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Abstract

N-methyl-p-aspartate (NMDA) receptor (NMDAR) hypofunction plays a key role in
pathophysiology of schizophrenia. Since NMDAR hypofunction has also been reported in autism,
Alzheimer’s disease and cognitive dementia, it is crucial to identify the location, timing, and
mechanism of NMDAR hypofunction for schizophrenia for better understanding of disease
etiology and for novel therapeutic intervention. In this review, we first discuss the shared
underlying mechanisms of NMDAR hypofunction in NMDAR antagonist models and the anti-
NMDAR autoantibody model of schizophrenia and suggest that NMDAR hypofunction could
occur in GABAergic neurons in both models. Preclinical models using transgenic mice have
shown that NMDAR hypofunction in cortical GABAergic neurons, in particular parvalbumin-
positive fast-spiking interneurons, in the early postnatal period confers schizophrenia-related
phenotypes. Recent studies suggest that NMDAR hypofunction can also occur in PV-positive
GABAergic neurons with alterations of NMDAR-associated proteins, such as neuregulin/ErbB4,
a7nAChR, and serine racemase. Furthermore, several environmental factors, such as oxidative
stress, kynurenic acid and hypoxia, may also potentially elicit NMDAR hypofunction in
GABAergic neurons in early postnatal period. Altogether, the studies discussed here support a
central role for GABAergic abnormalities in the context of NMDAR hypofunction. We conclude
by suggesting potential therapeutic strategies to improve the function of fast-spiking neurons.
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1. Introduction

Schizophrenia is a major psychotic disorder characterized by positive symptoms

(hallucinations and delusions), negative symptoms (avolition and anhedonia), and cognitive

dysfunction. Decades of intensive studies have identified excessive striatal presynaptic
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dopamine release as a final common pathway to evoke positive symptoms (Howes and
Kapur, 2009). However, pathophysiology underlying the negative and cognitive symptoms,
which often precedes positive symptoms, remains elusive. Multiple routes of genetic,
neurodevelopmental, environmental, and social events are suggested to lead to striatal
hyperdopaminergia or psychosis (Howes and Kapur, 2009). Among them, one major
upstream mechanism leading to striatal hyperdopaminergia is A~methyl-p-aspartate
(NMDA) receptor (NMDAR) hypofunction.

NMDARs are heterotetrameric receptor complexes which are composed of one or two
GIuNL1 indispensable subunits (encoded by GRIN1 gene) and two or three GIuN2 (A-D;
encoded by GRIN2 (A-D) and/or GIuN3 (A-B; encoded by GRIN3 (A-B) subunits (Beesley
et al., 2019; Hollmann and Heinemann, 1994). These are ligand-gated cationic channels,
activation of which requires simultaneous binding of the agonist L-glycine or D-serine (to
GIuN1 or GIuN3) and glutamate (to GIuN2 subunits) as well as membrane depolarization to
remove the Mg?* block. In mature cortical principal neurons, NMDARs mediate
glutamatergic excitatory neurotransmission and play an important role in learning and
memory through induction of synaptic plasticity (Martin et al., 2000; Nakazawa et al.,
2004). However, NMDARSs in immature glutamatergic neurons are also involved in dendritic
maturation and proper synapse refinement, presumably by controlling intrinsic excitability
(Frangeul et al., 2017; Gu and Lu, 2018; Hou and Zhang, 2017).

The NMDAR hypofunction hypothesis of schizophrenia originated from the observation that
a sub-class of non-competitive NMDAR antagonists, phencyclidine (PCP) and ketamine,
induces behaviors reminiscent of all three (positive, negative, and cognitive) symptoms of
schizophrenia in human subjects (Coyle et al., 2003; Javitt and Zukin, 1991; Krystal et al.,
1994). A compound in the same subclass of non-competitive antagonists, MK-801, shows
higher affinity and specificity to NMDARs compared to PCP and ketamine, and produces
PCP-like behavioral effects in various species (Koek et al., 1988; Kovacic and Somanathan,
2010). Notably, systemic administration of PCP, ketamine, and MK-801 induces excessive
release of dopamine in the striatum of rodents (Balla et al., 2001; Miller and Abercrombie,
1996), monkeys (Adams et al., 2002) and humans (Kegeles et al., 2000; Kokkinou et al.,
2018). Conversely, prefrontal dopamine release is diminished by chronic PCP treatment in
monkeys (Jentsch et al., 1997) and rats (Jentsch et al., 1998). Such pathway-specific
dopamine abnormalities are characteristic of schizophrenia pathophysiology (Slifstein et al.,
2015; Weinstein et al., 2017).

Recently, other evidence for NMDAR hypofunction in schizophrenia has emerged from
clinical neurology. Clinical expression of anti-NMDAR encephalitis, in which the antibodies
cross-react with NMDARs (i.e., autoantibodies) to cause internalization of the receptors
from the plasma membrane, first presents as psychotic symptoms akin to first-episode
psychosis in schizophrenia (Dalmau et al., 2011). The presence of pronounced psychiatric
symptoms, as well as severe cognitive disturbances with high negative symptom scores, can
often result in a misdiagnosis as idiopathic schizophrenia (Al-Diwani et al., 2019). It is
noted, however, patients with anti-NMDAR encephalitis also frequently exhibit neurological
symptoms, such as movement disorders, seizures, and autonomic instability (Dalmau et al.,
2008; Gibson et al., 2019). It remains debated whether anti-NMDAR antibody is pathogenic
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in idiopathic schizophrenia (Masopust et al., 2015; Pearlman and Najjar, 2014; Pollak et al.,
2014; Tsutsui et al., 2012). Nonetheless, since both NMDAR antagonism and anti-NMDAR
encephalitis share the cardinal schizophrenia-like symptoms, NMDAR hypofunction could
be one major convergent point of schizophrenia pathophysiology (Kantrowitz and Javitt,
2010).

In this review, we first discuss the similarity in the underlying mechanism of NMDAR
hypofunction induced by NMDAR antagonists and by anti-NMDAR autoantibodies. That is,
both antagonists and auto-antibodies appear to preferentially bind to open state of NMDAR
channels. Since open-channel probability of NMDAR channels is directly related to firing
rate, constantly depolarizing neurons would be predicted to be a target of NMDAR
hypofunction, such as fast-spiking (FS) GABAergic interneurons. If their binding to the
open-state of NMDARSs is the origin of psychotic symptoms, it is tempting to speculate that
NMDAR hypofunction takes places in cortical and hippocampal GABAergic neurons in
idiopathic schizophrenia (Cohen et al., 2015; Coyle, 2006; Inan et al., 2013; Ju and Cui,
2016; Lisman et al., 2008; Moreau and Kullmann, 2013; Nakazawa et al., 2017; Nakazawa
et al., 2012; Olney and Farber, 1995). While clinical evidence supporting this idea is highly
limited, recent preclinical literature presents several candidates of preceding molecular and
cellular events, which could elicit NMDAR hypofunction in cortical GABAergic neurons,
leading to schizophrenia-like phenotypes.

2. Cellular source of NMDAR hypofunction—Lessons from NMDAR
antagonist models

The psychotomimetic effect of NMDAR antagonists is not limited to PCP, ketamine, or
MK-801. Some competitive (i.e., compete with endogenous ligand for binding) NMDAR
antagonists such as CPP (Herrling, 1994) and CGS 19755 (Yenari et al., 1998) are also
reported to induce psychotic symptoms in humans. Thus, psychotomimetic effects of
NMDAR antagonists could be due to the disruption of normal synaptic transmission
(Vyklicky et al., 2014). It should be noted that PCP-like behavioral effects produced by
competitive antagonists occurs only at high doses and are of much lesser magnitude than
those of non-competitive antagonists in animal studies (L&scher and Honack, 1991;
Tricklebank et al., 1989). The unique mechanism of action of non-competitive antagonists is
to directly block the ion flow coupled to NMDAR channels by binding to the channel pore-
region. This binding requires agonist-induced channel opening and sufficient cellular
membrane depolarization to expel the Mg2* ion from the channel pore (Halliwell et al.,
1989; Huettner and Bean, 1988). Thus, non-competitive NMDAR antagonists act as open
channel blockers of the NMDA channels (Lodge and Mercier, 2015). Notably, not all open
channel blockers have PCP-like psychotomimetic properties. For example, memantine is an
open channel blocker and display similar basic characteristics of NMDAR inhibition to that
of ketamine; however, memantine does not exhibit psychotomimetic action and is well
tolerated (Johnson et al., 2015; Kornhuber and Weller, 1997; Xia et al., 2010).

The differential effects of memantine may be explained by its lower affinity and more rapid
dissociation rates than other NMDAR channel blockers. Open channel blockers can be
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classified into three subgroups based on their interaction with the channel (Hansen et al.,
2018). Importantly, PCP, ketamine and MK-801, all belong to the “trapping blockers”,
which are trapped inside the channel pore and the blocked channel can return to the closed
state (Sobolevsky and Yelshansky, 2000). These blockers can bind to NMDARs with high
affinity, with strong use-dependency and slow off-rate kinetics from channel. Thus, these
antagonists would block NMDAR channels during depolarization due to their slow
unblocking rate. This would prevent the synaptic NMDAR from reactivation during a fast
train of action potentials, thereby robustly disrupting normal synaptic transmission of
NMDARs. On the other hand, memantine shows low-affinity binding, with 100-fold faster
off-rate than that of MK-801 (“partial trapping blocker”) (Blanpied et al., 1997). Due to this
fast dissociation rate, memantine may not affect phasic synaptic responses of NMDARS
(Chen and Lipton, 2006; Vyklicky et al., 2014). Thus, memantine appears to inhibit tonic
(extrasynaptic) NMDARS in concentrations that do not affect synaptic NMDAR-mediated
transmission (Riebe et al., 2016).

Importantly, the specific neuron types most affected by NMDAR antagonists has been
identified in cortical and hippocampal networks. In the mPFC of awake rats, systemic
injection of MK-801 predominantly decreased the firing of GABAergic interneurons, while
the firing rates of pyramidal neurons rather increased by disinhibition, suggesting that the
primary target of MK-801 is the GABAergic neurons (Homayoun and Moghaddam, 2007).
In the cultured hippocampal neurons, the impact of ketamine on excitatory postsynaptic
current (EPSC) amplitudes of excitatory neurons and inhibitory neurons was also measured
by somatic voltage recording technique (Fan et al., 2018). Ketamine induced a greater
suppression of the EPSCs in GABAergic neurons than in pyramidal neurons, with negligible
effect on inhibitory postsynaptic currents (IPSCs) in pyramidal neurons and on intrinsic
excitability of both cell-types. These results suggest that the disinhibitory action of ketamine
is primarily via blockade of synaptic (but not tonic) NMDARs at the inhibitory neurons
receiving excitatory inputs from pyramidal neurons. The finding is also consistent with the
previous report that NMDARS contribute more to the EPSPs in FS interneurons than in
pyramidal neurons in the cortex (Jones and Buhl, 1993).

Additional evidence supports the hypothesis that ketamine and PCP preferentially block
NMDARs in GABAergic interneurons. Parvalbumin (PV)-positive neuron-specific genetic
ablation of GIUN2A, which is highly expressed in GABA neurons, was also sufficient to
ablate ketamine-induced changes in pyramidal cell activity in mouse visual cortex,
suggesting that ketamine binds to GluN2A-containing PV neurons (Picard et al., 2019). On
the other hand, the GIuN2D subunit of the NMDARs is expressed exclusively in GABAergic
neurons but not pyramidal neurons in the cerebral cortex in adulthood (Alsaad et al., 2019;
von Engelhardt et al., 2015). Interestingly, administration of ketamine or PCP failed to show
psychotomimetic action in conventional GIuN2D knockout mice (Sapkota et al., 2016;
Yamamoto et al., 2016); but see (Shelkar et al., 2019), suggesting that ketamine/PCP may
induce schizophrenia-like phenotypes via GIuN2D-containing NMDARSs in adulthood. On
the other hand, GIuUN2C/GIuN2D subunit-selective potentiator CIQ reverses MK-801-
induced schizophrenia-related behavioral impairment (Suryavanshi et al., 2014). Taken
together, it appears that the psychotomimetic effect of ketamine/PCP/MK-801 is attributable
to preferential inhibition of synaptic NMDARs, presumably containing GIUN2A and/or
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GIuN2D, on PV-positive GABAergic interneurons, leading to schizophrenia-like
psychotomimetic effects.

3. Cellular source of NMDAR hypofunction—Lessons from NMDAR
antibody model

The etiology of anti-NMDAR encephalitis is highly debated. In NMDAR antibody-mediated
encephalopathy, the antibodies (mostly IgG) present in patients are cross-reactive to the N-
terminal region of GIuN1 subunit. One group (Pan et al., 2019) has suggested that NMDAR-
antibodies are part of a pre-existing autoimmune repertoire. While antibodies themselves do
not cause brain inflammation, upon entry to the brain or via intrathecal production by the
meningeal inflammation, CSF NMDAR antibodies can precipitate the symptoms by
inducing NMDAR hypofunction. This hypothesis may well explain the prodromal signs of
this disorder, which can include headache, fever, nausea, and vomiting (Dalmau et al., 2008),
possibly triggered by meningeal inflammation. Subsequently, psychotic and cognitive
symptoms may quickly develop, with ongoing intrathecal synthesis of specific NMDAR
antibodies.

Accumulating evidence suggests that the nature of antibody-mediated NMDAR
hypofunction is the internalization of NMDARS, through the process of antibody-mediated
cross-linking followed by a reduction of NMDAR clusters from the neuronal surface
(Hughes et al., 2010; Jezequel et al., 2018; Mikasova et al., 2012; Moscato et al., 2014).
Recently, super-resolution microscopy in cultured hippocampal pyramidal neurons was used
to visualize the clustering and internalization of synaptic receptors with antibody
stimulation. Subsequently, the remaining receptors clustered and diffused to extra-synaptic
sites, causing an overall reduction in synaptic receptor density (Ladepeche et al., 2018).
Therefore, the main synaptic effect of the autoantibody appears to be receptor internalization
and its re-distribution on the cell surface, leading to a reduction of NMDAR cluster density
in the synapses.

Notably, NMDAR auto-antibodies do not affect the ionotropic function of NMDAR
channels before internalization. For example, 30 minutes after treatment with autoantibody-
containing patients’ cerebrospinal fluid (CSF), a time point before which significant receptor
internalization occurs, there is no reduction in NMDA-mediated current amplitudes
(Mikasova et al., 2012; Moscato et al., 2014). Therefore, a large reduction in NMDA
currents 24 hours after the treatment with patient CSF (Hughes et al., 2010) is attributed to
the receptor internalization/lateral diffusion, but not an acute blockade of channel function
by the autoantibody. Conversely, antibody-mediated NMDAR internalization can occur in
the presence of competitive antagonist AP-5 (Moscato et al., 2014), suggesting ion flux-
independent (metabotropic) action of NMDARs (Dore et al., 2016; Montes de Oca Balderas,
2018). It has been shown that the autoantibodies disrupt the interaction between the
NMDAR extracellular domain and its synaptic anchoring protein Ephrin-B2 receptor, a
member of a family of receptor tyrosine kinases (Mikasova et al., 2012). The disruption of
this interaction results in mislocalization of NMDARS to extrasynaptic sites followed by
internalization. Receptor internalization is known to occur gradually in a similar fashion for
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both excitatory and inhibitory neurons, reaching plateau 12 hours after autoantibody
treatment in cultured hippocampal neurons (Moscato et al., 2014). NMDAR-mediated
miniature-EPSC amplitudes in pyramidal neurons are significantly reduced 24 hours after
the antibody is added to the cultured neurons. While the impact of the autoantibody on the
synaptic inputs to GABAergic neurons has not been tested, initial presentation of psychotic
symptoms could be associated with the initial internalization of NMDARs on GABAergic
neurons. Quantitative immunogold electron microscopic study revealed that GIUN1 density
is normally lowest in the dendrites of PV-positive FS neurons and highest in pyramidal cell
spines in rat hippocampus (Nyiri et al., 2003). Therefore, it is tempting to speculate that
NMDARs are depleted initially from the cell surface of FS neurons through antibody-
mediated NMDAR internalization (Nakazawa et al., 2017). This may explain the slow onset
of frank psychosis from prodromal symptom in the auto-NMDAR encephalitis. In contrast,
since non-competitive antagonists directly inhibit ion current flow, the onset of PCP’s effects
is quite rapid; onset of action occurs in 2-5 minutes, and effects may take 15 to 60 minutes
when ingested orally (Cook et al., 1982).

It is notable that anti-NMDAR antibodies found in patients with anti-NMDAR encephalitis
preferentially bind to the NMDARSs in its open state, like open channel blockers. Lynch’s
group showed that patients’ CSF containing NMDAR autoantibodies prolongs the open
duration of NMDA channels in the presence of its agonist, while autoantibody itself does not
promote channel opening. These results suggest that patients’ antibodies bind to NMDAR
channels which are more prone to opening and stabilized in the open state (Gleichman et al.,
2012). In a recent paper, they also found that patients’ autoantibodies bind to the GIuN1
subunit in the presence of MK-801, but not AP5 (Sharma et al., 2018). Since MK-801
stabilizes the NMDAR in the open state (whereas the AP5 prevents the NMDAR opening),
the autoantibody can bind to NMDAR when it is opened by depolarization.

Overall, the mechanism by which NMDAR autoantibodies induce psychotic symptoms, may
involve the cross-linking of NMDAR channels by antibody’s binding to their open-state,
similar to the binding of PCP/ketamine/MK-801. The similarities and differences between
non-competitive antagonists and NMDAR autoantibodies are listed in Table 1.

It is noted that NMDAR autoantibody exposure not only promotes internalization of
NMDARs from the cell membrane, but also impairs NMDAR-dependent synaptic plasticity
at the synapses (Dupuis et al., 2014; Hughes et al., 2010; Wurdemann et al., 2016; Zhang et
al., 2012). Patients’ CSF containing the autoantibody has also shown to acutely suppress
global functional network activity in neuronal culture /n vitro (Jantzen et al., 2013). These
additional effects elicited by the autoantibodies could potentially contribute to the
emergence of psychosis in this disorder.

While there is substantial evidence for the existence of antibodies which bind directly to the
NMDARs, autoantibodies may also exist which target proteins upstream of NMDAR
function. For example, mGIuRS is known to up-regulate the NMDARSs via the G¢/11 protein
and phospholipase C (Ellaithy et al., 2015), and mGIuR5-NMDAR association is disrupted
in schizophrenia (Gray et al., 2009). A recent report of anti-mGIuR5 autoantibody
encephalitis indicated that the most frequent neurologic manifestations are personality/mood
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change, full-blown psychosis, abnormal thought processes, and/or hallucinations (Spatola et
al., 2018); somewhat similar to those observed in patients with anti-NMDAR encephalitis.
This auto-antibody may internalize mGIuR5 proteins, which could down-regulate NMDAR
function. This finding suggests that not only NMDAR subunits themselves but also their
interacting proteins that preserve NMDAR function could be targeted by their auto-
antibodies, which may lead to auto-immune psychosis (Masdeu et al., 2016). The same logic
could be applied to idiopathic schizophrenia, the onset of which may be triggered by
dysfunction of NMDAR-interacting proteins.

4. Mouse models for NMDAR hypofunction in GABAergic interneurons

Functional NMDAR blockade appears to occur in cortical GABAergic interneurons in both
PCP/ketamine drug abuse and anti-NMDAR encephalitis. Preclinically, mouse genetic
approaches have been taken to test whether NMDAR deletion in GABAergic neurons
confers schizophrenia-like phenotypes. Several groups have reported the effect of NMDAR
disruption selectively in a subset of GABAergic interneurons in the brain (reviewed in
(Nakazawa et al., 2017). Our group disrupted GRIN1 gene alleles in ~50% of cortical and
hippocampal interneurons, the majority of which (>70%) were PV containing, from the 2nd
postnatal week using mice expressing Cre recombinase under control of the Pppl1r2
promoter (Belforte et al., 2010; Nakao et al., 2019). According to the Allen Mouse Brain
Atlas, endogenous expression of PPP1R2 transcripts is detected in neurons sparsely
distributed throughout the entire cortex including mPFC, while significant expression is also
observed in olfactory mitral cell layer, olfactory tubercle, piriform cortex, dorsomedial and
ventral striatum, hippocampal CA1-3 pyramidal cells, and cerebellar Purkinje cells. Despite
the expression pattern of endogenous PPP1R2, little Cre expression is observed in the
striatum, olfactory tubercle, and cerebellum of the Ppp1r2Cre line, although aberrant Cre
expression is detected in piriform cortex, tenia tecta and lateral septum. Some delayed Cre
expression in CA1 pyramidal neurons is also detected after 15-16 weeks of age. Our GIuN1
mutant mice grow and behave normally. However, when the animal is socially isolated from
8 weeks of age for over one week, the mutant mice start showing agitation-like
hyperactivity, anxiety, anhedonia, impaired nest building, and altered social interaction.
They also exhibit schizophrenia-typical behaviors, such as impaired prepulse inhibition
(PPI) of startle reflex, deficits of spatial working memory as measured by Y-maze, and
exacerbation of psychostimulant-induced hyperactivity. Under the group-housing condition,
such mutant behavioral phenotypes appear mostly after 12 weeks of age. The mutants at 8
week-old also show social isolation-induced robust increase in reactive oxygen species
(ROS) particularly in cortical PV neurons, suggesting that NMDAR hypofunction in FS
neurons generates abnormally high concentrations of ROS (Jiang et al., 2013). These mutant
mice are also impaired in evoked auditory steady-state responses at low gamma frequency
(Nakao and Nakazawa, 2014), a measure of tone-evoked gamma oscillations that is robustly
impaired in schizophrenia (Thune et al., 2016). Finally, /7 vivo brain microdialysis
uncovered that striatal dopamine is excessively released in response to amphetamine in
transgenic mice whereas dopamine release in medial prefrontal cortex (mPFC) is disrupted,
similar to dopamine abnormalities in patients with schizophrenia (Slifstein et al., 2015;
Weinstein et al., 2017). Interestingly, PV neuron-specific GIuN1 knockout mice also showed
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similar deficits of dopamine release. Conversely, genetic GRIN1 deletion from somatostatin-
positive interneurons did not show abnormality in amphetamine-induced dopamine release
in either striatum or mPFC (Nakao et al., 2019). This indicates that NMDAR hypofunction
selectively in PV neurons, but not in somatostatin-positive GABAergic neurons, is sufficient
to produce presynaptic dopamine abnormalities seen in schizophrenia. Based on findings
from our /n vivo microdialysis study, we suggest that NMDAR hypofunction in GABAergic
neurons, particularly in PV neurons, could be one of upstream events leading to
schizophrenia-typical dopamine abnormality, a final common pathway to psychosis (Howes
and Kapur, 2009). Notably, genetic GRIN1 deletion introduced in neurogliaform cells shows
little schizophrenia-related phenotypes (Chittajallu et al., 2017), suggesting that the impact
of NMDAR hypofunction for schizophrenia is cell-type specific.

It is recently proposed that NMDAR hypofunction in PV neurons does not play a role in
schizophrenia (Bygrave et al., 2018), by demonstrating fewer behavioral phenotypes in
conditional GIuN1 knockout mice, in which the recombination was driven by the same
Ppplr2Cre-driver as in our studies. The observation of weaker behavioral phenotypes, such
as PP, of this study could be due to animal husbandry in less-stressful, well-enriched
environments until behavioral testing. Alternatively, it could be due to the use of a different
floxed-GRINL1 line, with reduced efficacy of recombination. Two other groups utilized a PV-
Cre mouse line to genetically delete GIuN1 selectively in PV neurons (Carlen et al., 2011,
Korotkova et al., 2010). Although their PV-GIuN1 KO mice showed an impairment in spatial
and working memory, they were otherwise normal behaviorally. Apparently normal behavior
may be due to the slow onset of GIuN1 knockout mediated by PVALB gene promoter driven
cre lines (PV-cre). Indeed, a robust increase in endogenous PV mRNA level is observed after
postnatal 3rd week in rat visual cortex (Patz et al., 2004) and in mouse cortex (Lin et al.,
2014). We also observed no schizophrenia-like phenotypes when GIuN1 is genetically
deleted from cortical GABA neurons after adolescence (Belforte et al., 2010). These
findings suggest the existence of a critical period (/.e., postnatal first two weeks in rodent
development, which corresponds to the third trimester of pregnancy to early postnatal period
in human (Semple et al., 2013), during which NMDA hypofunction leads to the full
spectrum of the schizophrenia illness (Nakazawa et al., 2017). Nonetheless, the studies using
PV-GRIN1 KO mice also reported impairment in gamma oscillations (Carlen et al., 2012;
Korotkova et al., 2010). We also showed dopamine abnormalities reminiscent of
schizophrenia in our PV-GRIN1 KO mice (Nakao et al., 2019). Considering all of this
evidence, we conclude that NMDAR hypofunction in PV neurons causes schizophrenia-like
dopamine abnormalities and deficits in gamma oscillation and spatial working memory,
implying that PV neuron-specific NMDAR hypofunction could constitute a major
etiological cause of circuit dysfunction in schizophrenia.

5. Genetic mutations in NMDAR subunit genes leading to schizophrenia

A fundamental question in the field is whether NMDAR hypofunction in GABAergic
neurons takes place in idiopathic schizophrenia. Recent genetic studies suggest that genetic
mutations in NMDAR subunits can give rise to various neurodevelopmental disorders,
including schizophrenia. Whole-exome sequencing revealed a variety of mutations in each
GRIN subunit gene (GRIN1, GRIN2A-2D, GRIN3A-3B). Deleterious missense, nonsense,
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or frameshift mutations in those genes have been reported to cause encephalopathies (named
as “GRIN encephalopathy”) that are often first diagnosed as intellectual disability, epilepsy,
autism, or schizophrenia (Hardingham and Do, 2016; Lemke et al., 2016; XiangWei et al.,
2018). In certain cases, the mutations cause a reduction or loss of function, while in others,
the function is enhanced. Both situations produce aberrant synaptic transmission of neurons
and therefore affect the development of the brain and its proper functioning. Generally,
epilepsy and intellectual disability are most commonly associated with mutations in GRIN1,
GRIN2A, or GRIN2B subunit genes (Hu et al., 2016; Strehlow et al., 2019; XiangWei et al.,
2018). Interestingly, out of 7 cases of GRIN2D rare variants, four patients were diagnosed
with schizophrenia (XiangWei et al., 2018). An exome-sequencing of six GRIN subunits
(except GRIN2B) also identified rare mutations in 25 out of 370 Japanese patients with
schizophrenia, indicating that about 7% of patients with idiopathic schizophrenia carry a
mutation in GRIN subunit genes (Yu et al., 2018). These findings suggest that ultra-rare
variants in GRIN genes contributes to the genetic risk of schizophrenia. Since a majority of
GRIN rare variants found in mental disorders are loss-of-function mutations (Genovese et
al., 2016; Kataoka et al., 2016; MacArthur et al., 2012), these mutations may elicit, or
exacerbate the risk of, NMDAR hypofunction in some cell-types, depending on the mutation
types. However, overall contribution of ultra-rare genetic mutations of NMDAR and their
interacting proteins may be small among idiopathic schizophrenia cases.

6. NMDAR auto-antibodies detectable in idiopathic schizophrenia

Discovery of anti-NMDAR encephalitis raises the possibility that autoantibodies could be
directly responsible for the psychotic symptoms of idiopathic schizophrenia. However, the
prevalence of circulating NMDAR autoantibodies is considerably variable between studies.
An initial meta-analysis revealed three times greater serum positivity in patients with mental
disorders including schizophrenia, compared with healthy controls (Pearlman and Najjar,
2014). In another meta-analysis study of seven reports comprising 1441 patients with
idiopathic schizophrenia, 115 (8%) of patients were seropositive for anti-NMDAR
antibodies (Pollak et al., 2014). From the recent OPTIMISE project, approximately 5% of
NMDAR autoantibody seropositive patients were identified among first-episode psychosis
patients with minimal or no exposure to antipsychotics (Jezequel et al., 2018). Another
single large study emphasized that NMDAR antibodies are significantly more prevalent in
patients with first-episode psychosis patients (seven [3%] of 228 participants) than in
controls (0 of 105 participants)(Lennox et al., 2017). In these studies, cell-based
immunofluorescent staining was used to qualitatively detect the antibody binding to the cell
surface NMDARs expressed in HEK293 cells. A recently developed ELISA assay has
enabled the measurement of the NMDAR antibody quantitatively (Sharma et al., 2018).
Using this assay, an elevated level of serum anti-NMDAR antibody has been detected in
first-episode patients with schizophrenia (Tong et al., 2019). Interestingly, the serum
antibody levels were positively correlated with PANSS scores, suggesting that symptom
severity is associated with antibody levels. However, lack of sero-positivity in first-episode
schizophrenia patients has also been reported (Chen et al., 2017; Mantere et al., 2018;
Nakagami et al., 2018). Overall, these results suggest that anti-NMDAR autoantibody may
play a role in a minor fraction of patients with schizophrenia. In the future, more sensitive
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diagnostic tests may provide a better estimate of the prevalence of anti-NMDAR antibodies
in idiopathic schizophrenia.

These examples of anti-NMDAR antibodies in patients raise the possibility of an
involvement of the immune system in schizophrenia. In support of this, an epidemiological
study in Denmark showed that prior autoimmune disease increased the risk of schizophrenia
by 30%, while a history of hospitalization with infection increased the risk of schizophrenia
by 60% (Benros et al., 2011). In addition, immune abnormalities, such as increased CSF
levels of pro-inflammatory cytokines and blood-CSF barrier disturbances, have been
detected in a subset of patients with schizophrenia or affective disorders (Cai et al., 2018;
Endres et al., 2015; Goldsmith et al., 2016).

A possible connection between immune abnormalities and the generation of anti-NMDAR
antibodies is the Toxoplasma gondiiinfection. It is suspected that toxoplasmosis during
gestation affects neurodevelopment and contributes to later onset of schizophrenia (Tyebji et
al., 2019). Recent studies demonstrate that exposure to live Toxoplasma parasite in mice
produces autoantibody to GIuN2 and schizophrenia-related impairments (Kannan et al.,
2017). Generation of GIuN2 autoantibodies in this study may be elicited by 7. gondir
induced cross-reactive immune attacks, because sequence-matching analysis showed a
massive peptide sequence overlap between Toxoplasma and GIuN2 subunits of NMDARs, in
particular, GIuN2D (Lucchese, 2017). Indeed, elevated anti- 7. gondii antibodies are detected
more frequently in human psychiatric patients than in control subjects (Torrey et al., 2007).
It is plausible that 7. gondii-induced anti-GIUN2D cross reactivity may be elicited, at least
transiently, during development, which may elicit NMDAR hypofunction, particularly in the
GluN2D-expressing GABAergic neurons. In addition, other viral infections, such as herpes
simplex virus-1 (HSV-1) injection, also cause NMDAR antibody synthesis (Leypoldt et al.,
2013; Salovin et al., 2018). Notably, antibodies against NMDARs have been reported to be
detectable in the early course of illness in schizophrenia but not in its chronic stage (Zandi et
al., 2011), which could be due to disappearance of NMDAR antibodies over time. Even if
the NMDAR auto-antibody was transiently produced by the infection-induced cross-
reactivity during development, the antibody may not be detectable when the symptoms of
schizophrenia appear in young adulthood. Overall, it is not surprising if NMDAR-
autoantibodies could contribute to schizophrenia, by intercurrent neuroinflamation or
infection during the critical period in development. Screening of individuals for anti-
NMDAR autoantibodies during premormid/prodromal period might be informative.

Evidence for NMDAR hypofunction in postmortem brains

The results in postmortem brain studies to measure the expression of GIUN subunits are
mixed, depending upon the brain region examined and methodology used. GIuN1 mRNA/
protein levels have been repeatedly examined in postmortem brains of patients with
schizophrenia. A recent meta-analysis reported overall decrease in GIuN1 mRNA/protein
level in the cortex (Catts et al., 2016). Another report concluded no consistent alterations of
GIluN mRNA expression (Hu et al., 2015). Few postmortem studies have been performed
focusing on the GABAergic neurons. Woo’s group showed that the expression of GIUN2A
MRNA was decreased to a level that is no longer experimentally detectable in 49-73% of the
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GABAergic neurons in both the prefrontal cortex (Bitanihirwe et al., 2009) and anterior
cingulate cortex (Woo et al., 2004) of subjects with schizophrenia. To obtain the better
cellular resolution using postmortem brains, it may be crucial to assess the transcript levels
at single-cell resolution (Arion et al., 2017; Wang et al., 2018).

8. NMDAR-interacting proteins that diminish NMDAR function in
GABAergic neurons

The evidence for altered expression of GIuN subunits in GABAergic neurons has been
limited in postmortem brain studies. Even in the absence of changes in the expression of
NMDAR subunits, NMDAR function can be affected by changes in the expression of
proteins involved in its upstream or downstream signaling. Several underlying mechanisms
have been proposed to compromise NMDAR function (Harrison, 2015; Ross et al., 2006),
and a few studies suggest that the hypofunction resides in the GABAergic interneurons (see
Figure 1). For example, altered signaling of a cell adhesion molecule neuregulin 1 (NRG1)
and its receptor ErbB4 has been implicated in schizophrenia (Harrison and Law, 2006; Mei
and Nave, 2014; Mostaid et al., 2016). Several postmortem studies showed an increase in
expression of NRG1 (Hashimoto et al., 2004; Law et al., 2006) and hyper-phosphorylation
(over-activation) of ErbB4 (Hahn et al., 2006) in schizophrenia patients. Interestingly,
NRG1-ErbB4 signaling inhibits Src kinase activity, leading to the blockade of NMDAR
function (Banerjee et al., 2015; Pitcher et al., 2011). Since ErbB4 is highly expressed in PV-
positive GABAergic neurons, but not pyramidal neurons (Fazzari et al., 2010; Vullhorst et
al., 2009), excessive NRG1-ErbB4 signaling could elicit NMDAR hypofunction in GABA
neurons. Indeed, thy1 promotor-driven overexpression mice of NRG1 have been generated,
which show reduced synaptic NMDA currents in PV- or cholecystokinin (CCK)-expressing
hippocampal interneurons, but not in pyramidal cells (Kotzadimitriou et al., 2018). Notably,
overexpression of NRG1 in mice elicits schizophrenia-relevant behavioral phenotypes,
including deficits in social preference, impaired fear memory, reduced prepulse inhibition,
and altered locomotor sensitivity to MK-801 (Olaya et al., 2018a; Olaya et al., 2018b). It has
also been shown that neuregulin 2 (NRG2), a close relative of NRG1, is expressed in cortical
GABAergic neurons and activates ErbB4-positive GABAergic neurons cell-autonomously,
leading to internalization of NMDARSs in those interneurons, but not in pyramidal neurons
(Vullhorst et al., 2015).

Another way that NMDAR hypofunction can occur in PV-containing cortico-hippocampal
GABAergic neurons is via modulation of the a7 nicotinic acetylcholine receptor
(a7nAChR, forming homopentameric receptor). a7nAChR is highly expressed in the PV-
containing interneurons in the cortex (Murakami et al., 2013) and hippocampus (Adams et
al., 2001). A homozygous microdeletion of human chromosome 15¢13.3, including
CHRNAY gene encoding a.7nAChR, is associated with several neurodevelopmental
disorders, including schizophrenia (Lowther et al., 2015). In human postmortem studies,
reduced levels of a7nAChR are repeatedly reported in the PFC and hippocampus of
schizophrenia patients (Ross et al., 2010). Genetic deletion of a7nAChR gene in mice (null
mice) produces deficits in attention and working memory (Fernandes et al., 2006). A series
of experiments led by Lin H et al. showed a reduced expression of GABAergic markers (PV

Pharmacol Ther. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nakazawa and Sapkota Page 12

and Gad67), resulting in a robust reduction of spontaneous IPSC frequency (i.e., presynaptic
GABA release reduction) in a7nAChR null mutant mice (Lin et al., 2014). More
interestingly, GIuN1-immunoreactivity (IR) was also robustly reduced in the GABAergic
neurons in mutant cortical cell culture, suggesting a reduction and hypofunction of
NMDARSs in cortical GABAergic interneurons (potential mechanism addressed below).

Lin et al. also found that the levels of both D-serine, endogenous co-agonist of synaptic
NMDARs, and its synthesizing enzyme serine racemase (SR) are reduced in the a7nAChR
null mutant mice (Lin et al., 2014). Their in-depth immunocytochemistry analysis further
revealed that D-serine and SR are both co-localized with PSD-95, a postsynaptic marker at
glutamatergic synapses on cortical glutamatergic and GABAergic neurons, but are not
colocalized with a glutamatergic presynaptic marker, vesicular glutamate transporter 1 (Lin
et al., 2016), suggesting both D-serine and SR are located in the postsynaptic density of
excitatory synapses, but not in the presynaptic terminals. These novel findings provided two
important implications (see Figure 2). First, contrary to the notion that NMDAR co-agonist
D-serine is released from presynaptic terminals acting on the postsynaptic NMDARSs, an
emerging idea is that D-serine is synthesized and released from the postsynaptic neurons and
acting on the postsynaptic NMDARs in an autocrine fashion (Coyle and Balu, 2018).
Furthermore, since the levels of D-serine and SR are reduced in a7nAChR null mutant mice,
it is conceivable that a 7nAChR somehow maintains postsynaptic SR and D-serine levels,
contributing to maturation of NMDAR-containing glutamatergic synapses. Indeed, synaptic
NMDA currents in mPFC pyramidal neurons were diminished in the a7nAChR null mutant
mice (Lin et al., 2014).

Notably, a7nAChR appears to maintain the levels of SR and D-serine located in GABAergic
neurons, because, as mentioned above, GIuN1-immunoreactivity in GABAergic neurons is
diminished in a7nAChR null mutants. Indeed, it has been reported that more than half of the
D-serine positive neurons are GABAergic interneurons, with a majority of these neurons
containing PV and/or somatostatin, while SR-IR is detected in only ~25-40 % of
interneurons in the neocortex and hippocampus (Balu et al., 2014). These findings suggest
that D-serine is synthesized by SR and locally released at least from a subset of GABAergic
neurons, thereby activating NMDARs on GABAergic neurons. It is tempting to speculate
that NMDAR hypofunction occurs in PV neurons by the reduction of SR activity, regardless
of a7nAChR action. Actually, both SR and D-serine levels are reduced in schizophrenia
(Bendikov et al., 2007; Hashimoto et al., 2003). Analysis of genetic variants of SRR gene
(encoding SR) in humans identified a robust association with schizophrenia (Labrie et al.,
2009). SR null mutant mice (Basu et al., 2009) or SR inhibitor-treated mice (Hagiwara et al.,
2013) has been presented as a mouse model of NMDAR hypofunction, due to their striking
similarities to the neuropathologic, neurochemical and cognitive deficits associated with
schizophrenia

Besides NRGs, ErbB4, a7nAChR and SR, there are many more schizophrenia susceptibility
genes known to be linked to NMDAR-mediated glutamatergic neurotransmission in the
brain (Pocklington et al., 2014). For example, the dysbhindin complex is shown to regulate in
NMDA currents in prefrontal pyramidal neurons, as well as impair GluN1 expression and
degradation (Karlsgodt et al., 2011; Larimore et al., 2014). Further studies are necessary to
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assess whether genetic variants of such genes could alter NMDAR function particularly in
GABAergic neurons.

Environmental factors which elicit NMDAR hypofunction

An extensive body of research links schizophrenia pathogenesis to prenatal events and
obstetric complications, such as hypoxia, maternal infection, and autoimmune disease
(Boksa, 2004; Brown, 2011). Many of them are associated with oxidative stress and
inflammation, which are mutually dependent (Fraguas et al., 2019). Oxidative stress,
characterized by an imbalance between the ROS/reactive nitrogen species (RNS) production
and their elimination by protective mechanisms, can lead to chronic inflammation. Notably,
NMDAR hypofunction and redox imbalance are reciprocally linked. In schizophrenia,
multiple studies have found lower levels of glutathione (GSH) (Nucifora et al., 2017), a
cofactor of multiple enzymes whose reduction-oxidation (“redox”) reactions convert harmful
free-radicals (ROSs) into benign, less-reactive molecules. Oxidizing agents or reducing GSH
decrease NMDA currents in cortical (Aizenman et al., 1990; Aizenman et al., 1989) and
hippocampal pyramidal neurons (Bernard et al., 1997; Do et al., 2009; Steullet et al., 2006),
presumably through oxidation of extracellular cysteine residues on the GIuN1 and GIuN2A
(Lipton et al., 2002). Modulation of intracellular redox state has also been shown to alter the
NMDA responses at hippocampal synapses in the aged, but not young rats (Bodhinathan et
al., 2010), which may be relevant for the study of age-dependent cognitive decline.
Conversely, NMDAR hypofunction, itself, can lead to an increase in oxidative stress. At the
cellular level, synaptic NMDARSs activity has been shown to boost the capacity of two anti-
oxidant pathways, GSH and thioredoxin/peroxiredoxin, through the transcriptional control
of several key antioxidant genes (Baxter et al., 2015; Papadia et al., 2008). Consistently, the
NMDAR antagonist ketamine induces a persistent increase in ROS through NADPH oxidase
2 (Nox2) activation, and the increase in oxidative stress causes the reduction of PV and
Gad67 expression (Behrens et al., 2007). Genetic deletion of GRIN1 from cortical
GABAergic neurons produced massive ROS in PV neurons particularly when mice were
socially isolated (Jiang et al., 2013). Furthermore, GRIN2A null mutant mice displayed
delayed maturation of PV neurons in the cortex, which appears to be caused by a disruption
of antioxidant system (Cardis et al., 2018). The unique properties of PV neurons may render
them particularly vulnerable to oxidative stress. PV neurons need to produce abundant ATP
from mitochondria to maintain high-frequency firing and higher metabolism. As a
consequence, increased production of ATP results in a massive ROS production as
byproducts (Kann et al., 2014). Therefore, oxidative stress and NMDAR hypofunction in PV
interneurons may be mechanistically inter-dependent, synergistically contributing to
schizophrenia pathophysiology (Hardingham and Do, 2016).

Neuroinflammation also appears to diminish NMDAR activity. For example, systemic
injection of methylazoxymethanol (MAM) to rats on gestational day 17 is known to produce
schizophrenia-like phenotypes in adulthood (Modinos et al., 2015). It has been shown that
MAM treatment decreases synaptic GIUN2B protein levels and NMDA component-
spontaneous EPSCs in mPFC Layer 5 pyramidal neurons at postnatal day (PND)-21
(Gulchina et al., 2017). Interestingly, epigenetic transcriptional repressor (RE1-Silencing
Transcription factor; REST) and the repressive histone marker H3K27me3 were unusually
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enriched at the GIuUN2B promotor, suggesting that NMDAR hypofunction is induced by
epigenetic mechanisms (Snyder and Gao, 2019).

Another potential route of neuroinflammation leading to NMDAR hypofunction may be
mediated by endogenous NMDAR antagonist, kynurenic acid (KYNA). KYNA is a
metabolite in the neuroprotective branch of the kynurenine pathway of tryptophan
degradation (Erhardt et al., 2017; Schwarcz et al., 2012). Activated microglia release
inflammatory mediators, such as interleukin (IL)-1p and IL-6, which induce synthesis of
KYNA in brain astrocytes (Schwieler et al., 2015; Sellgren et al., 2016; Urata et al., 2014).
Indeed, recent meta-analysis studies reported that IL-1p, IL-6 and IL-8 (Gallego et al., 2018;
Orlovska-Waast et al., 2019) as well as KYNA and its precursor kynurenine (Plitman et al.,
2017; Wang and Miller, 2018) are all elevated in the CSF of patients with schizophrenia.
This makes the kynurenine pathway of great interest in mental illnesses such as
schizophrenia, where a low-grade inflammation has been hypothesized to give rise to
symptoms (Muller et al., 2015), possibly through an elevation of brain KYNA (Erhardt et
al., 2017).

Dysregulation of kynurenine pathway, particularly, elevation of central KYNA can induce
cognitive impairments in rodents. For example, exposure to KYNA during adolescence
impairs PPI, spatial working memory, attention, social interaction, and reward learning
(Alexander et al., 2012; Chess et al., 2007; Erhardt et al., 2004; Trecartin and Bucci, 2011).
Genetic and pharmacological manipulations to elicit increased KYNA level in the brain also
cause increased firing rates and burst firing of midbrain dopamine neurons (Erhardt and
Engberg, 2002; Linderholm et al., 2016; Tufvesson-Alm et al., 2018). These effects could be
explained by the KYNA'’s antagonist action on NMDARSs on mPFC GABA neurons, leading
to disinhibition of mPFC pyramidal neurons (for cognitive dysfunction), or NMDARS on
ventral tegmental area (VTA) GABAergic neurons disinhibiting dopamine neurons (for
positive symptom) (Erhardt et al., 2017).

Excessive activation of dopamine neurons by the increased KYNA may also be elicited by
the disinhibition of two remote areas in the brain. One is infralimbic region of the mPFC;
neurons in this region inhibit VTA interneurons via the activation of the basolateral
amygdala (Patton et al., 2013; Tufvesson-Alm et al., 2018). Another is the ventral subicular
neurons, which has suggested to trigger mid brain dopamine neuron activation via nucleus
accumbens and ventral pallidum (Grace, 2017). Disinhibition of mPFC, ventral subiculum,
or VTA dopamine neurons could all be attributed to a decrease in GABA release triggered
by KYNA’s NMDAR antagonistic action on local GABAergic interneurons. However, it
appears that KYNA can also directly inhibit GABA release by antagonizing presynaptic
a7nAChRs on the GABAergic axon terminals, allowing disinhibition in the mPFC (Flores-
Barrera et al., 2017). Furthermore, it is conceivable that chronic blockade of a7nAChRs by
KYNA may down-regulate SR and D-serine in the GABA neurons, thereby inducing
GABAergic NMDAR hypofunction and attenuation of GABAergic neuron function. In any
case, the action of central KYNA is still debated, in particular, whether it antagonizes
NMDARs and/or a 7nAChR. Further research is warranted to delineate the action of KYNA
inducing disinhibition in cortical area and VTA.
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Finally, hypoxia during development is also known to compromise NMDAR function
(Waters and Machaalani, 2004). Prenatal hypoxia causes a decrease in the number of
NMDARs (Tingley et al., 1997), and decreased glutamate- and glycine-dependent activation
of NMDARs (Mishra and Delivoria-Papadopoulos, 1992). Neonatal hypoxia can cause
decreased NMDAR binding in the frontal cortex of new-born piglets (Hoffman et al., 1994).
Rats that received chronic, repeated hypoxia during PND 4-8 exhibited a deficit in PPI of
startle reflex in adulthood. Those rats in PND11 showed a reduction of MK-801 binding to
NMDARSs in frontal and temporal cortex, hippocampus and nucleus accumbens, while
GIluN1 mRNA levels were elevated (Schmitt et al., 2007). In cultured cortical neurons,
hypoxia also enhances nitric oxide-mediated redox modulation of NMDARSs, resulting in
increased attenuation of NMDA-evoked currents (Takahashi et al., 2007). From the study of
anoxia-tolerated western painted turtle, Ca2* release from the mitochondria during anoxia
appears to trigger the calmodulin binding and dephosphorylation of NMDAR subunits,
causing the changes in protein confirmation that inhibits NMDAR redox sites and decrease
the NMDAR activity (Dukoff et al., 2014). However, these studies only investigated changes
in pyramidal neurons; it is unclear whether NMDAR activity in immature GABAergic
neurons is also diminished.

10. Future therapeutic strategies

Given the substantial evidence presented above that NMDAR activity is impaired in
GABAergic neurons in schizophrenia, these neurons could be considered as novel cellular
targets for therapeutic intervention. One possible strategy would be to selectively augment
NMDAR function of GABAergic neurons by targeting the GIuN subunits preferentially
expressed in cortical GABA neurons in adulthood. One potential candidate is GIuUN2D; CIQ
is a positive allosteric modulator of GIuN2C/D-containing NMDARs. However, CIQ
increases phasic release of dopamine through presynaptic activation of GIuN2D-containing
NMDARs located on dopaminergic terminals (Zhang et al., 2014). Therefore, any benefit by
enhancing GluN2D-containing NMDAR function of cortical GABAergic neurons could
potentially be complicated by increase in striatal dopamine release, exacerbating positive
symptoms.

NMDAR hypofunction in PV neurons appears to cause reduced activity of PV neurons.
Prolonged exposure to MK-801 in adolescence is associated with a reduction in AMPAR-
mediated synaptic currents in FS neurons in rat mPFC (Wang and Gao, 2012). Subacute
blockade of GluN2C/2D-containing NMDARs by DQP-1105 from PND7-9 causes a robust
decrease in GABA release and an impaired maturation of interneuron dendritic arborization
in mouse sensorimotor cortex (Hanson et al., 2019). One potential approach to rescue the
hypofunction of PV neurons would be to boost up the spiking rate of GABAergic neurons.
For instance, positive allosteric modulation of Kv3.1/3.2 channels is known to increase
intrinsic firing frequency of FS neurons (Boddum et al., 2017). Systemic injections of
AUTO00063 /n vivo can improve auditory synchronization and promote more accurate
decoding of sounds in the inferior colliculus and auditory cortex in adult mice (Chambers et
al., 2017). A small molecule activator AA43279 of Nay1.1 channels also increases FS
neuron excitability and GABAergic transmission /7 vitro and has anti-convulsive effects /n
vivo (Frederiksen et al., 2017).

Pharmacol Ther. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nakazawa and Sapkota Page 16

Finally, neural stem cell technology has been developed to the level that makes embryonic
stem cell line to generate enriched populations of PV- or somatostatin (SST)-positive
interneurons. Previous studies showed that transplantation of cortical interneuron progenitor
cells can prevent the induction of PCP-induced cognitive deficits (Tanaka et al., 2011). Stem
cell-derived interneuron transplantation into the ventral hippocampus of MAM-treated mice
causes an increase in PV neuron number (without affecting on SST-enriched neurons) and
normalizes all the behaviors examined (Donegan et al., 2017). It will be interesting to
explore whether NMDAR function in PV neurons is altered in this model.

11. Conclusions

NMDARs play important roles in many aspects of neurobiological processes, including
brain development, learning and memory, and neuroplasticity. Consequently, abnormal
expression levels and altered NMDAR function have been implicated in numerous
neurological disorders and pathological conditions. Whereas NMDAR overstimulation
causes excitotoxicity and subsequent neurodegeneration, such as in stroke, head trauma,
neuropathic pain, Huntington’s and Alzheimer’s disease (Zhou and Sheng, 2013), NMDAR
hypofunction is also found in autism (\Won et al., 2012), early-phase AD (Liu et al., 2019)
and cognitive dementia (Lin and Lane, 2019). Here we suggest in schizophrenia and related
neurodevelopmental disorders that NMDAR hypofunction takes place in GABAergic
neurons in early postnatal period, while the mechanisms inducing NMDAR hypofunction
could be highly heterogeneous. Future research to delineate the upstream and downstream
pathways of NMDAR hypofunction is warranted to elucidate the pathophysiological process
in schizophrenia.
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Abbreviations

a7nAChR a7 nicotinic acetylcholine receptor
CCK cholecystokinin

CSF cerebrospinal fluid

EPSC excitatory postsynaptic current

FS fast spiking

GABA gamma-aminobutyric acid

Gad67 glutamic acid decarboxylase-67
GSH glutathione

IR immunoreactivity
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IPSC inhibitory postsynaptic current

IL Interleukin

KO knockout

KYNA kynurenic acid

MAM methylazoxymethanol

MK-801 dizocilpine

mPFC medial prefrontal cortex

NRG neuregulin

NMDA N-Methyl-p-Aspartate

NMDAR NMDA receptor

PPI prepulse inhibition

PV parvalbumin

PCP phencyclidine

PND postnatal day

PSD-95 postsynaptic density protein 95

ROS reactive oxygen species

SR serine racemase

SST somatostatin

VTA ventral tegmental area
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Figure 1:
NMDAR hypofunction in corticolimbic fast-spiking (FS) neurons is a convergent

mechanism of major genetic and/or environmental risks, leading to schizophrenia. Genetic
and environmental risk factors which can cause NMDAR hypofunction (NMDA currents or
NMDAR subunit expression levels) are presented. Factors shown in greenboxes are likely to
elicit NMDAR hypofunction in GABAergic neurons. Factors in dotted boxes may produce
NMDAR hypofunction but remain unexplored in GABAergic neurons. There is ample
evidence demonstrating that NMDAR antagonists (ketamine/MK-801) bind to NMDARS in
parvalbumin (PV)-positive FS neurons. Overexpression of neuregulin (NRG)-1 produces
NMDAR hypofunction in GABAergic neurons, including PV neurons, and exposure to
NRG-2 elicits down-regulation of NMDARSs in GABAergic neurons. Null mutant mice of
a7 nicotinic acetylcholine receptor (a7AChR) show NMDAR hypofunction of GABAergic
neurons in which a7 receptors are expressed. a7 receptor null mutant mice also display a
robust reduction of D-serine and its synthesizing enzyme SR; otherwise, SR and D-serine
are abundantly expressed by GABAergic neurons including PV neurons, suggesting that
SR/D-serine deficiency may cause NMDAR hypofunction in FS neurons (also see Figure 2).
NMDAR autoantibodies from patients with anti-NMDAR encephalitis may preferentially
bind to NMDARs to down-regulate activity when the channel is in open state (see Table 1).
Prevalence of schizophrenia appears to be high with rare mutations of the GRIN2D gene,
which is predominantly expressed in FS neurons in the cortex and hippocampus. Finally, FS
interneurons are highly susceptible to oxidative stress evoked by NMDAR hypofunction,
while oxidative stress itself diminishes NMDAR function, coupling oxidative stress and
NMDAR hypofunction in FS neurons and synergistically contributing to schizophrenia
phenotypes.
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Figure 2:
A hypothetical mechanism of NMDAR hypofunction in GABAergic neurons via reductions

in serine racemase (SR) and a7nAChR activity, and/or an increase in brain kynurenic acid
(KYNA). The colocalization of SR and its product D-serine in the PSD (postsynaptic
density) of GABAergic neurons suggests that the co-agonist D-serine binds to postsynaptic
NMDARs in an autocrine fashion and that a7nAChR maintains SR/D-serine levels in
GABAergic neurons. Dysregulation of a7nAChR activity can downregulate SR, leading to
D-serine deficiency. Thus, hypofunction of a7nAChR and/or SR itself can elicit NMDAR
hypofunction in GABAergic neurons, leading to a deficit in synchronized GABA release.
GABA release may also be directly disrupted by a7nAChR downregulation.
Neuroinflammation-mediated increase in brain KYNA, an antagonist of both NMDARs and
a7nAChR, may further inhibit these two receptors, thereby exacerbating the symptoms of
schizophrenia.
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Table 1:

Comparison between non-competitive NMDAR antagonists and NMDAR autoantibody

Similarities

« Bind when the channel is in open state

« Cause symptoms similar to schizophrenia (psychosis, hallucinations, memory deficit etc)

Differences

* NMDAR antagonists block channel function whereas autoantibodies do not have effect on channel function.

*« NMDAR antagonists reduce NMDAR function by inhibiting the channel whereas autoantibodies reduce NMDAR function by receptor
internalization, thus reducing surface receptors, as well by diffusing receptors from synaptic to extra-synaptic sites.

» Most autoantibodies bind to A-terminus of GIuN1 subunit, whereas NMDAR antagonists bind to the pore region of the channel and block ion
permeation.
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