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Abstract: NMDA receptors (NMDARs) are ion channels gated by glutamate, the major excitatory neurotransmitter in
the central nervous system. Anti-NMDA receptor (anti-NMDAR) encephalitis is an autoimmune disease character-
ized by the presence of autoantibodies against the NMDAR GIuN1 subunit. Here we briefly review current advances
in the understanding of the mechanisms underlying the pathogenesis of anti-NMDAR encephalitis. The autoanti-
bodies bind to and cross-link the endogenous NMDARs, disrupt the interaction of NMDARs with receptor tyrosine
kinase EphB2 leading to internalization and reduced function of NMDARs. Hypofunction of the NMDARs results in
impairment in long-term potentiation and deficit in learning and memory, leads to development of depression-like
behavior, and lowers the threshold for seizures. Recent development of active immunization models of anti-NMDAR
encephalitis provides insight into the inflammation process and paves the way for further studies that may lead to

better treatment.
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Introduction

NMDA receptors (NMDARs), along with AMPA
receptors (AMPARs) and kainate receptors, are
ion channels gated by glutamate, the major
excitatory neurotransmitter in the central ner-
vous system [1]. In this mini review, we start
with a summary of NMDARs highlighting the
pharmacological and genetic evidence for the
roles played by NMDARs. Then we introduce
the anti-NMDAR encephalitis. In the main text,
we discuss the current advances in our under-
standing of the disease, focusing on the cellu-
lar and cognitive neuroscience mechanisms
underlying the effect of the NMDAR antibo-
dies. We look into three approaches broadly
used in the current research: the in vitro mod-
els where the effect of patient autoimmune
antibodies on the cells and tissues from nor-
mal animals can be examined, the in vivo pas-
sive transfer models where the patient anti-
bodies are transferred to experimental ani-
mals, and the in vivo active immunization mod-
els where the experimental animals are immu-
nized with antigens to produce NMDAR antibo-

dies and reproduce the anti-NMDAR encepha-
litis.

NMDARs and anti-NMDAR encephalitis

NMDARs play important roles in synaptic devel-
opment, synaptic plasticity, learning, memory,
and cognition [1]. Unlike AMPARs and kainate
receptors, NMDARs require co-agonist glycine
(or D-serine endogenously) for activation. They
are permeable to calcium and blocked by mag-
nesium at resting membrane potentials [1].
Because activation of NMDARs requires pre-
synaptic release of glutamate and synchro-
nous post-synaptic membrane depolarization,
NMDARs are unique in their capacity to act as
coincidence detectors.

NMDARs are tetramers composed of subunits
from GIuN1, GIuN2 (A-D) and/or GIuN3 (A and
B), with GIuN1 being obligatory [2, 3]. The gly-
cine binding site is conferred by GIuN1 (or
GIuN3), whereas the glutamate binding site
is conferred by GIuN2. NMDAR subunits are
transmembrane proteins that follow a similar


http://www.ijppp.org

Mechanisms of anti-NMDA receptor encephalitis

topology on the membrane: a large N-terminal
extracellular region with three trans-mem-
brane-spanning domains (TM1, 3, 4), a mem-
brane re-entrant loop (TM2), and an intracellu-
lar C-terminal domain [4]. The large N-terminal
extracellular region is further divided into the
amino-terminal domain (ATD) (also called N-
terminal domain, NTD, and will be referred to
as ATD/NTD throughout the review) and the
ligand-binding domain (LBD).

NMDAR subunit composition within each re-
ceptor determines the biophysical and phar-
macological properties (such as affinity to gly-
cine, glutamate, sensitivity to zinc, magnes-
ium, and other pharmacological agents), local-
ization in specific brain regions, developmen-
tal dynamics, subcellular localization (pre- vs
post-synaptic; synaptic vs extra-synaptic), in-
tra-cellular signaling pathways and synaptic
function [2, 3]. NMDARs are dynamic entities
and are trafficked to and from the plasma
membrane through exocytosis and endocyto-
sis, respectively [5], and their surface distribu-
tion and synaptic content are highly depen-
dent on their lateral diffusion [6]. Whereas the
receptors composed of two GIuN1 subunits
and two identical GIuN2 subunits were thou-
ght to be the predominant receptors (dihetero-
mers), recent progress favors the idea that a
lot of (if not the majority of) native NMDARs are
tetramers composed of two GIUN1 subunits
with two different GIUN2 subunits (or a combi-
nation of GIUN2/GIuN3) (triheteromers) [2, 3].

The terminology of diheteromer and trihetero-
mer only indicates the number of different sub-
units in an NMDAR, not the total number of
subunits in the whole receptor, which is belie-
ved to be four consistently. The best known tri-
heteromer is GIUN1/GIuN2A/GIuN2B, which is
widely expressed in the adult forebrain, where
it represents a major synaptic NMDAR popula-
tion. The other combinations such as GIuN1/
GIuN2A/GIuN2C, GIuN1/GIuN2A/GIuN2D, and
GIuN1/GIuN2B/GIuN2D have also been sug-
gested to function in certain brain regions [2,
3]. GluN3-containing NMDARs are currently
viewed as atypical and unconventional. There
is evidence that GIuN1-GIuN2-GIuUN3A recep-
tors do exist in hippocampal and cortical neu-
rons. The GIUN2 in the GIuN1-GIuN2-GIuN3
triheteromer can be GIuUN2A or GIUN2B in neu-
rons, or GIUN2C in oligodendrocytes [7]. The

available evidence suggests that GluN3-con-
taining receptors function to destabilize syn-
apses and are important in synapse pruning
[7].

Pharmacological and genetic inhibition of
NMDARs

Both pharmacological and genetic inhibition
studies have demonstrated that NMDARs are
essential for the induction of long-term synap-
tic plasticity at various synapses and for learn-
ing and memory. In animal models, all non-
competitive NMDAR antagonists (e.g. phency-
clidine (PCP), ketamine and MK-801) could pro-
duce aspects of cognitive impairment in schi-
zophrenia [8]. Similarly, in otherwise healthy
human subjects, pharmacological inhibition of
NMDARs induced cognitive and behavioral dys-
function [9]. For example, ketamine administra-
tion induced both positive and negative symp-
toms of schizophrenia [10]. Genetically, global
knock-out of GIUN1 gene in mice resulted in
neonatal death [11], a discovery consistent
with the vital function of NMDARs. Inducible,
reversible, and specific GluN1 knockout in the
hippocampal CA1l region demonstrated that
NMDARs are critical for the consolidation peri-
od of memory formation [12]. Mice with speci-
fic ablation of GIuN1 in the hippocampal CA3
region were impaired in spatial memory re-
trieval [13]. Furthermore, selective ablation of
GIuN1 in parvalbumin-positive interneurons
caused impairment in hippocampal synchrony,
spatial representations, and working memory
[14]. In summary, the roles of NMDARS in syn-
aptic plasticity and learning and memory have
been well documented.

Anti-NMDAR encephalitis

Anti-NMDAR encephalitis is an autoimmune
disease characterized by the presence of anti-
bodies against the NMDAR subunit GIuN1. The
disease has a strong female predominance
(female to male ratio, 4:1) and the median age
of the patients is 21 years (range 2 months to
85 years; 37% of patients are younger than 18
years old). Children with the disease show more
neurological symptoms such as seizure, move-
ment disorders, insomnia, irritability and confu-
sion, while adults demonstrate more psychiat-
ric symptoms such as psychosis and abnormal
behaviors [15, 16]. Tumors, particularly ovarian
teratomas that often contain nervous system
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tissue and express NMDARs and herpes sim-
plex encephalitis, are two known risk factors
for anti-NMDAR encephalitis [15, 17, 18]. Thus
58% of women ages 18-45 years with anti-
NMDAR encephalitis have ovarian teratoma
[15]. Readers interested in the clinical aspects
of the anti-NMDAR encephalitis are referred to
several excellent recent reviews [15-18].

Mechanistic studies in in vitro models

Conceptually, NMDAR antibodies could affect
the synaptic transmission by altering the
NMDAR channel biophysics and/or the number
of the NMDARs at the synapses and extra-syn-
aptic locations. It is now firmly established that
NMDAR antibodies cross-link NMDARs and
cause them internalization, leading to a reduc-
tion of NMDAR-mediated (but not AMPAR-
mediated) synaptic currents [19]. Despite the
profound effect on NMDARs, there is no evi-
dence demonstrating that patients’ antibodies
alter the localization or expression of other glu-
tamate receptors like AMPARSs or synaptic pro-
tein PSD-95, change the number of synapses,
dendritic spines, dendritic complexity, or affect
cell survival in in vitro or in vivo models [19],
which are all consistent with the lack of gross
brain damage from MRI imaging studies [15].
Since this seminal study [19], progress has
been made on several fronts: the elucidation
of antibody binding on the GIuN1 extracellular
sites [20, 21], the discovery of NMDAR-EphB2
interaction in antibody-mediated NMDAR en-
docytosis [22-24], the understanding of recep-
tor dynamics at the single molecule level [25],
the suggestion of involvement of additional
synaptic receptors such as dopamine D1R and
D2Rs [26, 27], and the recent implication of
NMDARs in the oligodendrocytes [28].

Antibody-mediated changes in NMDAR dynam-
ics and internalization

After it was learned that patient antibodies
cross-linked and internalized the NMDARs, the
progress first came in the field when the anti-
NMDAR antibody binding site was mapped on
the specific region of the GluN1 [20]. Since pa-
tient NMDAR antibodies do not recognize the
denatured proteins on the Western blot, it was
necessary to use the GIuUN1/GIuN2 expression
in the HEK293 cells to assay the antibody
binding [29]. Through analysis of binding auto-
antibodies to GIuN1 with mutations in various

regions, it was determined that the epitopes
for most GIluN1 antibodies are located in the
ATD/NTD of GluN1 that contains N368/G369
[20, 21]. The antibody binding site on the ATD/
NTD could be close to, or partially overlapping
with, the sites on the GluN1 that interact with
the EphB2, the receptor tyrosine kinases for
the ephrin B class [30]. NMDARs and EphB2
are known to interact, and ephrin B2-depen-
dent activation of EphB2 results in the direct
interaction between the extracellular domains
of EphB2 and the NMDAR GIuN1 subunit that
stabilizes NMDARs in the synapses [31].

It was reasonable, then, to ask the question of
whether NMDAR antibodies disrupt NMDAR-
EphB2 interaction [22]. Using a unique combi-
nation of high-resolution nanoparticle and bulk
live imaging approaches, Mikasova and col-
leagues demonstrated that in cultured hippo-
campal neurons, patient antibody IgGs dis-
rupted the interaction between NMDARs and
EphB2 [22]. Patient cerebrospinal fluid (CSF)
reduced the surface content of both GIuN2A-
and GIuUN2B-NMDARs, and prevented a chemi-
cally induced long-term potentiation (cLTP) of
glutamate synapses [22]. Quantum-dot tech-
nique was used to demonstrate that with pre-
treatment of the patient 1gGs, the GIUN2A-
NMDAR lateral diffusion was significantly in-
creased compared to the control [22]. The lat-
eral diffusion of GIuUA1L-AMPAR was only slightly
increased. The lateral diffusion of a metabo-
tropic GABA receptor (GABA,R) and a potassi-
um channel Kv1.3, which worked as control
synaptic proteins, was not affected by NMDAR
antibody treatment [22]. Inclusion of ephrin B2
with the patient NMDAR antibodies abolished
the effect of antibodies on the NMDAR lateral
diffusion, the calcium entry, and the NMDAR
surface expression [22].

The NMDAR-EphB2 interaction is now known
to involve positively charged residues in the
GIluN1 ATD/NTD region (N273 and R337 am-
ong the six key amino acids in the hinge re-
gion) and the phosphorylated, negative charge
extracellular region of EphB2 [30]. Activation
of EphB2 by ephrin B2 resulted in the phos-
phorylation of Y504, an extracellular tyrosine
(p*Tyr) residue in EphB2. Phosphorylation of
EphB2 Y504 was necessary and sufficient for
the NMDAR-EphB2 interaction and synaptic
localization of the NMDARs [32]. These new
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findings should help us in designing research
to understand how patient antibodies cause
dysfunction of the NMDARs at the synapses
and extra-synapses because NMDAR antibod-
ies disrupt NMDAR-EphB2 interaction, and
both the antibody-binding epitope and the key
residues critical for NMDAR-EphB2 interaction
are located in the hinge region of GIuN1 ATD/
NTD [30].

Super-resolution microscopy and single-mole-
cule imaging

Super-resolution microscopy is used to study
the effect of patient antibodies on the nano-
scale distribution of NMDARs in cultured neu-
rons [25]. The single-molecule localization
microscopy, particularly the stochastic optical
reconstruction microscopy (STORM), was a
powerful tool to study receptor dynamics at
high resolution in vitro. Under control condi-
tions, NMDARs are organized in small nano-
sized clusters (nano-objects) along the dend-
rite as revealed by STORM [25]. Treatment of
cultured neurons with NMDAR antibodies de-
creased the number of surface NMDAR nano-
objects per unit length of dendrite [25], a find-
ing consistent with previous studies using con-
ventional confocal microscopy. NMDAR antibo-
dies reduced both total and synaptic GIuN2A-
NMDARs and GIuN2B-NMDARs in cultured
neurons, with a more dramatic decrease in
GIuN2B-NMDARs. The patient antibodies in-
duced a time-dependent increase in the recep-
tor content of the surface NMDAR nano-objects
in synapses and extra-synapses. The increase
in the receptor content of the surface NMDAR
nano-objects in synapses and extra-synapses
were due to an increase in the receptor content
of the GIuUN2B nano-objects, as the size of the
GIuN2A nano-objects remained unchanged or
slightly decreased. Activation of EphB2 by solu-
ble ephrin-B2 abolished the effect of the
patient antibodies on the change of nano-ob-
jects.

Monte-Carlo simulation supported the experi-
mental results and a new model emerged per-
taining to the cross-linking and internalization
of NMDARs by NMDAR antibodies [25]. Previ-
ously, studies have shown that human
NMDAR IgG antibodies lead to slower diffusion
of GIuN1/GIuN2B heterodimers [22]. On the
surface, there seems to be consistency in the
increased immobility of GIuUN2B-NMDARs [22]

4

and increased receptor content of the GIUN2B
nano-objects [25]. A deeper perusal, however,
reveals some discrepancies. In the quantum-
dot imaging study, the higher mobility of
GIuN2A was associated with higher loss
through internalization [22]. On the other hand,
intheSTORMsuper-resolutionmicroscopy,increas-
ed nano-size in GIUN2B correlated with higher
level of cross-linking, which preceded subsequ-
ent internalization [25]. How the patient anti-
bodies differentially affect GIUN2A vs GIuN2B
is still an open question. Given that GIuN1/
GIUN2A/GIuN2B is common in the hippocam-
pal and frontal region, it becomes ever more
important to resolve the issue [2, 3].

Beyond NMDARs and neurons

The NMDARs and Dopamine D1 receptors
(DAR) physically and functionally interact in
synapses [33, 34]. Two groups have now
studied whether patient antibodies against
NMDAR affect D1R. NMDAR antibodies purified
from patients with anti-NMDAR encephalitis or
schizophrenia reduced D1R surface dynamics
(measured by instantaneous diffusion coeffi-
cients) in quantum-dots single molecule imag-
ing [26]. CSF from patients with anti-NMDAR
encephalitis significantly decreased D1R and
increased D2R clusters on the cultured hippo-
campal neuronal cells, but did not change the
clusters of synaptic protein PSD-95 [27].

Another recent mechanistic study extended
our knowledge of the antibody effect beyond
neurons. Oligodendrocytes are a major glial
cell type in the brain that myelinate the neuro-
nal axons and are known to express all the
NMDAR main subunits. Activation of NMDARs
in oligodendrocytes promotes the insertion
into the cell surface of glucose transporter
GLUT1, which transports glucose [35]. Do
NMDAR antibodies impair the NMDAR function
in the oligodendrocytes? CSF of patients with
anti-NMDAR encephalitis, and a specific hu-
man monoclonal antibody against NMDAR,
both significantly reduce calcium entry into oli-
godendrocytes after NMDAR activation. When
the CSF was deprived of the NMDAR anti-
bodies by GIuN1 pre-absorption, CSF lost its
effect on the NMDAR-mediated calcium entry.
Moreover, the patient CSF also impaired the
NMDAR-mediated GLUT1 insertion [28].

Long-term potentiation (LTP) in in vitro models

LTP at the Schaffer collateral-CA1l synapses in
hippocampal slices is one of the best-studied
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models for NMDAR-dependent synaptic plastic-
ity [28]. Patient antibodies (in the form of CSF)
suppressed LTP in this region and the control
CSFs (an artificial CSF, CSF from a non-enceph-
alitis control patients, or CSF that was depleted
of the NMDAR antibodies) did not suppress the
LTP [36]. The suppression of LTP by the patient
antibodies in vitro has been confirmed by pas-
sive transfer of patient antibodies experiments
(see below).

Although the in vitro approaches provided
unprecedented levels of resolution and preci-
sion in defining the antibody binding sites on
the GIuN1, in dissecting the roles of NMDAR-
EphB2 interaction, in tracing the molecular dy-
namics, and in unraveling the roles played by
other synaptic receptors, they cannot answer
the question of how patient antibodies induce
pathogenesis in the body, which require more
in vivo approaches. Another limitation of the in
vitro models was the lack of opportunity to
test behaviors. The development of in vivo mo-
dels may allow researchers to overcome this
drawback.

In vivo passive transfer models: LTP, memory
and behavioral defects, and seizures

Passive transfer of patient antibodies into ani-
mals can overcome some limitations observed
in in vitro approaches. First, the in vivo passive
transfer models provide a way to confirm the
detrimental effect of the patient antibodies on
the number and function of NMDARs. So far,
the models have provided convincing evidence
that chronic transfer of patient antibodies in-
deed decreased endogenous NMDARSs in syn-
apses, reduced NMDAR-mediated currents or
calcium-entry, and impaired NMDAR-depen-
dent LTP. The passive transfer models also
confirmed the clinical observation that the
transfer of patient antibodies do not cause
gross brain damages.

LTP

Unlike the LTP studies in in vitro models, the
in vivo models allow the assessment of the
chronic effect of the transferred patient anti-
bodies. In mice infused with patient CSF, LTP
in Schaffer collateral-CAl synapses from acute
hippocampal slices was impaired, accompa-
nied by a decrease in the density of NMDARs
and EphB2 at the synapses. Infusion of the

soluble ephrin-B2, the cognate ligand and acti-
vator of EphB2, prevented the effect of patient
antibodies on the density of cell-surface and
synaptic NMDARs and EphB2, and on the long-
term synaptic plasticity [24]. The impairment of
LTP in hippocampal CA1 was also observed in
female Wistar rats that were infused with pa-
tient CSF [37]. In the hippocampal CA3, there
are two types of LTP: the NMDAR-dependent
LTP at the associational-commissural (A/C)
fiber-CA3 synapse, and the NMDAR-indepen-
dent LTP at the mossy fiber (MF)-CA3 synapse.
Infusion of patient CSF (containing NMDAR
antibodies) in female Wistar rats did not affect
the LTP at the mossy fiber (MF)-CA3 synapse,
but did impair the LTP at the associational-
commissural (A/C) fiber-CA3 synapse even th-
ough the degree of impairment varied among
CSF samples [38]. Furthermore, LTP in dentate
gyrus of adult female rats that were infused
with patient CSF was significantly reduced [39].

Memory and behavioral defects

Several paradigms of behavioral tests are avail-
able in rodent models, and the selection of
each paradigm is based on its scope of mea-
surement and its possible correlation to human
cognitive deficits. Morris water maze is used to
test the spatial memory, novel object recogni-
tion (NOR) is utilized to measure the short
term/working memory, sucrose intake is an
indicator of anhedonic behaviors, and depres-
sion-like behaviors are tested using tail-sus-
pension and forced swimming tests. Elevated
platform tests and light-dark box tests are con-
ducted to examine anxiety-like behaviors.

Spatial memory measured in the Morris water
maze task was compromised when mouse
brains were infused with patient antibodies
[40]. A number of studies used the NOR to mea-
sure the effect of patient antibodies on the
short-term/working memory in mice [23, 24,
27, 41] and in rats [37]. The principle be-
hind the NOR test is that rodents tend to
spend more time exploring novel objects, and
the novel object discrimination index indicates
such a preference. A higher index reflects great-
er memory retention for the object at the fa-
miliar location [23]. However, if the short-term
memory is compromised, then the novel object
discrimination index will be reduced. It was
reported that patient NMDAR antibodies con-
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sistently reduced the novel object discrimina-
tion index in mice and rats after passive trans-
fer of patient antibodies, suggesting a decre-
ase in short-term/working memory [23, 24, 27,
37, 41]. The time course was followed: when
the infusion stopped at day 10, the discrimina-
tion index reached the bottom level at day 18,
and recovered at day 25 [23, 24]. However,
there was one conflicting report that the infu-
sion of patient antibodies did not compromise
NOR [42]. In addition, animals that received
passive transfer of patient antibodies demon-
strated a decrease in the preference of sucro-
se compared to control animals.

The sucrose intake was designed to test whe-
ther the animals experience some symptoms
of anhedonia, which is common in depression
[23, 24]. Researchers also investigated the
depression-like behaviors in mice using tail-
suspension and forced swimming tests [23,
24]. In these tests, immobility time is an in-
dication that the animals have given up their
escape effort. In a report using tail-suspension
tests, animals infused with patients’ CSF had
significantly longer periods of immobility com-
pared with those infused with control CSF on
day 12. On day 20, the experimental animals
did not show a significant increase in immobi-
lity time compared to control animals in the
forced-swimming tests [23, 24]. Since these
two behavioral tests were performed on differ-
ent days after the infusion and recovery, it was
not possible to compare them directly.

The deficits induced by patient antibodies, i.e,
impairment in novel object recognition and
depression-like behaviors, were all prevented
by inclusion of ephrin-B2, the cognate ligand
of EphB2 [24]. Besides depression, the investi-
gators performed anxiety tests on the ani-
mals treated with patient or control CSF [23,
24]. Using the elevated platform test and the
light-dark box test, Planaguma and co-workers
found no difference between the animal
groups [23]. The lack of anxiety-like behaviors
in animals infused with patient antibodies was
also reported in a different scheme using the
open field test in rats [37]. Furthermore, the
effect of passive transfer of patient antibo-
dies on animal locomotor activity was studied.
While one team reported that the patient anti-
bodies increased the locomotor activity in the
running-wheel test [43], other studies so far

have found no evidence of change in locomotor
activity in passive transfer models [23, 37, 41].
While the reason for the discrepancy is unkn-
own, the differences in animal species/strains,
infusion methods, variety among the patient
antibodies, test paradigms, and even the time
courses after the start/stop of the infusion,
could have contributed to the differences.
Finally, a new addition to the passive transfer
model studies is the psychotic-like behavior
test. Pre-pulse inhibition of the acoustic star-
tle reflex (PPI), a classic method to measure
alterations in sensorimotor gating, was recent-
ly employed to examine psychotic-like changes
in mice after patient antibody infusion [27].
Patient CSF caused significant decreases in
the PPl on day 11 and day 19, but recovered to
almost control level at day 25 [27]. In summary,
a host of cognitive and behavioral tests have
been used to demonstrate that patient anti-
bodies cause deficits in learning, memory, and
behaviors.

Seizures

Seizures develop in 75% of patients with anti-
NMDAR encephalitis, and represent a major
cause of morbidity, and, in case of refractory
status epilepticus, mortality [18]. In a stereo-
taxic injection experiment, one time injection
of patient antibodies into mice did not induce
seizures; however, intra-peritoneal injection of
sub-threshold level of chemo-convulsant pen-
tylenetetrazol (PTZ) 48 hours after the patient
antibody injection produced increased num-
bers of observed convulsive seizures in test
mice [44]. A more recent study reported a
mouse model of seizures in anti-NMDAR en-
cephalitis through passive transfer [42]. Pati-
ent CSF, or purified 1gGs from CSF, was chroni-
cally infused through a mini-pump. Seventy five
to 93 percent (75-93%) of test mice developed
seizures [42], a number close to clinical data
[18]. No motor signs or only subtle signs ac-
companied the majority of the electrographic
seizures detected in the study, presumably
because the site of seizures did not reach the
motor control regions of the brain [42]. It's not
immediately clear why and how hypofunction of
an excitatory neurotransmitter receptor GIuN1
would tip the balance toward more excitation in
the brain, but a cell-type specific inhibition of
the NMDARs in the GABAergic neurons would
provide an explanation for how the patient anti-
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bodies might contribute to the removal of in-
hibitory tone [18]. The creation of a seizure
model in anti-NMDAR encephalitis opens new
avenues for discovery in mechanistic studies.

In summary, the experimental results obtain-
ed from the aforementioned passive transfer
models have provided new insights into the
mechanisms of pathogenesis of anti-NMDAR
encephalitis. Studies using these models gen-
erated affirmative evidence that chronic trans-
fer of patient antibodies decreased endoge-
nous NMDARs in synapses, reduced NMDAR-
mediated currents and calcium-entry, impaired
NMDAR-dependent LTP, compromised spatial
memory and novel object recognition, caused
depression-like behaviors, and produced sei-
zures. Most of the deficits were recoverable
after the infusion stopped. The transfer failed
to produce anxiety-like behaviors or change
locomotor activity in most studies. Moreover,
the passive transfer models in general exhibit-
ed no gross anatomical changes, or salient
neuronal loss, milder inflammatory infiltrates,
more frequent B cell or plasma cell infiltrates
than T cells, and lack of activation of the com-
plement system [23, 24].

Given the nature of the passive transfer, the
approach of infusing or injecting patient anti-
bodies into animals has an inherent limitation:
it is hard to explain how the patient antibodies
against GIuN1 are achieved. In addition, it is
difficult to address the potential role of immu-
ne cell infiltrates and neuroinflammation in the
disease processes. Therefore, an active immu-
nization approach is warranted.

In vivo active immunization models

In the active immunization approach, experi-
mental animals are injected with the immuno-
gens and adjuvants, and the animals are in-
duced to produce autoantibodies against the
antigens. Three active immunization models of
anti-NMDAR encephalitis have been developed
so far. One of them is an indirect approach by
immunizing with herpes simplex virus (HSV).
Another two are direct approaches: one uses
synthetic peptide, the other uses native-like
holoproteins in the form of proteoliposomes
[45-47].

HSV infection

Herpes simplex encephalitis (HSE) is a strong
risk factor for anti-NMDAR encephalitis, and a

quarter of HSE patients develop autoimmu-
ne encephalitis, frequently associated with
NMDAR antibodies [15]. As an indirect approa-
ch, in a pilot study, six female mice were intra-
nasally inoculated with HSV-1 [45]. Four out of
the six mice developed NMDAR antibodies at
various time points post-inoculation. Immuno-
fluorescence and Western blot analysis showed
that these mice had decreased synaptic
NMDARs in the hippocampus. This proof of
principle study paved the way for behavioral
tests and further studies can address how the
autoimmune antibodies against NMDARs
induce pathogenesis in HSE animals [45]. The
herpes simplex virus infection models success-
fully recapitulated the clinical observation that
herpes simplex encephalitis can trigger anti-
bodies against NMDARs and with further stud-
ies may explain neurologic symptoms that
occur after the onset of herpes simplex
encephalitis.

Holoprotein immunization

Since the NMDAR antibodies are known to rec-
ognize the native state of the NMDARs [29] but
not denatured NMDARs, it is a technical chal-
lenge in the preparation of antigens in proper
forms. That is why one novel approach was to
immunize with fully assembled receptors [46].
The key innovation lies in assembling native-
like GIuN1-GIuN2B heterotetramers in lipo-
somes, so-called proteoliposomes. The confor-
mationally intact and stabilized holoprotein
receptors are required to avoid producing a
population of antibodies against the denatured
proteins. Using the new approach, Jones and
colleagues [46] reported a de novo immunized
mouse model of anti-NMDAR encephalitis. In
that model, there was clear evidence of produc-
tion of GIuN1 antibodies, and the antibodies
could bind to GIuN1 co-expressed with GIUN2A
on the HEK293 cells, and to NMDARs on the
hippocampal neurons as well [46]. The anti-
bodies also decreased the NMDAR-component
of spontaneous EPSCs from cultured hippo-
campal neurons after 24-hour incubation [46].
The experimental animals showed hyperactive
locomotor phenotype, severely compromised
nest-building activity, and anxiety-like behav-
iors in the O maze [46]. The noticeable behav-
ioral changes included hyperactivity, tight cir-
cling, overt seizures, and hunched back/le-
thargy. The report also provided evidence of
neuroinflammation and immune cell filtrations
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in the disease process. Both B cells and T cells
were found in the filtrates. The role played by T
cells was deemed essential because immuni-
zation of transgenic mice that were T cell nega-
tive did not cause the encephalitis phenotype
[46).

Synthetic peptide immunization

In a recent report of the attempt to generate
antibodies against GIuN1, a group immunized
mice with a mixture of four synthetic peptides
from different regions of GluN1 (all located on
the extracellular side, including one peptide
encompassing the ATD/NTD N368/G369 re-
gion). The immunized mice did generate GIuN1
antibodies but showed no signs of inflamma-
tion in the brain or any significant changes in
behavioral tests [48]. The synthetic peptide
immunization approach should not be auto-
matically dismissed, as we learn from a more
recent report [47]. Two synthetic peptides from
the GIuN1 were designed: the GluN1 (168-187)
control peptide and the GIuN1 (359-378) ex-
perimental peptide, which encompasses the
ATD/NTD N368/G369 key epitope site reveal-
ed by previous studies [20]. The GluN1 (359-
378) is merely two more amino acids more th-
an the peptide AA361-376 on each side, a pep-
tide previously used by Pan and colleagues
[48]. The GluN1 (359-378), but not the control
peptide, produced antibodies that recognize
the GIuN1/GIuN2B expressed on the HEK293
cells. The animals immunized with GIuN1 (359-
378) peptide, but not control peptide, demon-
strated spatial memory impairment and anxi-
ety- and depression-like behaviors. General
locomotor activity was not affected by either
peptides [47]. In this peptide immunization
model, there was no overt T-cell filtration, but
strong B-cell filtration was observed with the B
cells originated from the peripheral lymphoid
organs. Furthermore, blocking the B cell res-
ponses decreased the symptoms in mice with
encephalitis. And finally, mice immunized with
GluN1 (359-378) were more sensitive to sub-
threshold injection of PTZ to generate seizures
[47].

It is apparent that both active immunization
models using synthetic peptide and holopro-
tein shared both common ground and striking
differences. Both immunization models gener-
ated NMDAR antibodies that reacted with
GIuN1/GIuN2 expressed on the HEK293 cells,

induced inflammation of the brain mimicking
the encephalitis involving lymphocyte infiltra-
tion, showed memory and behavioral deficits,
and increased the risk for seizures. The two im-
munization models also showed striking differ-
ences. While the holoprotein immunization
model showed hyperactive locomotor pheno-
types, the synthetic peptide model did not;
whereas the holoprotein immunization model
was more dependent on the T-cell involve-
ment, the peptide model relied more on B
cells. One key difference is that due to the
small size of the peptide, the variability and
diversity of antibodies generated could be
small compared to that of antibodies against
the holoproteins. Indeed, as reported, the anti-
sera in holoprotein immunization model not
only contained antibodies against native
GIuN1 protein, but also antibodies against
denatured GIuN1 (as evidenced by Western
Blot), and antibodies against GIuN2B, the effect
of which is unknown [46].

Regardless of the differences, the de novo
active immunization models have enhanced
our understanding of the anti-NMDAR ence-
phalitis and may have potential to provide fur-
ther answers for some critical questions. How
are the native NMDARs changed in the mouse
brains? Can the super-resolution imaging tech-
niques be used to study the NMDAR dynamics
in vivo and ex vivo? How is LTP affected in the
hippocampal regions in slices from the animal
models? How does the immunization affect
the synaptic activities at network level? What
about more subtle cognitive functions like
Morris water maze, the NOR, depression-like
symptoms, or the Pre-Pulse Inhibition? Most
importantly, we anticipate that the animal
models could be used for the studies search-
ing for new therapeutics. It is worth pointing
out that no single active immunization model
is expected to recapitulate all the pathophysio-
logical features of the disease. Multiple immu-
nization models will be required to address
specific questions [45-47, 49, 50].

Conclusion and unresolved questions

In a little more than a decade since the discov-
ery of anti-NMDAR encephalitis, the research
towards understanding its pathogenic mecha-
nisms has advanced from the in vitro appro-
ach to the in vivo passive transfer model, and
to in vivo active immunization models. There is
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general agreement that the NMDAR autoim-
mune antibodies are the culprit behind the
encephalitis, as the NMDAR antibodies cross-
link the NMDARs, disrupt NMDAR-EphB2 in-
teractions, and cause NMDAR internalization.
The internalization results in hypofunction of
NMDARs, which is believed to be responsible
for the impaired long-term potentiation and
observed memory and behavioral deficits, and
increased susceptibility to seizures. As we
strive to better understand the disease, there
are some critical unanswered questions:
How is the autoimmune response against
NMDARs initiated? How do the NMDAR anti-
bodies affect triheteromers such as GIuN1/
GIuN2A/GIuN2B? Do the patient antibodies
affect synaptic vs extra-synaptic receptors in
the same way? What is the exact mechanism of
antibody cross-linking and subsequent internal-
ization? What is the relationship between lat-
eraldiffusionobservedinquantum-dotsandnano-ob-
ject size examined under the super-resolution
microscopy? How does the hypofunction of
NMDARs at the cellular level lead to memory
deficit, behavioral changes, and seizures? A
multi-pronged approach complementing as-
pects of in vitro and in vivo models may provi-
de us answers and open new avenues for the
development of therapeutic strategies.

Acknowledgements

The first author wishes to acknowledge the
financial support from the Philadelphia College
of Osteopathic Medicine Faculty Development
Fund.

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Yue-Qiao Huang,
School of Pharmacy, Philadelphia College of Osteo-
pathic Medicine Georgia, 625 Old Peachtree Road
NW, Suwanee, GA 30024, USA. Tel: 1-678-407-
7371; Fax: 1678-407-7347; E-mail: yuegiaohu@
pcom.edu

References
[1]  Traynelis SF, Wolimuth LP, McBain CJ, Menniti
FS, Vance KM, Ogden KK, Hansen KB, Yuan H,
Myers SJ and Dingledine R. Glutamate recep-
tor ion channels: structure, regulation, and
function. Pharmacol Rev 2010; 62: 405-496.

Paoletti P, Bellone C and Zhou Q. NMDA recep-
tor subunit diversity: impact on receptor prop-

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(11]

[12]

[13]

[14]

erties, synaptic plasticity and disease. Nat Rev
Neurosci 2013; 14: 383-400.

Stroebel D, Casado M and Paoletti P. Trihetero-
meric NMDA receptors: from structure to syn-
aptic physiology. Curr Opin Physiol 2018; 2:
1-12.

Karakas E, Simorowski N and Furukawa H.
Structure of the zinc-bound amino-terminal do-
main of the NMDA receptor NR2B subunit.
EMBO J 2009; 28: 3910-3920.

Nong Y, Huang YQ and Salter MW. NMDA re-
ceptors are movin’ in. Curr Opin Neurobiol
2004; 14: 353-361.

Triller A and Choquet D. Surface trafficking of
receptors between synaptic and extrasynaptic
membranes: and yet they do move! Trends
Neurosci 2005; 28: 133-139.

Pérez-Otano |, Larsen RS and Wesseling JF.
Emerging roles of GluN3-containing NMDA re-
ceptors in the CNS. Nat Rev Neurosci 2016;
17: 623-635.

Cadinu D, Grayson B, Podda G, Harte MK,
Doostdar N and Neill JC. NMDA receptor an-
tagonist rodent models for cognition in schizo-
phrenia and identification of novel drug treat-
ments, an update. Neuropharmacology 2018;
142: 41-62.

Gunduz-Bruce H. The acute effects of NMDA
antagonism: from the rodent to the human
brain. Brain Res Rev 2009; 60: 279-286.
Krystal JH, Perry EB Jr, Gueorguieva R, Belger
A, Madonick SH, Abi-Dargham A, Cooper TB,
Macdougall L, Abi-Saab W and D’Souza DC.
Comparative and interactive human psycho-
pharmacologic effects of ketamine and am-
phetamine: implications for glutamatergic and
dopaminergic model psychoses and cognitive
function. Arch Gen Psychiatry 2005; 62: 985-
994.

Forrest D, Yuzaki M, Soares HD, Ng L, Luk DC,
Sheng M, Stewart CL, Morgan JI, Connor JA
and Curran T. Targeted disruption of NMDA re-
ceptor 1 gene abolishes NMDA response and
results in neonatal death. Neuron 1994; 13:
325-338.

Shimizu E, Tang YP, Rampon C and Tsien JZ.
NMDA receptor-dependent synaptic reinforce-
ment as a crucial process for memory consoli-
dation. Science 2000; 290: 1170-1174.
Nakazawa K, Quirk MC, Chitwood RA, Wata-
nabe M, Yeckel MF, Sun LD, Kato A, Carr CA,
Johnston D, Wilson MA and Tonegawa S. Re-
quirement for hippocampal CA3 NMDA recep-
tors in associative memory recall. Science
2002; 297: 211-218.

Korotkova T, Fuchs EC, Ponomarenko A, von
Engelhardt J and Monyer H. NMDA receptor ab-
lation on parvalbumin-positive interneurons
impairs hippocampal synchrony, spatial re-

Int J Physiol Pathophysiol Pharmacol 2021;13(1):1-11


mailto:yueqiaohu@pcom.edu
mailto:yueqiaohu@pcom.edu

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

10

Mechanisms of anti-NMDA receptor encephalitis

presentations, and working memory. Neuron
2010; 68: 557-569.

Dalmau J, Armangué T, Planaguma J, Radose-
vic M, Mannara F, Leypoldt F, Geis C, Lancaster
E, Titulaer MJ, Rosenfeld MR and Graus F. An
update on anti-NMDA receptor encephalitis for
neurologists and psychiatrists: mechanisms
and models. Lancet Neurol 2019; 18: 1045-
1057.

Lynch DR, Rattelle A, Dong YN, Roslin K, Glei-
chman AJ and Panzer JA. Anti-NMDA receptor
encephalitis: clinical features and basic mech-
anisms. Adv Pharmacol 2018; 82: 235-260.
Dalmau J and Graus F. Antibody-mediated en-
cephalitis. N Engl J Med 2018; 378: 840-851.
Geis C, Planaguma J, Carreiio M, Graus F and
Dalmau J. Autoimmune seizures and epilepsy.
J Clin Invest 2019; 129: 926-940.

Hughes EG, Peng X, Gleichman AJ, Lai M, Zhou
L, Tsou R, Parsons TD, Lynch DR, Dalmau J and
Balice-Gordon RJ. Cellular and synaptic mech-
anisms of anti-NMDA receptor encephalitis. J
Neurosci 2010; 30: 5866-5875.

Gleichman AJ, Spruce LA, Dalmau J, Seeholzer
SH and Lynch DR. Anti-NMDA receptor enceph-
alitis antibody binding is dependent on amino
acid identity of a small region within the GIuN1
amino terminal domain. J Neurosci 2012; 32:
11082-11094.

Kreye J, Wenke NK, Chayka M, Leubner J,
Murugan R, Maier N, Jurek B, Ly LT, Brandl D,
Rost BR, Stumpf A, Schulz P, Radbruch H,
Hauser AE, Pache F, Meisel A, Harms L, Paul F,
Dirnagl U, Garner C, Schmitz D, Wardemann H
and Pruss H. Human cerebrospinal fluid mono-
clonal N-methyl-D-aspartate receptor autoanti-
bodies are sufficient for encephalitis patho-
genesis. Brain 2016; 139: 2641-2652.
Mikasova L, De Rossi P, Bouchet D, Georges F,
Rogemond V, Didelot A, Meissirel C, Honnorat J
and Groc L. Disrupted surface cross-talk be-
tween NMDA and Ephrin-B2 receptors in anti-
NMDA encephalitis. Brain 2012; 135: 1606-
1621.

Planaguma J, Leypoldt F, Mannara F, Gutiérrez-
Cuesta J, Martin-Garcia E, Aguilar E, Titulaer
MJ, Petit-Pedrol M, Jain A, Balice-Gordon R,
Lakadamyali M, Graus F, Maldonado R and
Dalmau J. Human N-methyl D-aspartate recep-
tor antibodies alter memory and behaviour in
mice. Brain 2015; 138: 94-109.

Planaguma J, Haselmann H, Mannara F, Petit-
Pedrol M, Grunewald B, Aguilar E, Ropke L,
Martin-Garcia E, Titulaer MJ, Jercog P, Graus F,
Maldonado R, Geis C and Dalmau J. Ephrin-B2
prevents N-methyl-D-aspartate receptor anti-
body effects on memory and neuroplasticity.
Ann Neurol 2016; 80: 388-400.

Ladépéche L, Planaguma J, Thakur S, Suarez |,
Hara M, Borbely JS, Sandoval A, Laparra-Cuer-

(26]

[27]

(28]

[29]

(30]

(31]

[32]

(33]

(34]

(35]

[36]

vo L, Dalmau J and Lakadamyali M. NMDA re-
ceptor autoantibodies in autoimmune ence-
phalitis cause a subunit-specific nanoscale re-
distribution of NMDA receptors. Cell Rep 2018;
23: 3759-3768.

Gréa H, Bouchet D, Rogemond V, Hamdani N,
Le Guen E, Tamouza R, Darrau E, Passerieux C,
Honnorat J, Leboyer M and Groc L. Human au-
toantibodies against N-methyl-D-aspartate re-
ceptor modestly alter dopamine D1 receptor
surface dynamics. Front Psychiatry 2019; 10:
670.

Carceles-Cordon M, Mannara F, Aguilar E, Cas-
tellanos A, Planaguma J and Dalmau J. NM-
DAR antibodies alter dopamine receptors and
cause psychotic behavior in mice. Ann Neurol
2020; 88: 603-613.

Matute C, Palma A, Serrano-Regal MP, Maudes
E, Barman S, Sanchez-Gémez MV, Domercq M,
Goebels N and Dalmau J. N-methyl-D-aspar-
tate receptor antibodies in autoimmune en-
cephalopathy alter oligodendrocyte function.
Ann Neurol 2020; 87: 670-676.

Dalmau J, Gleichman AJ, Hughes EG, Rossi JE,
Peng X, Lai M, Dessain SK, Rosenfeld MR,
Balice-Gordon R and Lynch DR. Anti-NMDA-re-
ceptor encephalitis: case series and analysis
of the effects of antibodies. Lancet Neurol
2008; 7: 1091-1098.

Washburn HR, Xia NL, Zhou W, Mao YT and
Dalva MB. Positive surface charge of GIuN1 N-
terminus mediates the direct interaction with
EphB2 and NMDAR mobility. Nat Commun
2020; 11: 570.

Dalva MB, Takasu MA, Lin MZ, Shamah SM, Hu
L, Gale NW and Greenberg ME. EphB receptors
interact with NMDA receptors and regulate ex-
citatory synapse formation. Cell 2000; 103:
945-956.

Henderson NT and Dalva MB. EphBs and eph-
rin-Bs: trans-synaptic organizers of synapse
development and function. Mol Cell Neurosci
2018; 91: 108-121.

Fan X, Jin WY and Wang YT. The NMDA recep-
tor complex: a multifunctional machine at the
glutamatergic synapse. Front Cell Neurosci
2014; 8: 160.

Li YC, Liu G, Hu JL, Gao WJ and Huang YQ. Do-
pamine D(1) receptor-mediated enhancement
of NMDA receptor trafficking requires rapid
PKC-dependent synaptic insertion in the pre-
frontal neurons. J Neurochem 2010; 114: 62-
73.

Krasnow AM and Attwell D. NMDA receptors:
power switches for oligodendrocytes. Neuron
2016; 91: 3-5.

Zhang Q, Tanaka K, Sun P, Nakata M, Yama-
moto R, Sakimura K, Matsui M and Kato N.
Suppression of synaptic plasticity by cerebro-
spinal fluid from anti-NMDA receptor encepha-

Int J Physiol Pathophysiol Pharmacol 2021;13(1):1-11



[37]

[38]

[39]

[40]

[41]

[42]

[43]

11

Mechanisms of anti-NMDA receptor encephalitis

litis patients. Neurobiol Dis 2012; 45: 610-
615.

Kersten M, Rabbe T, Blome R, Porath K, Sell-
mann T, Bien CG, Kohling R and Kirschstein T.
Novel object recognition in rats with NMDAR
dysfunction in CA1 after stereotactic injection
of anti-NMDAR encephalitis cerebrospinal flu-
id. Front Neurol 2019; 10: 586.

Blome R, Bach W, Guli X, Porath K, Sellmann T,
Bien CG, Kohling R and Kirschstein T. Differen-
tially altered NMDAR dependent and indepen-
dent long-term potentiation in the CA3 subfield
in a model of anti-NMDAR encephalitis. Front
Synaptic Neurosci 2018; 10: 26.

Wirdemann T, Kersten M, Tokay T, Guli X, Ko-
ber M, Rohde M, Porath K, Sellmann T, Bien
CG, Kohling R and Kirschstein T. Stereotactic
injection of cerebrospinal fluid from anti-NMDA
receptor encephalitis into rat dentate gyrus im-
pairs NMDA receptor function. Brain Res 2016;
1633: 10-18.

Li'Y, Tanaka K, Wang L, Ishigaki Y and Kato N.
Induction of memory deficit in mice with chron-
ic exposure to cerebrospinal fluid from pa-
tients with anti-N-methyl-D-aspartate receptor
encephalitis. Tohoku J Exp Med 2015; 237:
329-338.

Malviya M, Barman S, Golombeck KS, Plana-
guma J, Mannara F, Strutz-Seebohm N, Wrzos
C, Demir F, Baksmeier C, Steckel J, Falk KK,
Gross CC, Kovac S, Bonte K, Johnen A, Wand-
inger KP, Martin-Garcia E, Becker AJ, Elger CE,
Klocker N, Wiendl H, Meuth SG, Hartung HP,
Seebohm G, Leypoldt F, Maldonado R, Stadel-
mann C, Dalmau J, Melzer N and Goebels N.
NMDAR encephalitis: passive transfer from
man to mouse by a recombinant antibody. Ann
Clin Transl Neurol 2017; 4: 768-783.
Taraschenko O, Fox HS, Pittock SJ, Zekeridou
A, Gafurova M, Eldridge E, Liu J, Dravid SM and
Dingledine R. A mouse model of seizures in
anti-N-methyl-D-aspartate receptor encephali-
tis. Epilepsia 2019; 60: 452-463.

Sharma R, Al-Saleem FH, Panzer J, Lee J, Pu-
ligedda RD, Felicori LF, Kattala CD, Rattelle AJ,
Ippolito G, Cox RH, Lynch DR and Dessain SK.
Monoclonal antibodies from a patient with an-
ti-NMDA receptor encephalitis. Ann Clin Transl
Neurol 2018; 5: 935-951.

[44]

[45]

[46]

[47]

(48]

[49]

(50]

Wright S, Hashemi K, Stasiak L, Bartram J,
Lang B, Vincent A and Upton AL. Epileptogenic
effects of NMDAR antibodies in a passive tr-
ansfer mouse model. Brain 2015; 138: 3159-
3167.

Linnoila J, Pulli B, Armangué T, Planaguma J,
Narsimhan R, Schob S, Zeller MWG, Dalmau J
and Chen J. Mouse model of anti-NMDA recep-
tor post-herpes simplex encephalitis. Neurol
Neuroimmunol Neuroinflamm 2018; 6: €529.
Jones BE, Tovar KR, Goehring A, Jalali-Yazdi F,
Okada NJ, Gouaux E and Westbrook GL. Auto-
immune receptor encephalitis in mice induced
by active immunization with conformationally
stabilized holoreceptors. Sci Transl Med 2019;
11: eaaw0044.

Wagnon |, Hélie P, Bardou I, Regnauld C, Lesec
L, Leprince J, Naveau M, Delaunay B, Toutirais
0, Lemauff B, Etard O, Vivien D, Agin V, Macrez
R, Maubert E and Docagne F. Autoimmune en-
cephalitis mediated by B-cell response against
N-methyl-D-aspartate receptor. Brain 2020;
143: 2957-2972.

Pan H, Oliveira B, Saher G, Dere E, Tapken D,
Mitjans M, Seidel J, Wesolowski J, Wakhloo D,
Klein-Schmidt C, Ronnenberg A, Schwabe K,
Trippe R, Matz-Rensing K, Berghoff S, Al-Kri-
nawe Y, Martens H, Begemann M, Stocker W,
Kaup FJ, Mischke R, Boretius S, Nave KA,
Krauss JK, Hollmann M, Lihder F and Ehren-
reich H. Uncoupling the widespread occur-
rence of anti-NMDAR1 autoantibodies from
neuropsychiatric disease in a novel autoim-
mune model. Mol Psychiatry 2019; 24: 1489-
1501.

da Silva APB, Silva RBM, Goi LDS, Molina RD,
Machado DC and Sato DK. Experimental mod-
els of neuroimmunological disorders: a review.
Front Neurol 2020; 11: 389.

Giannoccaro MP, Wright SK and Vincent A. In
vivo mechanisms of antibody-mediated neuro-
logical disorders: animal models and potential
implications. Front Neurol 2020; 10: 1394.

Int J Physiol Pathophysiol Pharmacol 2021;13(1):1-11



