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Abstract

The hippocampus is strongly implicated in the psychotic symptoms of schizophrenia.
Functionally, basal hippocampal activity (perfusion) is elevated in schizophrenic psychosis, as
measured with positron emission tomography (PET) and with magnetic resonance (MR) perfusion
techniques, while hippocampal activation to memory tasks is reduced. Subfield-specific
hippocampal molecular pathology exists in human psychosis tissue which could underlie this
neuronal hyperactivity, including increased GluN2B-containing NMDA receptors in hippocampal
CA3, along with increased postsynaptic density protein-95 (PSD-95) along with augmented
dendritic spines on the pyramidal neuron apical dendrites. We interpret these observations to
implicate a reduction in the influence of a ubiquitous gene repressor, repressor element-1 silencing
transcription factor (REST) in psychosis; REST is involved in the age-related maturation of the
NMDA receptor from GIUN2B- to GIuN2A-containing NMDA receptors through epigenetic
remodeling. These CA3 changes in psychosis leave the hippocampus liable to pathological
increases in neuronal activity, feedforward excitation and false memory formation, sometimes with
psychatic content.
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A. INTRODUCTION

The role of the hippocampus in mammalian memory function is well established (117).
Details of its anatomy, synaptic physiology and network functions which support learning
and memory have been a fascinating chapter in modern neuroscience (9;34;81;92;95). Loss
of hippocampal function with neurodegenerative diseases like Alzheimer’s disease is well
established. But, increased hippocampal function, with its associated cognitive dysfunction,
has been less well studied. Unmonitored increases in hippocampal activity could plausibly
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over-excite and confound memory processing (103). We reason here that psychosis could be
associated with hippocampal hyperactivity and result from a pathological augmentation of
normal learning and memory processes (95) resulting in inappropriate associations, illogical,
and false memories, some with psychotic content.

Psychotic manifestations resemble human memories, including the spontaneous onset of the
ideas themselves, the detail, content, stability over time, and the personal salience of the
memory content (111). Individuals with chronic psychosis do not have continually new and
different memory content populating their hallucinations or delusions. Their content is
usually intensely personal and is often adverse (22). Psychotic experiences have an enduring
content, with changes occurring only incrementally. Since memories are automatically
encoded, as if through ‘unconscious’ mechanisms, a psychotic person would not be able to
differentiate psychotic productions from normal thought. And, indeed, they cannot. “Loss of
insight” (ie, the inability to distinguish psychotic experiences from real occurrences) is one
of the cardinal features of schizophrenia, ubiquitous among patients, and one that many
people who suffer with the illness cite as highly incapacitating. Based on this, in part, we
propose that psychotic manifestations could be pathological memory productions (127).

In addition, in psychotic diseases like schizophrenia, declarative memory functions are not
only altered, but there is a decrease in declarative memory performance in individuals with
schizophrenia (121). The defect in declarative memory is not seen predominantly in new
memory formation or retrieval; once normal memories are formed, the psychotic person can
recall the memory. Rather, the defect in schizophrenia lies in the capacity to utilize the
relational capacity of memory, ie, that a person with psychosis cannot manipulate, modify or
flexibly use memories to make associations (127). Thus, alterations in relational memory
processing could generate another cardinal characteristic in psychosis, namely, poor or
‘loose’ associations. We propose that these abnormal characteristics of declarative memory
function also are linked mechanistically, in part, with psychosis.

These clinical characteristics of psychosis, along with changes (increases) in hippocampal
basal activity measured with brain imaging techniques, motivated us to examine
hippocampal structure (85), function (129) and synaptic physiology (126) in schizophrenia
vs normal hippocampal tissue. We predicted that these clinical and imaging alterations
would be accompanied by significant molecular and cellular changes in hippocampal
subfield tissue in the disorder. Tissue studies in schizophrenia are particularly important
because animal models of psychosis cannot be verified without language, leaving initial
discovery of psychosis biology to come from human research. In the following sections, we
will review findings in schizophrenia psychosis, first from /n vivo brain imaging and then
from human postmortem tissue analysis, comparing schizophrenia to healthy subjects. We
have postulated that schizophrenia-associated tissue changes are due to alterations in
repressor element-1 silencing transcription factor (REST) expression and to associated
REST-associated proteins, mediated by altered epigenetic remodeling.
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B. Hippocampal In Vivo Brain Imaging in Schizophrenic Psychosis

B.1 Hippocampal Volume

Hippocampal size is diminished in schizophrenia as measured with human brain imaging
(10;12;14;123), more often for hippocampus than for any other brain region (51;119).
Reduction in size is seen in the first psychotic episode (90;124) and progresses with the
illness (23;135), independent of antipsychotic drug (99). It has been detected in non-
psychatic siblings of schizophrenia individuals (130), in persons at risk for schizophrenia
(65;134), and in psychotic bipolar disorder (122).

Hippocampal volume is reduced not only in schizophrenia, but across a spectrum of
psychotic illnesses, including in individuals with schizophrenia (SZ), schizoaffective
disorder (SAD), and psychotic bipolar disorder (BDP), compared to healthy controls (HC)
(3;54). In examining hippocampal subfield volume in psychosis, we found reduced subfield
volume in all three psychotic disorders. The most prominent structural difference between
psychatic individuals and HC is in CA3 (82). The reduction in hippocampal subfield
volumes were positively correlated with psychosis severity, declarative memory dysfunction,
and overall poor cognitive performance (82). These findings show that the functional and
molecular hippocampal changes highlighted below, have a correlate in altered hippocampal
subfield volume.

B.2 Brain Perfusion

One of the most critical observations made about hippocampus in schizophrenia, is its
increased basal activity, most recently detected with high resolution MR methods. This
increase in hippocampal activity is in contrast with other cortical regions implicated in SZ,
which show Aypoactivity in imaging studies (54;76). Increases in hippocampal perfusion in
psychosis were identified in early PET studies (39;46;71;94;128) and later using MR
approaches (47;79;86;88;102), including with recent high resolution cerebral blood volume
(rCBV) measures (78;125). The studies indicate that perfusion is elevated in hippocampus in
schizophrenia, particularly in medication-free individuals, possibly particularly in CA1, and
may suggest that perfusion is partially “normalized” by antipsychotic treatment (86). The
increase in regional perfusion correlates with the magnitude of psychosis in medication-free
patients (61) making this hyperactivity pertinent to psychosis.

B.3 Memory Task Performance and Function

While hippocampal perfusionis increased in the illness, many studies show a reduction in
hippocampal activationto memory tasks (1;37;47;48;50;56;67;96;131;137;138). In
particular, a reduction in hippocampal activation has been observed during tasks assessing
verbal memory with temporal context, shallow and deep word encoding, transitive inference
with overlapping patterns, relationships between visual stimuli, arbitrary pair encoding, and
word pair novelty, tasks which are difficult and which may involve relational memory
(1;48;58;96;136). This reduction in activation accompanies the increase in basal perfusion,
possibly because activation studies start with an already elevated activity baseline.
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Relational memory performance in SZ is impaired, a defect which antipsychotic medication
can rescue. Relational memory serves to binds together multiple components or features of
an experience into an integrated memory, allowing memory generalization (28). It can be
examined by contrasting learning of single events versus learning the relationship between
jointly presented events. The medication effect is selective to the relational component of the
task (38;48;58), and shows that capacity for generalization is a cognitive characteristic
sensitive to dopamine receptor blockade and/or to psychosis modulation. The present
findings are consistent with recent fMRI data demonstrating that hippocampal-midbrain
interactions contribute to memory generalization, as well as with recent theories suggesting
that disrupted hippocampal-midbrain function may be a key characteristic of schizophrenia
(72).

Several investigations report that, among hippocampal subfields, dentate gyrus (DG)
functions may be most critically altered in schizophrenia (127). Pattern separation (PS) is an
aspect of cognition which helps distinguish a new perception from previously learned
stimuli, even if the distinguishing stimulus characteristics are slight (27). PS is extensively
impacted by dentate gyrus function. Recently, we showed that PS performance is degraded
in schizophrenia compared to HC. Interestingly, the SZ group showed a significant
decrement in PS performance relative to HC; whereas, the SZ did not differ on the memory
retrieval performance task (27). These data indicate dentate gyrus dysfunction in
schizophrenia, potentially contributing to declarative memory impairment in psychosis, a
conclusion consistent with dentate gyrus molecular pathology in schizophrenia (see below).

C. Hippocampal Subfield Synaptic Pathology in SZ Psychosis

C.1 Human Dentate Gyrus in Schizophrenia

To understand the molecular and cellular basis for these functional hippocampal alterations
in schizophrenia, we turned to human postmortem tissue (SZ vs HC). In the past, many
molecular targets have been measured in the whole hippocampus, including synaptic
plasticity markers (11;32;112), proteins associated with putative risk genes (31;63),
glutamate receptors and their intracellular signaling markers (33;41;44;62) and other
proteins associated with glutamate transmission (25;120); but, this approach has not
uncovered any consistent changes in psychosis. Meanwhile, recent findings in animal and
human memory research have associated distinct hippocampal subfields with distinct
memory components. Differential functions of the hippocampal subfields—shown with
electrophysiology (29), focal lesions in rodents (49), and regionally-selective genetically
manipulated animals (49;57;84;89)—imply that distinct behavioral syndromes may
accompany dysfunction of different subfields (59). Therefore, in these studies, we examined
molecular targets in each hippocampal subfield in schizophrenia, especially in dentate gyrus
(because of reduced ‘pattern separation’ in psychosis) and in CA3 (because of
hyperassociative thinking in psychosis). Existing postmortem data make a cogent case for
DG harboring prominent hippocampal molecular pathology in psychosis. (8;30;68;104;105).
Since the dentate is the ‘gateway’ structure of the trisynaptic pathway, it is positioned to
critically influence the downstream function of hippocampus proper, especially of CA3, its
direct projection target. In an initial study of hippocampal dentate gyrus tissue, we identified
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a reduction in the N-methyl-D-aspartate (NMDA) receptor subunit GIuN1 uniquely in DG in
SZ (42) and confirmed this in subsequent examination (118). GIuN1 is the critical subunit of
the excitatory NMDA receptor (NMDAR) and therefore influences the receptor’s signaling
characteristics. We suggest that this reduction in GIuN1 will diminish signaling in the mossy
fiber pathway to CA3.

C.2 Human CA3 in Schizophrenia

To understand the downstream consequences of DG pathology in SZ we focused on
postmortem CA3 and CAL tissue from healthy and schizophrenia cases and analyzed and
contrasted the samples on molecular and anatomic markers of synaptic plasticity in the
hippocampal subfields. The results of these studies show an /ncrease in GIuUN2B-containing
NMDA receptors (GIuUN2B/GIuN1), an /ncrease in BDNF expression ((126)) and, /ncreases
in the postsynaptic density protein-95 (PSD95) in CA3, but no change in these markers in
CAL (70). These are all synaptic plasticity markers, indicating an increase in synaptic
strength in CA3. The GIuN2B-containing NMDA receptors are the early developmental
variant of the NMDA complex, implicating reduced maturation of the NMDA receptor in
CA3 from GIuN2B- to GIuN2A-containing NMDA receptors. The CA3 GIuN2B/GIuN1
increase was present in schizophrenia cases with and without antipsychotic medication,
thereby suggesting it as a disease (not medication) effect. These data point to an /ncreasein
excitatory signaling at the NMDA receptor in CA3 (126). The mossy fiber innervations in
CA3 contact both the excitatory pyramidal neurons at thorny excrescences and inhibitory
interneurons by way of en passant synapses, and these innervations have inverse effects on
CA3 excitation (83). Thus, strengthened transmission at the pyramidal cell and reduced
inhibitory control onto local interneurons could both together advantage feed-forward
excitation in CA3 potentially generating run-away excitation in CA3 (64). Uncontrolled
feed-forward excitation in CA3 might fuel overall hippocampal hyperactivity, possibly
generating false memories and psychotic mental events.

Because the molecular outcomes suggest synaptic strengthening, Golgi staining was done on
the SZ CA3 tissue to examine pyramidal cell spine number and morphology. The
histological results document a substantial /ncrease in spine density present in the stratum
radiatum, on the apical trunk of pyramidal CA3 neurons, but not at the insertions of the
recurrent collaterals in stratum oriens (70). The presence of greater spine density in stratum
radiatum is consistent with and could represent the morphologic manifestation of increased
GIuN2B-containing NMDA receptors and PSD95 in CA3, as the GIUN2B subunit augments
long term potentiation (7;141). Increased spine density in CA3 is also compatible with
elevated PSD95, as overexpression of this protein has been shown to elevate spine density in
hippocampal cultures (35). Increased spine number is regularly observed following long
term potentiation-mediated increases in synaptic strength at excitatory synapses (36;80).
These changes could result in an increase in excitability and synaptic strength in CA3,
promoted by a decrease in afferent mossy fiber stimulation from DG. The novel outcomes in
CA3 are consistent with alterations in excitatory signaling in hippocampus in CA3 and we
propose that the molecular mediators of the switch of GIUN2B to GIuUN2A in the NMDA
receptor (eg, REST and its associated proteins) could explain them.
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Hippocampal pathology in SZ, including the decrease in GIuN1 limited to DG, the increase
in GIuN2B-containing NMDA receptors in CA3, as well as the /ncrease in PSD95 and the
remarkable /ncrease in spines on pyramidal cell neurons in CAS3, all together provide
evidence of a molecular substrate for increased pyramidal cell activity in CA3, plausibly
fueling whole hippocampal hyperactivity in SZ. What could generate these specific kinds of
molecular alterations? We have raised a hypothesis based on altered epigenetic remodeling.

D. Potential Association of Schizophrenia Psychosis with REST epigenetic

signaling

D.1 REST is implicated in the switch in synaptic NMDAR phenotype

The repressor element 1 silencing transcription factor (REST/NRSF) is a gene silencing
transcription factor that is widely expressed during embryogenesis in pluripotent stem cells
and neural progenitors, where it acts v/a epigenetic remodeling to silence a large array of
coding and noncoding neuron-specific genes important to synaptic plasticity and structural
remodeling, including the NMDAR subunit GIuN2B (6;97;109;116). In differentiated
neurons REST is quiescent, but can be reactivated during normal postnatal development,
driving the switch from immature to mature NMDARs (108) and in selectively-vulnerable
hippocampal neurons in response to ischemic insults (21;40) and seizures (21;40;43;98). In
human hippocampal and cortical neurons, REST is critical for normal ageing and loss of
REST is a feature of Alzheimer’s disease(75). In Huntington’s disease, REST aberrantly
accumulates in the nucleus of medium aspiny striatal neurons (142). Its characteristics in SZ
have not yet been examined. Whereas REST was initially thought to function as a master
transcriptional repressor of genes involved in neurogenesis and neuronal differentiation, loss
of REST is critical for the acquisition of the neuronal phenotype (6). Our recent findings
show that REST is activated during normal postnatal development and triggers experience—
dependent chromatin remodeling and transcriptional repression of grin2b, the gene encoding
the NMDAR subunit GIuN2B. Failure to undergo the switch would result in a
preponderance of GIuN2B and NMDARSs with an immature phenotype as observed in the
CAZ3 of humans with SZ.

D.2 REST-dependent epigenetic remodeling drives the NMDARs switch

A fundamental mechanism by which REST silences target genes is that of epigenetic
remodeling (15). Epigenetic modifications, such as DNA methylation or histone
modifications, reflect environmental influences that are not “hard-wired” into the DNA
sequence and represent a mechanism through which early life experience can modify brain
development (13;106;133). In neural progenitors (5) and insulted adult neurons (93), REST
binds the RE1 element within target genes and recruits COREST (2;4) and mSin3A
(15;45;52;91;109), corepressor platforms which recruit histone deacetylases (HDACSs)-1 and
2. HDACs de-acetylate core histone proteins and effect dynamic and reversible gene
silencing (6;97;109). REST mediates long-term gene silencing by association with the site-
specific histone methyltransferase G9a, which promotes trimethylation of histone 3 at lysine
9 (H3K9me3) via CoREST-dependent (5;77) and independent (110) mechanisms, the site-
specific histone demethylase LSD1, which removes methyl groups from lysine 4 of histone
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3 (H3K4) (66;114) and methyl CpG binding protein 2 (MeCP2), a transcriptional repressor
that reads epigenetic marks and is recruited to ‘hot-spots’ of methylated CpGs (5;77).

D.3 Polycomb repressive proteins coordinate with REST to remodel NMDARs

Polycomb group (PcG) proteins are gene-silencing factors that are abundantly expressed
during embryogenesis and play an essential role in maintenance of stem cell pluripotency
and self-renewal. In stem cells, PcG proteins actively repress genes important to embryonic
development and cell fate. Unbiased epigenome-wide analysis has identified > 500 putative
PcG targets (16). A fundamental mechanism by which polycomb group proteins promote
gene silencing is via epigenetic remodeling of target genes (113;115;140). Polycomb
proteins form large multimeric complexes known as polycomb repressive complex 1 (PRC1)
and PRC2 (113;115;140). EZH2, the catalytically active component of PRC2, is a histone
methyltransferase that confers a trimethylation mark on lysine 27 of core histone protein H3
(H3K27me3), a mark of strong gene repression (113;115;140) (Scheme 2). H3K27me3
recruits and stabilizes PRC1 at repressed regions of the genome (113;115;140). Polycomb
proteins are recruited to RE1 sites by REST viaHOTAIR (107;132). Our finding that EZH2
and its functional readout H3K27me3 are enriched at the grin2b promoter in the
hippocampus together with REST at P15 implicates EZH2 in the developmental switch in
NMDARs. An attractive scenario is that early in development, trimethylation of lysine 27 on
H3 locks in the mature phenotype at synaptic sites. Our finding that H3K27me3 is depleted
at the grin2b promoter at P15 in the hippocampus of maternally-deprived pups implicates
polycomb proteins in early childhood adversity or neglect, a known environmental risk
factor in schizophrenia.

D.4 CK1 phosphorylates and primes REST for ubiquitin-based proteasomal degradation

Casein kinase 1 (CK1) plays a pivotal role in membrane transport, cell division, DNA repair,
and activation of transcription factors such as p-catenin and p53 (100;101). Recent studies
indicate that REST is regulated at the level of protein stability via -TrCP-dependent,
ubiquitin-based proteasomal degradation in differentiated neurons under physiological
conditions and identify CK1 as an upstream effector that bidirectionally regulates REST
cellular abundance. This is significant in that dysregulation of CK1 is implicated in a
number of brain disorders including narcolepsy, migraines, depression, Parkinson’s and
Alzheimer’s disease. REST harbors two neighboring, but distinct, noncanonical degron
motifs within its carboxy-terminus (139). Recent findings show that CK1 associates with
and phosphorylates REST at these two degron motifs within the carboxy-terminus of REST
essential to binding by the F-box protein B-TrCP, thereby priming REST for ubiquitin-based
proteasomal degradation. Activation or overexpression of CK1 promotes REST
ubiquitination and degradation in a p-TrCP-dependent manner. Inhibition or RNAi-mediated
knockdown of CK1 promotes REST stability and increases REST cellular levels. These
findings establish an inverse causal relation between CK1 and REST abundance.

D.5 Maternal deprivation and rescue strategies

Adverse experience early in life is associated with abnormal behaviors in later life. Maternal
deprivation in mice during the first week of postnatal life has a profound and enduring
impact on hippocampal development (73), neurogenesis (87) and NMDAR subunit
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composition (60). In addition, maternal separation increases anxiety (53), impairs maternal
care (74), diminishes spatial navigation learning (53), and the ability of the hippocampus to
respond to stress in adulthood (53). The dentate gyrus of adult rats exposed to brief maternal
deprivation early in life exhibits reduced cell proliferation and increased production of
immature neurons. Our recent findings show that adverse experience in the form of maternal
deprivation early in life disrupts activation of REST, suppresses REST-dependent epigenetic
remodeling of the grin2b promoter, and prevents acquisition of the mature NMDAR
phenotype at hippocampal synapses. These findings support a novel and previously
unappreciated role for REST-dependent epigenetic remodeling as a link between experience
and synaptic function. Moreover, this observation motivates the hypothesis that early
childhood trauma and neglect in humans is a risk factor for SZ based on the suppression of
REST expression.

An important goal with clinical ramifications is that of rescuing the epigenetic changes
caused by early maternal deprivation. One such rescue strategy is that of communal nesting.
Communal nesting is a rearing strategy for rodents that is similar to their natural habitat and
strongly regulates adult behavior (18;24). In this paradigm, three lactating females and their
litters are housed together in a single nest and engage in shared care-giving from birth to
weaning (P21), which increases both maternal and peer interactions. Communal nesting
mimics social support (17;24) and can overcome chronic stress and anxiety associated with
maternal deprivation. In adulthood, communally-reared offspring display reduced anxiety-
like behavior (19), enhanced hippocampal release of BDNF (17;18) and increased social
interaction and social competency (26). Whereas paradigms such as maternal care (55),
neonatal handling (73) and exposure to an enriched environment (20;55) can reverse
synaptic and behavioral deficits, at least in part, the ability to rescue the mature NMDAR
phenotype at hippocampal synapses is, as yet, unknown. Parallel strategies in humans might
rescue an individual with early childhood deprivation risks from a disease like SZ.

E. INTERPRETATION AND DISCUSSION

The pathophysiology of psychosis has remained stubbornly elusive, despite many decades of
research. Recent evidence suggests that alterations in NMDA receptor synaptic strength in
CA3 could mediate hippocampal hyperactivity and that this hyperactivity could, in part,
support psychotic thought processing. These human SZ findings implicate regulators of
hippocampal cellular activity as plausible molecular substrates for psychotic processing.
REST and its protein family are powerful regulators (repressors) of the normal
developmental ‘switch’ from GIuN2B-containing (2B) to GIuN2A-containing (2A) NMDA
receptors via epigenetic remodeling, with the immature 2B receptors favoring greater
excitation. Moreover, findings have now demonstrated that this process of REST-mediated
‘switch’ from 2B- to 2A-NMDARs is sensitive to early environmental insult, a known risk
factor in psychotic illness. These findings all implicate the involvement of REST and its
corepressors, mediated by epigenetic remodeling, in the molecular bases of brain diseases
with early environmental liability, especially if they involve GIuUN2B pathology.

The intriguing possibility that psychosis may be mediated or advantaged by a failure of a the
normal developmental 2B—2A ‘switch’, leaving GIuN2B-containing NMDARs to
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predominate in brain regions rich in NMDARs, is pointed up by the finding of increased 2B
NMDAR:s in hippocampal CA3 in psychosis, supported by additional evidence consistent
with CA3 hyperactivity, like increased BDNF (126), increased PSD95 and increased
dendritic spine numbers in the stratum radiatum (70). This increase in CA3 pyramidal cell
activity could generate hyper-associations, false memaories, some with psychotic content.
REST is one of the powerful regulators of the normal developmental switch from 2B to 2A
NMDARs, therefore implicated here. The involvement of REST and its proteins is even
more strongly supported by their sensitivity to early environmental adverse influences, also
implicated in chronic psychiatric diseases with psychosis.

These observations motivate a novel model of hippocampal hyperactivity in schizophrenic
psychosis. In this model, the DG harbors a glutamatergic lesion in DG, resulting in reduced
glutamate transmission from DG onto CA3 pyramidal neurons (118). The possibility exists
that diverse DG lesions, all resulting in granule cell hypo-function could be involved. This
reduction in the afferent mossy fiber pathway activity would generate increased synaptic
strength through synaptic homeostatic plasticity processes within CA3. This hypersensitivity
would then become the substrate for other CA3 inputs to generate increased CA3 cellular
activity (70), increased associational processing, which (when it exceeds the capacity of
hippocampal memory mechanisms) could result in the generation of false memories,
inappropriate associations and psychotic memory constructions (127). An attractive scenario
is that elevated expression of GIUN2B in the hippocampal CA3 of human subjects with
schizophrenia arises as a consequence of impaired expression of the gene silencing protein
REST. If true, such a mechanism would be expected to vary in an experience-dependent
manner or in response to early childhood adversity. The associated vulnerabilities could be
based on epigenetic changes in local gene expression. This latter is a testable hypothesis.

Clearly, new tools and added investigations are warranted to carry this psychosis construct
further, the first being to establish that REST expression or that of its critical associated
proteins is impaired in CA3 of schizophrenia and second, to establish a causal relation
between impaired REST expression and elevated GIuUN2B expression in CA3. Recent
findings that CA3 in schizophrenia exhibits elevated GIUN2B (70) suggest the intriguing
possibility that dysregulation of REST and REST-dependent epigenetic remodeling play a
role in the hippocampal pathophysiology of schizophrenia (69). Future studies will test
whether REST expression is impaired in the CA3 of human schizophrenia tissue. More
human observations—correlations between psychosis intensity and hippocampal perfusion
—are necessary; the demonstration that modulation of hippocampal hyperactivity would
result in psychosis diminution will be important; and, more evidence is needed that genetic
or environmental risks interact with hippocampal vulnerability in humans. Understanding
how epigenetic remodeling dynamically alters synaptic NMDAR function in schizophrenia
is likely to enhance our understanding of the neural networks for learning and memory, and
how dysregulation of epigenetic remodeling causes psychotic disorders, including
schizophrenia. We believe that future research to address these issues is warranted and will
accelerate development of much needed new therapeutic strategies to treat the syndrome.
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HIGHLIGHTS
. Hippocampus shows /n vivo hyperactivity in schizophrenic psychosis
. In schizophrenia, CA3 shows synaptic strengthening, which are not present in
CAl
. Golgi staining reveals increased dendritic spine density in CA3 in

schizophrenia
. These findings can be explained by reduced activity of REST

. REST is responsible for the GluN2B—GIuN2A maturational switch during
development.

Neuroscience. Author manuscript; available in PMC 2017 August 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tamminga and Zukin Page 19

H3K9ac
H3K9me3 H3K27me3

(gene encoding GIuN2B)

Figure 1. Model showing REST-dependent epigenetic remodeling of the grin2b promoter
REST binds to the RE1 element within the promoter of its target gene grin2b and recruits

mSin3A and CoREST, HDACs-1/2, G9a and MeCP2. The REST-corepressor complex
promotes epigenetic remodeling of core histone proteins at the grin2b promoter. Recruitment
of EZH2 in the promoter of grinZb confers trimethylation on lysine 27 of core histone
protein H3. These may play a crucial role in acquisition of the mature NMDAR phenotype
during postnatal development. Modified with permission from Noh et al, Proc Natl Acad Sci
USA 109:E962-7.
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DNA Tri-methylation of lysine 27
on Histone H3

Figure 2. The Polycomb group protein EZH2 confers epigenetic marks of gene repression
The Polycomb group protein EZH2 acts as part of the Polycomb Repressive Complexes 2

and 3 (PRC2/3), which add methyl groups to histone proteins. EZH2 is recruited to the
promoter region of target genes. such as grin2b, where it confers three methyl marks to
lysine 27 in histone 3. This mark is possibly the most enduring mark of gene represson.
EZH2 may also have a role in recruiting other repressive proteins such as DNMT 1methyl-
binding domain protein. Adapted from Viré et al, Nature 439:794-795.
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