin2b is restricted to a
critical window of time during postnatal development associated with heightened plasticity.
Whereas in vivo knockdown of REST at P10, an age prior to the decline in GIUN2B,
derepresses GIuUN2B and disrupts the change in synaptic NMDAR properties at hippocampal
synapses, knockdown of REST at P24, an age after the decline in GIUN2B has begun, is
ineffective. Moreover, once REST has triggered grin2b repression at P14-15, corepressors
such as CoREST and MeCP2, and/or chromatin repressive marks persist at the grin2b
promoter at high levels at older ages, thereby maintaining GIuN2B at low levels. This
would, in turn, make acute REST knockdown ineffective at older ages (e.g. >P24).
Alternatively, once the switch in NMDAR phenotype has occurred, it is difficult to reverse.
Recruitment of REST to the grin2b promoter is coincident with a striking alteration in the
chromatin landscape. At P15 the grin2b promoter undergoes a dramatic change in which an
increase in marks of stable gene repression (H3K9me3 and H3K27me3)*? is coincident with
a decline in the activation mark H3K4me3. Notably, the decrease in H3K4me3 is transient,
in that by P21 (and at P60), it is increased and coincides with a persistent enrichment in
H3K27me3. These findings document a bivalent pattern of epigenetic marks involving both
“repressive” and “activating” chromatin modifications at the grin2b promoter in early
postnatal life, possibly maintaining GIUN2B in a repressed state, yet poised for activation3’.
To our knowledge, this is the first study showing a bivalent pattern of epigenetic marks at
the gene promoter of a synaptic protein in fully-differentiated neurons.

Maternal deprivation disrupts epigenetic remodeling and the switch in NMDAR phenotype

Epigenetic modifications are associated with experience-driven chromatin modifications that
lead to long-lasting changes in gene transcriptionl6: 49, While it is well-established that
experience can regulate the GIUN2A/GIUN2B ratio at central synapses3 2%-33, the link
between experience and synaptic function remains unclear. Our results clearly demonstrate a
role for experience-dependent epigenetic remodeling, leading to a synaptic modification in
vivo. We show that early in life the NMDAR subunit GIuN2B is modulated by REST-
dependent epigenetic processes involving histone methylation. Although not addressed by
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the present study, our results do not preclude the possibility that DNA methylation is also
altered. Experience in the form of maternal deprivation (a paradigm known to disrupt the
developmental switch in NMDAR phenotype3l), prevents activation of REST and
epigenetic remodeling of the grin2b promoter, silencing of GIUN2B and the switch in
synaptic NMDAR phenotype. Consistent with these findings, it was recently shown that
maternal deprivation impairs REST function, resulting in enhanced vulnerability to stress in
rats*2. Maternal deprivation is also associated with an increase in anxiety and alcohol
preference, impaired maternal care, and diminished spatial navigation learning®?, but the
mechanisms underlying these abnormal behaviors remain poorly understood. While it is
clear that altered GIuN2B expression highly impacts synaptic function and

plasticity8-10. 12,13 fyrther studies are necessary to understand how disrupting repression of
GIuN2B during early postnatal development can impact behavioral deficits and pathological
disorders associated with dysregulation of GIuUN2B-containing receptors.

In summary, our data provide evidence for a unique mechanism underlying the switch in
synaptic NMDAR phenotype in vivo. These findings add a new dimension to our
understanding of how synaptic proteins and function are influenced by experience and
epigenetic mechanisms early in life, which can have long-term consequences. Given that the
developmental switch in synaptic NMDAR phenotype occurs widely throughout the
forebrain and has important physiological consequences, REST-dependent epigenetic
remodeling of synaptic NMDARSs during brain development may be a widespread and
enduring mechanism to adjust synaptic function. NMDARs are critical to synaptogenesis,
formation of neural circuitry and to higher cognitive functions such as learning and memory,
and their dysregulation is implicated in neuropsychiatric disorders such as schizophrenia,
stroke, Parkinson's disease and Huntington's disease. Thus, our findings have important
ramifications for NMDARSs not only during normal brain development but possibly in a
large number of brain diseases and disorders.

METHODS

Animals

All animals were treated in accordance with the principles and procedures of the National
Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Protocols were
approved by the Institutional Animal Care and Use Committee of the Albert Einstein
College of Medicine. Sprague Dawley rats (Charles River Laboratories, Inc.) were
maintained in a temperature- and light-controlled environment with a 12:12 h light/dark
cycle. For maternal deprivation, rat pups were isolated from the dam, nest, and siblings for a
period of 1 h once per day over P2-8 as described previously3!. Animals of both isolated
and non-isolated groups received equal amounts of handling. Pups in the isolation treatment
group were placed in individual plastic cups (9 cm diameter) and maintained at warm
temperatures using a heat lamp. At the end of the isolation period, pups were returned to the
nest with the dam.
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Western blots

Western blot analysis was performed as described38. In brief, hippocampi were rapidly
dissected snap frozen in liquid nitrogen. Proteins were extracted in lysis buffer (Tris-HClI
(pH 7.40, 25 mM), NaCl (150 mM), EDTA (pH 8.0, 1 mM), SDS (0.1%), Na deoxycholate
(0.5%), and a 1% cocktail of protease inhibitors (Sigma)). To enrich for the nuclear
fractions, samples were gently homogenized in homogenization buffer [HEPES (5 mM),
MgCl, (1 mM), EGTA (100 mM), sucrose (0.32 M), 1% cocktail of protease inhibitors
(Sigma)] and centrifuged at 3200 rpm x 10 min (4°C). Nuclear pellet was isolated, lysed and
sonicated. Equal aliquots of protein (40-80 ug) were subjected to SDS-PAGE, transferred to
a membrane and processed for incubation with antibody. Band densities were normalized to
[3-actin. Mean band densities for samples from experimental animals were normalized to the
corresponding samples from control animals as indicated. For REST expression, a band just
below 195 Kd was detected and verified to be REST by its absence in hippocampal neuron
cultures expressing RESTi by means of lentiviral transduction (Supplementary Fig. 1a), and
in hippocampal extracts loaded alongside Hela nuclear extract (Supplementary Fig. 1b),
known to express REST at high levels.

Chromatin immunoprecipitation (ChlP) assay

ChIP assays were performed as previously described38. Transverse slices of dorsal
hippocampus (1 mm) were immersed in 1% formaldehyde (12 min, room temperature) to
cross-link histone proteins to DNA. The cross-linking reaction was stopped by addition of
glycine (final concentration, 0.125 M). Samples were lysed and sonicated to afford
chromosomal DNA in the range of 0.6-1 kb. Pre-immunoprecipitated chromatin (“input”,
100 pl) was saved. Samples were precleared and immunoprecipitated with antibody (15 pg).
Immunocomplexes were collected on protein A agarose beads or Dynabeads and eluted.
Samples of DNA were treated with proteinase K and purified by means of the PCR
purification kit (Qiagen). Abundance of a protein at RE1 sites within gene promoter regions
was quantified by real time PCR using a TagMan probe directed to grin2b (Supplementary
Figure 3), gria2 (forward: TGTGTGTATGTGTGTGTATGTGTGT; reverse:
CCCTCTCTCGAGCTCTCTCTCT), grin2a (forward: TCCGGAGTGGAACAGAAAGC;
reverse: CTCATCCAGCCCCATGCT) and grinl (forward:
TCCCTGCTTCCTCTCTTGGA, reverse: AATGACTGCTGGGAGCAAGAC). The real
time PCR ChlIP data was analyzed using the software tool REST (http://
www.REST.de.com), and normalized to “input” samples.

PSD and ER homogenate preparation

PSD fractions were prepared from rat brains. Hippocampi were dissected from control and
maternally-deprived animals, and immediately snap frozen in liquid nitrogen. Hippocampi
were homogenized in HEPES buffered sucrose (HBS) and centrifuged at 800 x g for 10 min.
The pellet containing the nuclear fraction (P1) was assessed for REST expression. The
supernatant was centrifuged at 12,000 x g for 15 min. The resulting supernatant (S2) was
spun to obtain a pellet containing enriched ER fraction (140,000 x g for 120 min). The pellet
(P2) was washed in HBS and centrifuged at 12,000 x g for 15 min, lysed via hypo-osmotic
shock in ice cold water, and adjusted to 4 mM HEPES. Sample was spun at 25,000 x g for
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20 min and the resulting pellet (P3) was resuspended in HBS and layered in a sucrose
gradient (1.2 M sucrose:1.0 M sucrose: 0.8 M sucrose). Samples were centrifuged at
150,000 x g for 120 min, and the synaptic plasma membrane isolated. Pellet was
resuspended in 50 mM HEPES plus 0.5% Triton X-100, kept at 4°C for 15 min. Samples
were centrifuged at 32,000 x g for 20 min, and the resulting pellet (P4), which contained the
PSD fraction was assessed using western blotting.

Antibodies used

RT-gPCR

Mouse anti-GIuN2B (05-920), rabbit anti-GIuN2B (06—600), rabbit anti-GIuN2A (07-632),
anti-GluN1 (05-432), anti-REST (07-579), anti-CoREST (07-455), anti-G9a (07-551),
anti-H3K9me3 (07-442), anti-H3K27me3 (07-449), anti-H3K4me3 (07-473), anti-MeCP2
(07-013), and anti-PSD95 (AB9708) were obtained from Upstate Biotechnology/Millipore.
Rabbit anti-GluR2 (556341) was purchased from Pharmigen. Rabbit anti-GRP78 (RB10478)
was obtained from Neomarkers/Labvision Corp. Mouse anti-B-actin (A5316) was purchased
from Sigma.

Hippocampi were dissected, and snap frozen in liquid nitrogen. RNA was extracted by
means of the PureLink micro-to-midi total RNA purification system (Invitrogen) and treated
with DNase | (Invitrogen). Aliquots of RNA (1 pg) were reverse-transcribed to cDNA with
Superscript 111 Reverse Transcriptase (Invitrogen). For RT-qPCR, GFP-positive DGCs were
suctioned with a patch pipette from acute slices maintained in artificial cerebral-spinal fluid
(ACSF). RNA was extracted by means of the Dynabeads mRNA direct micro kit
(Invitrogen). The entire reaction was reverse-transcribed to cDNA with Superscript I11
Reverse Transcriptase. Quantitative real-time PCR (qPCR) was performed with TagMan
probes (Applied Biosystems) for REST (Rn01413149 s1), GIuN2A (Rn00561341 m1),
GIuN2B (Rn00561352_m1), GIuN1 (Rn00433800_m1), and GIuA2 (Rn00568514_m1);
HPRT (hypoxanthine phosphoribosyl transferase) (Ref: Rn01527838_g1) and Gapdh
(Rn99999916_s1) served as an endogenous reference. Reactions were run in triplicate in a
StepOnePlus real-time PCR system (Applied Biosystems). mRNA abundance was
calculated by means of the comparative Ct method at a threshold of 0.02. Data was analyzed
using the software tool REST (http://www.REST.de.com), on the basis of the group mean
for the target transcript, versus reference HPRT transcript or GAPDH transcript.

Generation and titer of lentiviral vectors

Lentiviral vectors encoding REST RNAI were generated and evaluated for specificity and
efficacy of REST knockdown as described38. In this study we used two RNAI antisense
sequences targeted to REST: RESTi (AACAAACTCTCTCAGTTAC), and RESTi*
(AATGGAAGCACTGCTGTTT). A non-transducing generic control which has the same
number of bases as RESTI, but does not target any known vertebrate gene was purchases
from Applied Biosystems. For lentivirus-mediated silencing of REST in DGCs of intact
animals, high-titer vesicular stomatitis virus (VSV)-pseudotyped lentiviral stocks were
produced in HEK-293T cells. In brief, HEK-293T cells were transfected with lentiviral
transfer construct pRRL.PPT.hCMV.eGFP.REST-miR.Wpre, or
pRRL.PPT.hCMV.eGFP.control-miR.Wpre, and packaging constructs pMDLg/pRRE and
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pRSV-REV and pMD2.G envelope protein construct by means of calcium phosphate. Titers
were determined by infecting HEK-293T cells with serial dilutions of concentrated
lentivirus. eGFP fluorescence was evaluated by flow cytometry (FACSCalibur, Becton
Dickinson Immunocytometry Systems) at 48 h after transduction; titers were 1x10°
transducing units (TU) per ml. The ability of REST-RNAI to knockdown REST, was
evaluated by Western blot analysis 14 d after transduction of hippocampal neurons at
DIV21. REST miR3 was effective in knockdown of REST (Supplementary Fig. 5).
Nontargeting control-miR had no effect on expression of REST.

Stereotaxic injection of LV-REST-miR constructs

For in vivo experiments LV-REST-miRNA was delivered by stereotaxic injection into the
hippocampus of live rats at postnatal day 10 (P10), or 24 (P24) (Fig. 3a). Animals were
placed in a stereotaxic frame, and anesthetized with isoflurane. Concentrated viral solution
(1.5 pl) was injected into the right hippocampus at a flow rate of 0.2 ul/min. The injection
site was defined by the following coordinates: at P10, 3.4 mm posterior to bregma, 3.2 mm
lateral to bregma, 3.1 mm ventral from dura; at P24, 3.9 mm posterior to bregma, 3.4 mm
lateral to bregma, 3.5 mm ventral from dura. The needle was left in place for an additional 3
min and gently withdrawn. To verify region-specific delivery of the virus, we assessed eGFP
fluorescence in brain sections 4 d after injection. eGFP-positive neurons were prominent in
dentate granule cell layer (Fig. 3b, top panels)

Hippocampal slice preparation

Acute transverse hippocampal slices (290-300 pm thick) were prepared from Sprague
Dawley rats at different postnatal days (from P7 to P31). Briefly, the hippocampi were
isolated and cut in an extracellular solution containing (in mM): 215 sucrose, 2.5 KCI, 20
glucose, 26 NaHCO3, 1.6 NaH,PQy, 1 CaCl,, 4 MgCl, and 4 MgSQOy. Thirty minutes post
sectioning, the cutting medium was gradually switched to the extracellular artificial
cerebrospinal (ACSF) recording solution containing: 124 NaCl, 2.5 KCI, 26 NaHCO3, 1
NaH2POy, 2.5 CaCl,, 1.3 MgSO,4 and 10 glucose. All solutions were equilibrated with 95%
02 and 5% CO; (pH 7.4). Slices were incubated for at least 30 min in the ASCF solution
prior to recordings.

Electrophysiology

All hippocampal slices were visualized using infrared differential interference contrast
(DIC) and nontargeting GFP-control and RESTi dentate granule cells (DGCs) were
visualized using fluorescence videomicroscopy on a Nikon eclipse E600FN microscope. All
experiments, except where indicated, were performed at 28 + 1 °C in a submersion-type
recording chamber perfused at ~1-2 ml/min with ASCF supplemented with the GABAp,
receptor antagonist picrotoxin (PTX; 100 uM) and the AMPA/Kainate receptor antagonist
NBQX (10 pM). Whole-cell patch-clamp recordings using a Multiclamp 700A amplifier
(Molecular Devices, Sunnyvale, CA) were made from DGCs voltage clamped at —60 and
+40 mV using patch-type pipette electrodes (~3—4 M) containing (in mM): 131 Cs-
Gluconate, 8 NaCl, 1 CaCly, 10 EGTA, 10 glucose, 10 HEPES; pH 7.2, 292 mmol/kg.
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Series resistance (~12-25 M) was monitored throughout the experiment with a -5 mV, 80
ms voltage step, and cells that exhibited significant change in series resistance (>20%) were
excluded from analysis. To stimulate excitatory synaptic inputs, a monopolar stimulating
patch-type pipette was filled with ACSF and placed in the middle third of the molecular
layer to stimulate medial perforant path (MPP) inputs. Excitatory postsynaptic currents
(EPSCs) were elicited at 20 s intervals, filtered at 2.2 kHz, and acquired at 5 kHz using a
custom-made software written in Igor Pro 4.09A (Wavemetrics, Inc., Lake Oswego, OR,
USA). Miniature excitatory currents (MEPSCs) were recorded during 10 minutes at 32 °C
from DGCs voltage clamped at —60 mV in ASCF containing 100 uM PTX and 1 pM
tetrodotoxin (TTX). mEPSCs were identified using a minimal threshold amplitude (= 5 pA)
and analyzed using the mini-analysis software Synaptosoft (Synaptosoft, Inc., Fort Lee, NJ).
For Zn2* experiments, 10 mM Tricine (N-[tris(hydroxymethyl)methyl]glycine) was added to
the ACSF to buffer Zn?* as described previously®L. In the Tricine-ACSF solution the
NaHCO3 was increased up to 27 mM and the pH was adjusted with NaOH. Importantly,
Tricine-ACSF does not affect NMDAR-mediated basal synaptic transmission
(Supplementary Figure 8). A total extracellular-free Zn?* concentration of 200 nM was
estimated by adding 40 uM ZnCl, to the Tricine-ACSF. NMDAR-EPSC decay kinetic was
fit with a single exponential function using OriginPro 7.0 software (OriginLab Corporation,
Northampton, MA). Both RESTi and maternal deprivation experiments and analyses were
done in a blind fashion.

Pharmacological agents (e.g. Ro 25-6981) were bath applied after establishment of a stable
baseline (~10 min), and their effects were measured after responses reached a new steady
state (typically >15 min). Drugs were obtained from Sigma-Aldrich (Zn2*, PTX), Tocris
Bioscience (Ro 25-6981) and ASCENT (NBQX). Stock solutions were prepared in water
and DMSO (PTX, NBQX) and added to the ACSF as needed. Total DMSO in the ACSF
was maintained at <0.1%.

Statistical analysis

For RT-gPCR, gPCR and ChlIP experiments, statistical analysis, was done using the
“relative gene expression approach: REST” program (http://www.REST.de.com), which
uses “Pfaffl analysis method” in the evaluation of relative real-time RT-PCR52. For Western
band densities, One-way ANOVA, followed by Dunnett’s test was performed for
developmental blots normalized to postnatal 3 (P3) and for cellular fractionation
experiments. For REST expression in neuron-enriched nuclear fractions, One-way ANOVA
followed by Bonferroni test, was performed. For electrophysiological results, statistical
analysis was performed using One-way ANOVA in OriginPro 7.0 and 8.6 software
(OriginLab Corporation, Northampton, MA). All One-way ANOVA were performed at the
p<0.05 significance level. Cumulative probability plots of mEPSC were compared using the
Kolmogorov-Smirnov test. All illustrated traces are averages of 20-31 responses. Unless
otherwise stated, in the figures, *p < 0.05, **p < 0.01, and ***p < 0.001. All data are
presented as mean + s.e.m.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. REST increasestransiently, isrecruited to and coincides with epigenetic marks of
repression at the grin2b promoter during rat hippocampal postnatal development

a, Representative Western blots of whole hippocampal lysates showing that REST increases,
GIuN2B declines, and GIUN2A increases during postnatal development (see full-length blot
in Supplementary Fig. 1a). b, Time course showing that REST protein increases transiently

at P14-15 (n = 5). ¢, GIuN2B mRNA exhibits a long-term decline during postnatal
development, assessed by RT-gPCR. The decline was highly significant from P15 through
P60 (vs. P3; n =5). d,e, Time course showing that whereas GIUN2B protein declines after
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P21 (n = 6), GIUN2A protein increases markedly from P8 to P16 and remains high up to P60
(n = 3). Data were normalized to corresponding values at P3. f, GIluN1 mRNA is not altered
during postnatal development (n = 6). g, Representative Western blot (left panel) and
summary data (right panel) show REST protein expression in the nuclear fraction of the
hippocampal cell body layer, which is enriched for neurons. Note that REST abundance in
the neuronal nuclear fraction increases strikingly by P14-15 (n = 4). Data were normalized
to corresponding data at P9. See full-length blot in Supplementary Fig. 12). h, Map of the rat
grin2b gene indicating location of RE1 motifs contained within the proximal (PR1; gray
box) and distal (PR2; white box) regions of the grin2b promoter probed by chromatin
immunoprecipitation (ChlP). i,j, REST occupancy is markedly enriched at the grin2b
proximal (PR1, grey bars) (n = 6) and distal PR2 (white bars) (n = 3) promoters at P15 but
declines by P60. k,I, REST is not enriched at RE1 sites within the grin2a (n = 9), nor grinl
(n = 6) promoters. Inset, same data depicted with expanded y-axis. m,n, COREST (n = 3)
and G9a (n = 3) are enriched at PR1 by P15. o,p, Increase in H3K9me3 (h = 3) and
H3K27me3 (n = 6) (marks of repression) at P15. g, Decrease in trimethylation of H3K4 (n =
3) (mark of active transcription), at PR1. r, MeCP2 occupancy is enriched at grin2b PR1 by
P15 with a sharp increase by P60 (n = 3). All samples were normalized to input and to
corresponding values at P3. Summary data represent the mean + s.e.m. *p < 0.05; **p <
0.01; ***p < 0.001.
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Figure 2. Transient increasein REST precedesthe switch in NMDAR phenotypein rat dentate

gyrus
a, Representative immunoblots (top) from microdissected dentate gyrus tissue at indicated

postnatal (P) ages, showing the developmental expression for REST, GIUN2A, GIuN2B and
fB-actin (see full-length blots in Supplementary Fig. 12). All values were normalized relative
to P8. Quantification (bottom) showing that, as in the hippocampal formation (see Fig. 1),
REST expression in dentate gyrus is transiently increased at P15 (bottom left panel), the
NMDAR subunits GIuN2B declines (bottom middle panel) and GIuUN2A increases (bottom
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right panel) (n = 4). b, Averaged sample traces of NMDAR-EPSCs (top) before and after
bath application of the selective GIuN2B antagonist Ro25-6981 (500 nM) at indicated
postnatal ages (P7-8, P20-21, P30-32). Time course and summary data (bottom) showing
that sensitivity to Ro25-6981 decreases progressively with age (P7-8, 2 animals/7 cells;
P20-21, 2 animals/8 cells; and P30-32, 2 animals/6 cells). Averaged sample traces were
taken at times indicated by numbers on the summary plot. ¢, Normalized NMDAR-EPSCs
traces at different postnatal ages and summary data showing that the decay kinetics of
NMDARSs increases progressively with age. Summary data represent the mean £ s.e.m.
**p<0.01; ***p<0.001; n.s., not significant.
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Figure:f'a. RNAi-mediated depletion of REST increases GIuN2B mRNA and altersNMDAR
properties

a, Diagram illustrating RNA.I injection and time course of assays (QRT-PCR or patch
recording). Lentiviral mediated RNAI directed against REST (RESTi) and nontargeting
RNAI were delivered by means of sterotaxic injection into the hippocampus of rats at P10 or
P24, and evaluated at indicated time points. b, Differential interference contrast (DIC) and
GFP fluorescence images showing viral-mediated transduction of DGCs at P14 (top), and a
patched DGC at P29 (bottom). Scale bars = 50 um (top panel) and 20 um (bottom panel).
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DGL, dentate granule cell layer; ML, molecular layer; R, recording pipette. c, RESTi
delivered at P10 (RESTi-P10) effectively knocks down REST by P14 (n = 3), as assessed by
gPCR. Delivery of RESTi at P10 and P24 (RESTi-P24) knocked-down REST measured at
P28-32 (n = 3) in dentate granule cells (DGCs). d, RESTi injected at P10, but not P24,
significantly increased GIuUN2B mRNA(n = 3) measured at P28-32. e, RESTi delivered at
P10 does not exert any effect on GIUN2A (n = 3) or GluN1 (n = 3) mRNA expression
measured at P28-32. f, Representative DIC (top left panel) and fluorescence (bottom left
panel) images showing simultaneous whole-cell recordings from RESTi-P10 expressing
(GFP*) and non-transduced control (GFP~) DGCs. R1 and R2 indicate the recording
pipettes from GFP~ and GFP* neurons, respectively. Scale bars = 20 um. Summary data
(middle panel) and representative traces (right panels), showing that delivery of RESTi at
P10 (gray circles; 6 animals/13 cells) increases NMDAR-mediated transmission relative to
that of neighboring non-transduced (control) neurons (white circles; 6 animals/13 cells). g,
Representative traces (left) and summary data (right) showing that the NMDAR/AMPAR
ratio is higher in DGCs expressing REST RNA. delivered at P10 (6 animals/23 cells) but not
at P24 (6 animals/18 cells) relative to non-transduced controls (6 animals/29 cells) or
controls expressing nontargeting RNAI neurons (6 animals/18 cells). A second lentiviral
mediated RNA.I targeted to a different sequence in REST (RESTi*) also increased the
NMDAR/AMPAR ratio (2 animals/7 cells). Summary data represent the mean + s.e.m. *p <
0.05; **p < 0.01; ***p < 0.001; n.s., not significant.
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Figure4. REST knockdown prevents acquisition of the mature NMDAR phenotype
a, Representative NMDAR-EPSCs traces (top panel) and summary data (bottom panel)

showing an increase in Ro25-6981-mediated inhibition of NMDAR-EPSCs in DGCs from
animals injected at P10 with RESTi (RESTi-P10; 4 animals/12 cells) or RESTi* (RESTi*; 2
animals/6 cells), but not at P24 (RESTi-P24; 4 animals/12 cells), relative to non-transduced
controls (3 animals/7 cells) or cells expressing nontargeting RNAI neurons (4 animals/11
cells). Inserts in top panel show normalized current before and after Ro25-6981-mediated
inhibition. b, Normalized current (left panels) and summary data (right panel) showing an

Nat Neurosci. Author manuscript; available in PMC 2013 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Rodenas-Ruano et al.

Page 24

increase in decay kinetics of NMDAR-EPSCs from animals injected at P10 with RESTi or
RESTI*, but not P24, compared to non-transduced control DGCs. ¢, Sample traces (top
panel), time course (bottom left) and summary data (bottom right) showing Zn2* (200 nM)-
dependent inhibition of NMDAR-EPSCs. Note that Zn2* inhibition is high in DGCs from
non-transduced older (P29-30) animals (left), which express primarily GIuN2A-containing
NMDARSs (8 animals/14 cells), and is diminished in older animals injected with RESTi at
P10 (center, 8 animals/16 cells). Zn?* inhibition is diminished in DGCs from non-
transduced younger animals (P7-8) animals (right), which express primarily GIUN2B-
containing NMDARSs (2 animals/7 cells). In all panels, averaged sample traces were taken at
times indicated in the summary data. Summary data show the mean + s.e.m. ** p<0.01; ***
p<0.001; n.s., not significant.
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Figure 5. Maternal deprivation disruptstheincreasein REST, epigenetic remodeling and
decreasein GIuN2B during postnatal development

a, Diagram illustrating the maternal deprivation paradigm. b, Representative Western blot of
hippocampal nuclear fraction. ¢, Summary plot (Ieft panel) showing a robust decrease in
REST protein expression in the hippocampus of maternally-deprived vs. normally-reared
pups (n = 3). In the dentate gyrus, whereas REST mRNA decreases (n = 3), GIluN2B mRNA
increases (right panel; n = 3). d, Abundance of REST and e, H3K27me3 at the grin2b
promoter are decreased relative to age-matched, normally-reared rats (n = 3). f,
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Representative Western blots (left panel) and summary data (right panel), showing that
whereas maternal deprivation increases GIuN2B protein in total lysate, endoplasmic
reticulum (ER) and postsynaptic density (PSD) fractions, GIUN2A and GIuAz2 are
unchanged in all fractions. GIuN1 was reduced in the ER fraction and increased in the PSD
in the hippocampus from maternally-deprived pups vs. normally-reared pups. All samples
were assessed at P28-31 (n = 3). Total lysate samples were normalized to B-actin, ER
samples were normalized to GRP78, an ER marker, and PSD samples were normalized to
PSD-95, which is not altered after maternally-deprived (see Supplementary Table 9 and full
length blots in Supplementary Fig. 12).
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Figure 6. Maternal deprivation impairs acquisition of the mature NMDAR phenotype at
synapses
a, Representative traces (top panel) and summary data (bottom panel) showing that

inhibition of NMDAR-EPSCs by R025-6981 was greater in neurons from maternally-
deprived (4 animals/13 cells) vs. normally-reared pups (4 animals/14 cells) assessed at P28—
30. Averaged sample traces were taken at times indicated by numbers on the summary plot.
b, Normalized NMDAR-EPSCs (top panel) and summary data (bottom panel) showing that
DGCs from maternally-deprived pups display a small, albeit significant decrease in
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NMDAR-EPSC decay kinetics (4 animals/18 cells) vs. control pups (4 animals/16 cells). c,
Representative traces (Ieft and center panels) and summary data (right panel) showing that
the NMDAR/AMPAR ratio was unchanged in DGCs from maternally-deprived (4
animals/16 cells) vs. control pups (4 animals/18 cells). d, Representative traces showing
AMPAR-mEPSC activity in control (top left) and DGCs from maternally-deprived animals
(middle |eft). Average AMPAR-mEPSC traces (bottom left), and cumulative probability
plots of amplitude (top right) and frequency (bottom right) showing a significant increase in
the amplitude (p<0.001), but not frequency (p=0.098) of AMPAR-mEPSCs in DGCs from
maternally-deprived (3 animals/15 cells) vs. control pups (3 animals/14 cells).
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