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Abstract

For more than 40 years following its approval by the Food and Drug Administration (FDA) as an anesthetic, ketamine, a non-
competitive N-methyl-D-aspartic acid (NMDA) receptor antagonist, has been used as a tool of psychiatric research. As a psy-
chedelic drug, ketamine induces psychotic symptoms, cognitive impairment, and mood elevation, which resemble some
symptoms of schizophrenia. Recreational use of ketamine has been increasing in recent years. However, little is known of the
underlying molecular mechanisms responsible for ketamine-associated psychosis. Recent animal studies have shown that
repeated ketamine administration significantly increases NMDA receptor subunit gene expression, in particular subunit 1 (NR1
or GluN1) levels. This results in neurodegeneration, supporting a potential mechanism where up-regulation of NMDA receptors
could produce cognitive deficits in chronic ketamine abuse patients. In other studies, NMDA receptor gene variants are associated
with addictive behavior. Here, we focus on the roles of NMDA receptor gene subunits in ketamine abuse and ketamine psychosis
and propose that full sequencing of NMDA receptor genes may help explain individual vulnerability to ketamine abuse and
ketamine-associated psychosis.
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Introduction

Ketamine was first synthesized by Parke-Davis in 1963, and
was soon introduced to medicine as an important anesthetic
and analgesic medication. Ketamine is derived from phen-
cyclidine (piperidine, PCP) but has weaker affinity for the
NMDA receptor (NMDAR) and a shorter half-life. Because
of its safety profile, ketamine remains in medical use today.
It has been further applied in psychiatry research for under-
standing the pathophysiology of schizophrenia and
depression.

The psychological effect of ketamine has been linked to
sensory deprivation, mood elevation, and cognitive impair-
ments."? Because of the liability of abuse, ketamine has
become a street drug in many countries in the world,
particular in Southeast Asia. On the other hand, in experi-
mental studies conducted in humans, ketamine induces

ISSN: 1535-3702
Copyright © 2014 by the Society for Experimental Biology and Medicine

hallucinations, delusions, and negative symptoms that
resemble the symptomatology of schizophrenia. Ketamine
administration has been used as a pharmacological model
of schizophrenia in animal models and humans.'?

The glutaminergic pathway has been implied to explain
the pathophysiology of schizophrenia and addiction and.
However, the roles of glutaminergic genes, in particular
the NMDAR subunit genes, in ketamine abuse and keta-
mine psychosis are unknown and research into under-
standing ketamine abuse and associated psychosis is in
its infancy. In this review, we (1) outline the problem
of ketamine abuse and ketamine-associated psychosis,
(2) relate gene expression profiles in response to repeated
ketamine administration in rodents with a specific focus
on transcriptional control of NMDAR gene expression, and
(3) briefly, review genetic studies of NMDAR sub-
unit genes with schizophrenia and addiction to better
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understand individual vulnerability for ketamine abuse
and ketamine psychosis.

Ketamine abuse and related symptoms

While ketamine anesthesia was first given to American sol-
diers during the Vietnam War, it was later recognized as a
problematic drug of abuse in North America.* Although it
is difficult to estimate exact prevalence of ketamine use
worldwide, the incidence of ketamine seizures significantly
increased from 2003 to 2006 according to World Drug
Report 2010 by the United Nations Office on Drugs and
Crime. Ketamine abuse has become the second most
common drug abuse in an area of central China® and is
the most popular recreational drug in Hong Kong and
Taiwan in youths.6’7 Outside of Asia, from 1999 to 2003
the prevalence of ketamine use among “club drug” users
in the United Kingdom increased from 25% to 40%."
Consistent with the profile of other substance abusers,
most ketamine users are men and tend to be young. A
survey of over 9000 adolescences in Taiwan showed an
average age among ketamine users was 15 years.’ This
trend is particularly concerning because young users are
also more likely to inject ketamine intravenously and thus
have a higher incidence of comorbid hepatitis C infec-
tion.”'® Another feature of ketamine abuse is that more
than 50% of ketamine users have less than 10 years of
formal education. Together, these data suggest that adoles-
cents are a vulnerable population. However, preventing
ketamine abuse in this population is challenging.’

Dependence

Behaviorally, animal and human studies showed that acute
ketamine administration produces ethanol-like effects. In
animal studies, ketamine can be self-administered in mon-
keys or rats in a dose- and setting-dependent manner.""'? In
addition, ketamine injection in either healthy human sub-
jects or recently detoxified alcohol-dependent individuals,
caused subjective ethanol “high” effects, particularly in the
subjects without a family history of alcohol depend-
ence.”>'® Thus, ketamine demonstrates behavioral hall-
marks for producing dependence.

It is likely that the dopamine reward pathway may play
an important role in ketamine dependence. This idea is sup-
ported by biochemical findings showing that ketamine also
has a high affinity for the dopamine D, receptor and that a
single sub-anesthetic dose of ketamine increased dopamine
release in rat prefrontal cortex."” Acute and chronic keta-
mine administration significantly increases dopamine
release, with chronic ketamine injection increasing dopa-
mine receptor 1 and 2 gene expression.’® Daily ketamine
administration of 30 mg/kg ketamine for three months pro-
duced a 2.8-fold increase in dopamine level in mouse mid-
brain relative to chronic saline-treated mice."” In addition,
there was a significant 1.8-fold increase in tyrosine hydro-
xylase (TH) mRNA levels and increased TH immunoreac-
tivity in midbrain of mice chronically treated with ketamine
for three months.'” This finding was confirmed by another
study that chronically exposed mice to ketamine for

10 days."® Since TH is the rate-limiting enzyme in the syn-
thesis of catecholamines such as dopamine, changes in its
synthesis will likely affect overall flux through the dopa-
mine biosynthetic pathway. In the same study, Tan et al.
discussed that protein levels of a neuronal survival and
differentiation factor, the neurotrophin brain-derived
neurotrophic factor (BDNF), were significantly increased
in cortical-subcortical regions following chronic ketamine
administration.'” This observation suggested that a major
signaling mechanism, mediated by the BDNF-TrkB signal
transduction pathway, may play a role in long term up-
regulation of TH.' Taken together, these findings define
the basis for changes in reward pathways and may lead to
therapies for chronic ketamine abusers.

Withdrawal symptoms

Few studies of withdrawal symptoms in animal models of
ketamine addiction have been conducted. The most recent
study assessed physiological and behavioral withdrawal
symptoms following repeated oral ketamine administration
in Cynomolgus macaques®® A study in mice reported that
chronic ketamine administration significantly enhanced
immobility during force swimming test, a measure of
learned helplessness thought to mimic some clinical fea-
tures of depression in humans.?! The immobility of mice
persisted for 10 days after withdrawing ketamine. Pre-treat-
ing the mice with atypical antipsychotic medications,
clozapine and risperidone, reduced the chronic ketamine-
induced immobility.”' The effect was not observed in the
acute ketamine injection paradigm. The persistent behav-
ioral alteration after ketamine withdrawal indicates that
long-term ketamine administration may also produce
homeostatic changes to other aspects affecting the neuro-
biology of behavior.

Little is known about ketamine withdrawal symptoms in
humans. This is probably because there is not a well-estab-
lished and objective withdrawal scale to assess withdrawal
symptoms. Clinical observation suggests that craving is the
most common of withdrawal symptoms although anxiety is
also commonly encountered after discontinuing ketamine
use. Since ketamine produces ethanol-like effects and both
ketamine and ethanol are NMDAR antagonists, compensa-
tory changes underlying withdrawal symptoms of keta-
mine abuse may be similar to alcohol withdrawal
mechanisms. Among these compensatory mechanisms are
increases in NMDARs and a concomitant decrease in
GABA 4 receptors. In the case of alcohol-dependent individ-
uals, abstinence from alcohol leads to a rebound effect, pro-
ducing increased excitability.

Ketamine induced transient and persistent
psychosis

It is well known that transient psychosis can be induced by
ketamine injection under laboratory controlled conditions
and has been applied as a pharmacological model to test the
hypoglutamatergic function hypothesis for schizophre-
nia."*** Compared to other psychotomimetic drugs, a
low dose of ketamine infusion in healthy subjects induces
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psychotic symptoms more effectively and produces not
only positive but also negative symptoms and cognitive
impairment.! However, psychotic symptoms during labora-
tory administration are transient and do not persistent.
Although frequent ketamine users exhibit delusional
thoughts that resemble prodromal symptoms, no persistent
psychosis has been seen in low dose, short-term ketamine
administration among more than 2000 healthy subjects.**

While an extensive study of ketamine-induced persistent
psychosis among chronic ketamine users has not been
reported, it is known that chronic ketamine use increases
the severity of delusional ideation among individuals that
were followed for up to one year and that delusions per-
sisted even when ketamine was discontinued.* The associ-
ation between NMDAR antagonism and persistent
psychosis is supported by the fact that another NMDAR
antagonist, PCP, induces persistent psychosis.4’26 Like
many recreational drugs, that are used consecutively or in
combination, it seems that the most persistent psychotic
symptoms among ketamine abusers are observed in the
context of co-substance abuse. In a medical record review
of 350 ketamine co-abusers of ecstasy (3, 4-methylenedioxy-
N-methylamphetamine, MDMA), psychosis was the most
common reason for individuals to seek inpatient treat-
ment.”’ The comorbidity of psychosis and ketamine/
MDMA use is as high as 77.1% among the ketamine users
who were hospitalized in a psychiatric hospital.*® Thus,
while ketamine-induced persistent psychosis as a model
of schizophrenia is particularly interesting, it is not clear
how ketamine-induced psychosis is manifested. Among
the possibilities to be considered are: (1) chronic, high
dose ketamine increases glutaminergic function, causing
neurotoxicity, (2) chronic ketamine use manifests genetic
vulnerability on those individuals carrying risk variants
for psychosis, (3) co-abuse of ketamine with other drugs,
such as psychotomimetic MDMA, changes dopaminergic
reward pathway function.

Hence, individual genetic variation is expected to impact
the above-mentioned pathways and others in developing
psychotic symptoms. Variation in response to ketamine
may relate to genetic variation impacting transcriptional
control of NMDARs, pre-mRNA processing, and/or stabil-
ity to NMDAR subunit specific mRNAs.

Transcriptional control of NMDAR subunit,
gene expression and its potential role in
ketamine abuse and ketamine psychosis

An understanding of how NMDARs are affected by keta-
mine, in particular on how expression of the receptors and
their downstream signaling pathways are affected, may
lead to cellular changes that underlie the symptoms seen
among ketamine abusers. In addition, an understanding of
the regulation of NMDAR subunits is important to identify
genetic risk factors for ketamine abuse and ketamine-
induced psychosis. This section focuses on NMDAR func-
tion, the transcriptional regulation of individual subunits,
and the effects of NMDAR antagonists on expression of
NMDAR subunits and on cell survival.

NMDA receptors

The NMDAR is a major mediator of excitatory neurotrans-
mission. NMDARs are heteromeric complexes comprised
of subunits that include GluN1 (encoded by the NRI
gene, also abbreviated as GRINI), GluN2 (NR2, GRIN2
gene name) and GluN3 (NR3, GRIN3A, 3B gene names).
Activation of NMDAR requires both glutamate and glycine
binding. Recent evidence also suggests that D-serine is the
coagonist for NMDA receptors.” The binding sites for glu-
tamate and glycine are found on different subunits - glycine
binds to the GRIN1 subunit while glutamate binds to the
GRIN2 subunit. Each binding site is located in the ligand
binding domain of the extracellular portion of their respect-
ive receptor subunit.®® The carboxyl-terminal domain of
NMDAR subunits contains multiple serine/threonine
phosphorylation sites that act as sites of protein-protein
interaction for intracellular substrates for cAMP-dependent
protein kinase A (PKA), protein kinase C (PKC), protein
kinase B (PKB), CaMKIl, cyclin-dependent kinase-5
(Cdk5) and casein kinase IT (CKII).> For example, activation
of PKA and PKC increases NMDAR-mediated currents and
Ca”" permeability,”>* while phosphorylation of the car-
boxyl-terminal domain by Src family protein tyrosine kin-
ases increases NMDAR function.** Adding another layer of
complexity to NMDAR function is the fact that alternative
splicing of GRINT mRNA leads to a receptor with altered
binding sites for intracellular proteins.

Intracellular signaling is also dictated by cellular location
of NMDAREs, as they are found in synaptic and extrasynap-
tic locations, where they assume different cellular functions.
Extrasynaptic NMDAR activation leads to a “CREB-shut
off” pathway, a repressive event that leads to inhibition of
cyclic AMP binding protein (CREB) and nuclear import of
class 1I histone deacetylases (HDACs) to reduced gene
transcription.33’35

Transcriptional regulation of NMDAR subunit
genes: GRIN1, GRIN2A, and GRIN2B

The level of expressed NMDAR:s is reflected by transcrip-
tion, translation, mRNA stability, protein stability, and
receptor assembly and presentation at the neuronal cell sur-
face. The combination of subunits expressed by a particular
neuron determines its synaptic phenotype. Promoter region
sequence motifs (cis-acting elements) that control transcrip-
tion factor binding and participate in chromatin remodeling
have been identified over the past 20 years. These elements
affect expression in neurons, either inducing or repressing
transcription.

GRIN1

A number of consensus and non-consensus transcription
factor binding sites have been identified in the NMDAR
subunit genes, mostly in the proximal 5 flanking region
(the so called “core region”), relative to exon 1. Many are
conserved across species, supporting their functional sig-
nificance. The specific cis-acting elements that activate tran-
scription include members of the AP family, CREB
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(cyclic AMP response element binding protein), NF-xB, and
members of the Sp (specific protein) family.

An important regulatory region of the human GRIN1
gene is also located within the 5’flanking region, approxi-
mately 7 kb upstream of the transcription start site (TSS) for
the gene. As shown in Figure 1a, this region is enriched in
H3K27Ac marks, a histone modification that across the
genome has been identified with transcriptional activation.
This region also contains multiple conserved transcription
factor binding sites, including CREB, AP-1, Sp1, and RE1
sites, and is enriched of in CpG islands. Recently, the
ENOCDE project identified a long RNA binding site.*
Other CRE and RE1 sites are also located downstream of
the TSS.

GRIN2A

Similar to GRIN1, much of our understanding of the regu-
lation of the GRIN2A gene comes from understanding its
function in rodents. The core promoter of GRIN2A lies
within exon 1. In addition, several potential regulatory
regions are identified within the gene (Figure 1b). For
example, a region lying in intron 7 has a high density
of H3K27Ac marks, and is enriched with conserved tran-
scription factor binding sites. Like GRIN1, expression of
the GRIN2A gene is activity dependent. A CRE site was
identified in rat and mouse, supporting a role for this
element in activity-dependent transcription. NF-xB and
Sp family proteins are also positive regulators. In
humans, a polymorphic GT dinucleotide repeat (GT),
suppresses transcription where increasing repeat length
represses GRIN2A transcription in luciferase reporter
gene assays.””*® This observation was consistent with
reduced MK801 binding in postmortem brain samples
based on increased GT repeat length.

GRIN2B

The core promoter for the GRIN2B gene has been defined to
include a 5flanking region of approximately 600 bp based
on neuron-specific activity observed in transgenic mice.
Functional Sp1, CRE, AP-1, and NF-kB sites have also
been shown. The AP-1 and NF-«B sites are located more
5" of the core promoter. Like the GRIN2A promoter, activa-
tion-dependent transcription of GRIN2B is NF-«B-
dependent.

Genetic variants within or nearby regulatory regions of
these genes may determine differential gene expression and
alter gene functions. Thus, regulatory region of the NMDA
subunits genes are excellent candidate regions to seek func-
tional variants.

NMDAR subunit gene expression following
NMDAR antagonism by ketamine or MK-801
Repeated ketamine administration in animals

Unlike fast NMDA channel blocker, e.g. memantine, keta-
mine exhibits slow NMDA open-channel block effect
through full trapping of the channel.’*” The persistent
NMDA block effect of ketamine might alter NMDA func-
tion and contribute to psychosis. Although no NMDAR

gene expression in behaviorally addicted ketamine
models has been reported, studies have demonstrated that
repeated ketamine administration alters NMDAR subunit
gene expression in adult and developing rats. Repeated
ketamine administration with high dose in 6 h dramatically
increased NMDAR subunit mRNA expression in the frontal
cortex (specifically GRIN1, GRIN2A, and GRIN2C, but not
GRIN2B or GRIN2D subunit mRNA levels) (Table 1).*°-*?
The increase in GRIN1 mRNA levels is associated with
increased neuronal cell death in the frontal cortex in the
developing neonatal rat brain.*’ The study suggested that
increased NR1 expression and neurotoxicity is dependent
upon dose and ketamine exposure. A ketamine dose less
than 10mg/kg or less than six injections did not alter
GRIN1 expression and neuronal death.*04! Interestingly,
co-incubation of ketamine and GRIN1 antisense signifi-
cantly reduces neurotoxicity in frontal cortical cells derived
from neonatal monkey, suggesting ketamine-induced
neurotoxicity is caused by GRINT up-regulation.**** It has
been hypothesized that repeated ketamine treatments cause
compensatory up-regulation of NMDAR expression that
allows accumulation of toxic levels of intracellular Ca>™,
which leads to neurodegeneration.*"*> Because the
up-regulation of GRIN1 expression is predominant in the
frontal cortex,*® it implies an underlying mechanism of
ketamine-induced persistent psychosis in human.

Ketamine-induced neurotoxicity in rats appears to be
age-dependent. It was previously believed that ketamine-
induced neurotoxicity only occurred in adult brain. A
study showed MK-801 caused cell death only in the rats
older than four months.*” Rats younger than one month
old were not sensitive to MK-801. However, more recent
studies have shown that the developing brain is also vul-
nerable to NMDAR antagonism. Injection of 20mg/kg
ketamine for six successive doses in postnatal day 7 rats
significantly increased NMDAR mRNA expression and
increased expression of genes involved in apoptosis, sug-
gesting that developing neurons are sensitive to ketami-
ne-induced NMDAR alteration and neurotoxicity.**-*>4®
This evidence suggests that ketamine abuse in adoles-
cence may put individuals at greater risk of developing
psychosis through an up-regulation of NMDAR expres-
sion. Future studies to understand the relationship
between early age onset of ketamine use and psychosis
is warranted.

Long-term neurotoxicity of MK-801 in rats

While long-term effects of repeated ketamine administra-
tion on NMDAR expression have not been described in
rodents, long-term effects with another non-competitive
NMDAR antagonist, MK-801 have been reported in neo-
natal rats. Harris et al. reported significant neuronal cell
reduction in the CA1 subfield of the hippocampus lasted
for 14 days after injection of NMDAR blockade MK-801.*
Grinl (grinl, rodent gene designation) mRNA levels in the
hippocampus were also altered in adults following MK-801
treatment, producing a differential response. Dorsally, grinl
mRNA levels were decreased but increased ventrally.*’ This
difference in expression may reflect a difference in
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Figure 1 Gene structure and annotation for GRINT (a), GRIN2A (b), and GRIN2B (c). Data are from the University of California Santa Cruz (UCSC) Genome Browser.
Panel (a): the human GRINT gene has seven transcripts. At the 5’ end, there is a high methylation region with high density of H3K27Ac (a histone modification mark), and
a CpG island. Interestingly, this critical region contains six conserved transcription factor binding sites including CREB that may involve the mechanism of neuro-
plasticity and addiction. A long RNA is identified across this region. Within this region, 13 common SNPs are identified. The SNP rs11146020 maps close to this region
and was found associated with schizophrenia in some studies; Panel (b): GRIN2A has four transcripts. A possible regulatory region is located in intron 7. The region
contains a high density of H3K27Ac marks, multiple conserved transcription factor binding sites, long RNA sequence found by ENCODE. A (TC)17 polymorphism is
identified within this region; (c) GRIN2B has one mRNA transcript. The second intron has a high density of histone modification marks with conserved transcription
factor binding sites, suggesting a potential regulation region. Multiple microsatellite polymorphisms are identified in GRIN2B. (A color version of this figure is available in
the online journal.)
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Figure 1 Continued.

Table 1 NMDA receptor and dopamine-related gene expression
changes resulting from repeated ketamine and chronic ketamine

Gene Model Repeated Chronic References
grint PND7 Rat-ketamine + nd 42-44

grin2a  PND7 rat-ketamine + nd 42

grin2b  PND 7 rat-ketamine - nd 42

grin2c PND?7 rat-ketamine + nd 42

TH Adult mice-Ketamine nd + 8

DRD7  Adult mice-ketamine ~ nd + 18

DRD2  Adult mice-ketamine ~ nd + 1

DAT Adult mice-ketamine nd + 8

+: increased specific gene mMRNA level; —: decreased specific gene mMRNA level;
nd: not determined; PND7: seven-day-old Sprague Dawley rat; Grin 1: glutamate
receptor, ionotropic, NMDA1; Grin2a: glutamate receptor, ionotropic, NMDA2a;
Grin2b: glutamate receptor, ionotropic, NMDA2b; Grin2c: glutamate receptor,
ionotropic, NMDA2c; TH: TH tyrosine hydroxylase; DRD1: dopamine receptor
1; DRD2: dopamine receptor 2; DAT: dopamine transporter.

connectivity that underlies behavioral alterations in these
rats seen through development and may be relevant to the
developmental etiology of schizophrenia.

NMDAR subunit genetic variants and
schizophrenia/substance dependence

As discussed above, the complex regulation of NMDAR
gene family underscores the essential functions of these
receptors in complex neuroplasticity and neurotoxicity.
Genetic variation at NMDAR subunit genes may contrib-
ute to individual vulnerability to ketamine abuse and keta-
mine psychosis. Although genetic studies of NMDAR with
ketamine abuse and ketamine psychosis have yet to be
reported, NMDAR genes are excellent candidates for
schizophrenia and addiction of other substances. Here,
we will briefly summarize genetic association studies of
GRIN1, GRIN2A, and GRIN2B genes with schizophrenia
and addiction.

16XAC |
1exAC |

Association of GRIN1 with schizophrenia and
addiction

Among the 747 known polymorphisms of the GRINT gene,
the SNP rs11146020 has attracted the most attention for
association studies with psychiatric disorders. This SNP is
located within the 5" flanking region of the gene that is close
to the critical regulatory region of GRINI as discussed
above (Figure 1). The C > G substitution changes a consen-
sus binding site for the p50 subunit of the nuclear factor
kappa B (NF-kB) transcription factor, presumably altering
GRIN1 gene expression. Although the functionality of
rs11146020 has not been examined, several studies have
reported associations with schizophrenia with contradict-
ory results. The minor C allele was found to increase risk
for schizophrenia in Italian and Iranian populations,®”" but
was found to be protective for schizophrenia in a Chinese
sample population.> Two other SNPs of GRINI with
reported associations with schizophrenia have also pro-
duced inconsistent findings.

Although no positive association of GRIN1 with substance
dependence was reported, a recent study using array-based
DNA methylation screen found a significant CpG island
hypermethylation in alcohol-dependent subjects compared
to control subjects, suggesting epigenetic mechanisms of
GRINT may be involved in alcohol dependence.”
Interestingly, the hypermethylation of GRINI appears popu-
lation specific seen in European Americans but not in African
Americans.” It is noteworthy that the 5 critical region con-
tains 13 SNPs, which may be associated with methylation of
GRIN1 (Figure 1a). Future studies to examine the relation-
ship of these 13 SNPs with methylation level and ketamine
abuse may explain more variation of individual vulnerability
to ketamine abuse and ketamine psychosis.

Association studies of GRIN2A with
schizophrenia and addiction

In humans, a functional polymorphic GT dinucleotide
repeat (GT)n was found to suppress GRIN2A transcription
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where increasing repeat length represses GRIN2A transcrip-
tion. A case-control study of 375 schizophrenic patients and
378 control subjects showed weak association between
increased repeat length and clinical severity of schizophre-
nia.*’** Subsequent studies have shown a correlation
between reduced hippocampal and amygdala volume
with increasing repeat length.*® However, the number of
repeat length differs in different studies.”® A family study
in a Chinese sample revealed no association of D165407
with schizophrenia.

The GRIN2A gene has also been associated with addict-
ive behavior. Tag SNPs on the GRIN2A showed significant
association with alcohol dependence. Furthermore,
GRIN2A was associated with the severity of alcohol
dependence, early age of alcohol drinking, and positive
family history in independent sample populations.®
Interestingly, SNP rs9924016 that was found associated
with alcohol dependence is located at the intron 7, a
region compassing multiple regulatory transcription bind-
ing sites (Figure 1b). Recently, the functional promoter poly-
morphism D165407 was examined for association with
alcohol dependence in a small Caucasian population.”
The short repeat allele (GT)n <22 presented significantly
higher frequency in control subjects compared to alcohol-
dependent subjects. The result was replicated in a small
independent sample. In a study of 130 candidate genes,
four intronic SNPs (rs1650420, rs4587976, rs6497730,
rs1070487) in GRIN2A were strongly associated with
heroin addiction in an African American population.®®
Furthermore, a haplotype in GRIN2A (rs4587976,
151071502, rs1366076) was found with significantly higher
frequency in heroin-dependent group.”® Taken together,
this evidence suggests a role for GRIN2A in individual vul-
nerability to addiction and highlights the importance of
regulatory regions of GRIN2A gene.

Association studies of GRIN2B with
schizophrenia and addiction

A putative functional promoter SNP rs10193895 (200 T > G)
was significantly associated with schizophrenia in Japanese
and Caucasian populations,®’ but was not predictive of
clozapine treatment response.”’ The rarer G allele was at
higher frequency in patients with schizophrenia. In add-
ition, a haplotype containing this SNP was present at sig-
nificantly higher frequency in schizophrenia patients than
controls.”® Of functional relevance, the SNP rs10193895
alters dinucleotide repeats in the 5’flanking region and pre-
dicts an altered Sp1 binding site (Figure 1c). In vitro, the G
allele is associated with lower GRIN2B activity.®’
Additionally, a silent coding SNP in GRIN2B rs1806201
(2664 C>T) was associated with schizophrenia and treat-
ment response in Japanese and Chinese populations.®*®?
Homozygous CC patients responded to higher doses of clo-
zapine. However, the same SNP was not associated with
tardive dyskinesia.**

The GRIN2B gene has been investigated for genetic asso-
ciations with addiction. SNP rs1806201 was associated with
alcohol dependence and early age onset of alcohol depend-
ence.®® However, these findings were not replicated in an

independent sample with alcohol dependence and early
age onset.®® No association of 151806201 with history of
alcohol withdrawal induced seizure was reported.
Another silent SNP on the same exonic region rs1806191
had no association with alcohol dependence.®® Among 60
3,4-methylenedioxymethamphetamine (MDMA, ecstasy)
users, cognitive performance between genotypes for
151806201 did not show significant group differences.®”

Limitations of association studies
with NMDAR

Current association studies of NMDAR genes with schizo-
phrenia and addiction have focused on common variants
with rare allele frequencies >5%. As discussed above,
common variants of different NMDAR genes revealed
inconclusive associations with phenotypes. Positive find-
ings of association with loci at NMDAR genes have only
shown small effect sizes with addiction (alcohol depend-
ence) and schizophrenia (OR <2). There is a growing
body of evidence supporting the concept that common
gene variants play a mild to moderate role in complex dis-
eases. A large portion of genetic heritability is hidden
because a functional variant with a small effect size requires
a larger sample population to achieve statistical significance
for detecting an association with a phenotype. Thus, the
strategy of using common SNPs is particularly challenging
in psychiatric genetics which are predicted to be based on
the presence of multiple genes having small individual
effects on phenotype. In addition, a large sample size may
contribute to increasing the heterogeneity within a pheno-
type and magnify the effect of hidden population admix-
ture and inconsistent phenotype measurements. The
limitation of focusing on common variants is further
demonstrated by the fact that several large genome wide
association studies resulted in no or marginally significant
associations with schizophrenia and substance dependence.

Future directions
Proposed model of ketamine abuse and psychosis

Although there is a lack of evidence to elucidate the neuro-
biological mechanism(s) underlying ketamine abuse and
ketamine psychosis in humans, evidence from animal stu-
dies support a role for NMDARs in ketamine abuse and
ketamine induced psychosis. NMDARs and DRD1 inter-
action play an important role in the mechanism of ketamine
abuse. As described in Figure 2, NMDA receptors interact
with DRD1 through a number of redundant and coopera-
tive signaling transduction cascade. The most prominent
involve protein kinase (PKA) and dopamine-and adeno-
sine-3’,5"-monophosphate (cAMP)-regulated phosphopro-
tein of 32kDa (DARPP-32), phosphorylation of NMDAR
NR1 subunits, and activation of Ca®" channels.®®’
Activation of NMDAR-dependent signaling pathways
increase BDNF expression via activated CREB and/or NF-
kB, enhancing neuroplasticity. We hypothesize that initial
ketamine use enhances DRD1 function in order to augment
neuroplastic changes in neurons. Enhanced DRD1 function
then increases dopamine release in the striatum and other
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Figure 2 A proposed molecular mechanism describing initial ketamine use (left) and chronic abuse (right): initial ketamine use may involve altering two pathways:
NMDA and dopamine receptors. Ketamine blocks NMDA receptor-dependent activation of NF-kB and CREB that promote synaptic plasticity via BDNF. However,
ketamine also enhances dopamine function, via increased dopamine release and intracellular signaling, leading to activation of CREB. Increased CREB activation
enhances BDNF transcription. In addition, ketamine enhances translation of BDNF mRNA, leading to increased neuroplasticity and addiction. Chronic ketamine
exposure induces compensatory GRIN1 up-regulation that causes an influx of extracellular Ca®* into the intracellular compartment. The overloaded Ca®* infux
produces superoxide anion that activates NF-kB, to promote Bax gene expression which is critical to active caspase, leading to apoptosis.*® (A color version of this

figure is available in the online journal.)

brain regions involving rewarding and reinforcement. On
the other hand, chronic ketamine exposure leads to com-
pensatory up-regulation of the GRIN1 subunit which
increases Ca”" influx to neurons. The overload of Ca®* in
mitochondria produces excessive levels of superoxide and
activates an NF-kB-dependent pathway that causes cell
death (Figure 2). Neurotoxicity in frontal cortex induced
by chronic ketamine use may explain cognitive impairment
and negative symptoms in ketamine abuse patients. We
speculate that frontal cortex neurotoxicity may also involve
the development of persistent delusion and hallucinations
in chronic and heavy ketamine abusers.

Deep sequencing NMDAR gene family for extreme
ketamine abuse and persistent psychosis patients

Additive effects from significant common variants explain
only small proportion of variation for schizophrenia and
addiction, suggesting that rare variants (frequency <1% in
population) may underlie genetic vulnerability to complex
phenotypes. Rare variants are only able to be detected
by sequencing technologies. The cost of whole genome
sequencing of large populations is still unaffordable.
Sequencing candidate genes is an alternative strategy to
detect rare variants that may have large effects. Deep
target sequencing NMDAR gene family with focusing on
regulatory regions in a larger sample population is a rea-
sonable strategy to begin with the journey of uncovering
genetic variants.

In the future, whole exome and whole genome sequen-
cing will be routinely applied to complex diseases. Extreme
individuals such as those with persistent psychosis and/or
severe cognitive impairment induced by ketamine use may
have heritable rare variants or de nova mutations.
Sequencing those individuals may reveal candidate func-
tional variants for molecular, cellular evaluation and for
determining their impact in animal models of these disease

phenotypes.

Other NMDAR-dependent gene effects mediated
by ketamine

The focus of this article has been on uncovering the role of
NMDAR gene variation with direct effects on NMDAR
expression and determining their role in ketamine-
mediated addiction and psychosis. NMDAR variation is
also predicted to affect ketamine-induced effects on neuro-
development. As examples of neurodevelopmental genes
controlled via NMDA-mediated signaling, and represent
targets of ketamine-induced changes in neurodevelopment,
we draw on two examples, one a known schizophrenia risk
gene (Disrupted in schizophrenia, DISCI) and the other, a
NMDAR-regulated, CREB-responsive gene that encodes a
micro RNA (miRNA).7O In the first case, DISC1, a gene con-
ferring risk to schizophrenia and other neuropsychiatric
disorders, was examined for changes in its expression
when young adult mice were administered a single dose
of the NMDAR antagonist memantine. Expression of
DISC1 mRNA was significantly decreased in the dentate
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gyrus (DG). Decreased DISCI mRNA was also seen with
other NMDAR antagonists MK801 and CPP, although these
inhibitors were not used in subsequent experiments. The
effect of NMDAR antagonism was dose-dependent and
ultimately revealed that NMDAR signaling governed
migration of newly generated neurons in the DG by regu-
lating DISC1 expression in that region of the hippocam-
pus.”! These findings linked the role of excitatory
neurotransmission in neurogenesis, acting through DISC1
protein.

In the second example, Miller et al. showed that a
miRNA, miR-132, was significantly decreased in postmor-
tem prefrontal cortical tissue from schizophrenic subjects
versus controls.””> Analysis of miR-312 target gene levels
in schizophrenia gene-expression arrays identified 26
genes that had increased expression in the schizophrenia
samples, which correlated a dysregulation of genes nor-
mally suppressed by the miRNA. Consistent with the glu-
tamatergic hypofunction hypothesis, repeated low-dose
administration of the NMDA antagonist MK801 to adult
mice resulted in decreased levels of miR-132 in the pre-
frontal cortex. In addition, expression of miR-132 was
reduced in adult mice by NMDAR antagonism during a
brief postnatal period. A number of genes, including
DNMT3A, which encodes a DNA methyltransferase, had
increased expression. This correlative finding may be
important as two genes associated with schizophrenia,
GAD1 and REELIN (RELN), are hypermethylated. While
direct evidence supporting a link between increased expres-
sion of the DNMT3A gene and hypermethylation of target
genes, the finding suggests that miR-132 down-regulation
in the prefrontal cortex is a common molecular feature of
schizophrenia and overlaps with developmental and adult
dysregulation brought about by NMDAR antagonism.
Therefore, it is likely that ketamine administration will pro-
duce increased expression of DNMT3A, and is predicted to
down regulate GAD1 and RELN. Further investigation will
be required to determine if this mechanism plays a role in
ketamine-induced addition and psychosis. However, a
genome-wide approach is likely to identify gene effects
down-stream of the NMDAR that are mediated by keta-
mine antagonism. Coupled with guided deep sequencing
approaches to discover rare genetic variants in candidate
genes, a more complete mechanistic picture of ketamine-
induced abuse and psychosis is likely to emerge in the
near future.

In summary, we emphasize the role of NMDAR in keta-
mine abuse and associated psychosis based on current
research on ketamine alteration of NMDAR expression
and genetic associations of NMDAR genes with addiction
and schizophrenia. We propose deep sequencing of
NMDAR genes to identify individual risks of ketamine
abuse and persistent psychosis. Like other psychiatric dis-
orders, many genes and neuronal pathways are involved to
describe such complex behavior. Future studies should
expand to other NMDA-related genes and pathways.
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