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Abstract Autoimmune responses targeting synaptic pro-
teins are associated with a wide range of neurologic
symptoms. Among these disorders are those associated with
antibodies to ionotropic glutamate receptors, including the
NMDAR (N-methyl-p-aspartate receptor) and AMPAR (a-
amino-3-hydrozy-5-methyl-4-isoxazolepropionic acid
receptor). Patients with anti-NMDAR encephalitis present
with psychiatric symptoms, seizures, movement disorders,
impaired consciousness, and autonomic derangements; half
of patients have an associated ovarian teratoma, and most
patients respond to immunosuppressive therapies. Patients’
antibodies bind to the amino terminal domain of the
NMDAR, and result in loss of NMDARSs from synapses with
subsequent NMDAR hypofunction. Anti-NMDAR antibod-
ies have now been reported in other neuropsychiatric con-
ditions, including psychosis, dementia, and HSV
encephalitis. The pathophysiologic relevance of anti-
NMDAR antibodies in these disorders is not yet clear, but
their presence may indicate a role for immunotherapy in
some patients. Although considerable work remains to be
done, our understanding of disorders associated with anti-
glutamate receptor antibodies has grown exponentially since
they were first described just over 7 years ago,
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revolutionizing neurology. These antibodies, by interfering
with synaptic function, readily link basic science and clinical
medicine, and have revealed the impact of sudden but sus-
tained loss of specific neurotransmitter receptors in humans.
Improved understanding of their pathophysiology will lead to
better treatments for these diseases while providing novel
insights regarding the roles of glutamate receptors in learn-
ing, memory, and neuropsychiatric disease.
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Introduction

In recent years it has been found that autoimmune responses
can target a number of synaptic proteins, generating specific
autoantibodies associated with a wide range of neurologic
symptoms. These autoimmune responses frequently result in
encephalitis, leading to the broad designation of “synaptic
autoencephalitides” (Kayser and Dalmau 2011) Among the
synaptic proteins that have been identified as autoantigens
are proteins associated with voltage-gated potassium chan-
nels, such as Caspr2 (contactin-associated protein-like 2)
(Lancaster et al. 2011a) and LGI-1 (leucine-rich glioma-
inactivated protein 1) (Lai et al. 2010); metabotropic recep-
tors, such as GABA-B (y-aminobutyric acid receptor
B)(Lancaster et al. 2010) and mGluRS (metabotropic gluta-
mate receptor 5) (Lancaster et al. 2011b); and ionotropic
receptors, such as the glycine receptor (Hutchinson et al.
2008). Perhaps the best known are the encephalidities asso-
ciated with antibodies to ionotropic glutamate receptors,
including the NMDAR (N-methyl-p-aspartate receptor)
(Dalmau et al. 2007) and AMPAR (a-amino-3-hydrozy-5-
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methyl-4-isoxazolepropionic acid receptor) (Lai et al. 2009).
In these disorders, autoantibodies are directed against surface
proteins and appear to be directly pathogenic, as compared to
autoantibodies to cytosolic antigens, which are believed to
simply be epiphenomena or non-specific markers of disease
progression (Molinuevo et al. 1998). In this regard, the newly
discovered synaptic autoencephalidites resemble the more
well-known autoimmune diseases of the peripheral nervous
system, such as myasthenia gravis (MG) and Lambert-Eaton
myasthenic syndrome (LEMS), in which surface nicotinic
acetylcholine receptors or voltage-gated calcium channels,
respectively, are targeted, resulting in functional conse-
quences (Lindstrom 2002; Titulaer et al. 2011).

This difference in antibody target has direct conse-
quences for patient treatment: paraneoplastic autoimmune
CNS disorders with cytosolic antibodies frequently show
high levels of CD8-positive cytotoxic T cells, which mediate
the majority of damage (Bien et al. 2012; Koike et al. 2011)
and tend to be poorly responsive to immunosuppression
(Keime-Guibert et al. 2000). In these patients, aggressive
tumor treatment is the most common course of action and
outcome is worse in cases in which the tumor is not found
(Graus et al. 2001). In patients with synaptic autoencepha-
litides, however, there is no evidence of T-cell cytotoxicity,
minimal parenchymal inflammation, and no evidence of
neuro-axonal injury (Bien et al. 2012). Accordingly,
immunosuppression is much more effective, and, even in
disorders such as anti-NMDAR encephalitis, in which the
acute phase is severe and potentially life threatening, overall
long-term outcomes are good (Titulaer et al. 2013b).

Anti-NMDAR encephalitis
Clinical presentation of anti-NMDAR encephalitis

Anti-NMDAR encephalitis is the most well-studied disor-
der within this newly discovered category of synaptic
autoencephalidites. First described in 2007 in 12 patients
(Dalmau et al. 2007), followed by a more extensive report
of 100 patients in 2008 (Dalmau et al. 2008), the hallmark
of this form of encephalitis is the presence of antibodies
against the GluN1 subunit of the NMDA receptor. Since its
recent discovery, awareness of anti-NMDAR encephalitis
has grown, and currently this disorder is the most com-
monly identified cause of encephalitis (Granerod et al.
2010; Gable et al. 2012).

Initially, most patients present with psychiatric symptoms,
including behavioral changes, paranoia, memory loss, and
hallucinations. Over weeks to months, the disorder progresses
to include seizures, movement disorders, impaired con-
sciousness, and autonomic derangements such as central
hypoventilation, hypertension, and bradycardia. This pattern
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of progressive neurologic involvement is characteristic of the
disease, and, by 1 month after disease onset, only 1 % of
patients are monosymptomatic (Titulaer et al. 2013b).

The precipitating autoimmune event that triggers anti-
body formation is unclear. In the initial cohort of 12
patients, all had teratomas (11/12 were ovarian), and all
tested teratomas expressed NMDARs (Dalmau et al. 2007).
However, the disorder has since expanded in scope to
include male patients and pediatric patients in whom
tumors are rare (Florance et al. 2009; Irani et al. 2010;
Kashyape et al. 2012). In the large cohort of patients
reported by Titulaer et al. (2013b), only 38 % of patients
had ovarian teratomas. NMDAR-expressing teratomas
presumably trigger the development of autoantibodies with
spread of the immune response to the CNS. These anti-
bodies are not ubiquitous in teratoma patients in general; a
recent prospective study of patients with ovarian teratomas
without encephalitis failed to detect any anti-NMDAR
antibodies (Mangler et al. 2013). The instigating factor in
patients without teratomas remains unknown, although a
post-viral etiology has been proposed (Dalmau et al. 2008).
Other than the very characteristic symptoms of anti-
NMDAR encephalitis, additional neurological studies are
generally non-specific and not useful in diagnosis of the
disease. Brain MRI scans are normal in approximately half
of patients, and when changes are seen they are typically
non-specific (Dalmau et al. 2008). In most patients, non-
specific EEG abnormalities (slowing, epileptiform dis-
charges) are seen and cerebrospinal fluid studies are mildly
abnormal, including mild lymphocytic pleocytosis, ele-
vated protein, and less often, the presence of oligoclonal
bands (Dalmau et al. 2008).

The immunology and treatment of anti-NMDAR
encephalitis

The immunologic basis of anti-NMDAR receptor enceph-
alitis is largely unexplored. T helper 17 cell (Thl7)
responses may play a role (Ulusoy et al. 2012). In contrast
to what is seen in T cell mediated neuro-immune diseases
associated with cytosolic autoantigens, on autopsy in anti-
NMDAR encephalitis, there is a minimal parenchymal
inflammation without prominent T-cell infiltration, absent
complement deposition, and no evidence of neuro-axonal
injury (Dalmau et al. 2007; Martinez-Hernandez et al.
2011; Bien et al. 2012). Instead, antibody-secreting plasma
cells infiltrate the CNS, and the disease seems to be med-
iated directly by antibodies (Martinez-Hernandez et al.
2011). Plasma exchange and/or intravenous immunoglob-
ulin (IVIG) treatment, both of which remove antibodies
from the blood stream, are effective in reducing serum anti-
NMDAR antibody titers. However, intrathecal antibody
synthesis, likely by memory B-cells within the CNS, often
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results in persistently high CSF antibody titers and per-
sistent disease (Dalmau et al. 2007; Florance et al. 2009;
Hughes et al. 2010). In those cases in which a tumor is
found, its removal improves outcome (Dalmau et al. 2008).
Approximately half of patients respond well to these first-
line therapies, defined by significant improvement within
1 month. These patients are almost all at their neurologic
baseline by 2 years follow up. The remaining half of
patients may require more aggressive second-line immu-
notherapies such as the rituximab and/or cyclophospha-
mide to target antibody-producing lymphocytes. In these
refractory patients, the use of second-line immunotherapy
predicts better outcomes, with just over 75 % of aggres-
sively treated patients at or near their baseline after 2 years,
as compared to just over 50 % for those refractory patients
in whom treatment was not escalated. In addition, patients
treated with agents such as rituximab and cyclophospha-
mide were less likely to go on to have relapses of the
disease (Titulaer et al. 2013b).

Effects of patients’ antibodies on NMDARs

The identity of the autoantigen in this disorder was first
hinted at by intense hippocampal immunostaining follow-
ing application of patients’ antibodies to rat brain sections
(Dalmau et al. 2007). Subsequent work using transfected
HEK cells demonstrated that the predominantly recognized
antigen is the GluNI1 subunit of the NMDAR receptor
(Dalmau et al. 2008). Acutely, binding of patients’ anti-
bodies to the NMDAR increases channel open time
(Fig. 2e) (Gleichman et al. 2012). However, over the
longer term, application of patients’ antibodies to live,
cultured, hippocampal neurons results in loss of surface
NMDARS in a specific and reversible manner via antibody-
mediated capping, and internalization of receptors (Fig. 1a,
b) (Hughes et al. 2010). Fluorescence recovery after
photobleaching (FRAP) and high-resolution nanoparticle
imaging has shown that autoantibody application results in
lateral displacement of surface GIluN2A-containing
NMDARSs out of synapses and into the extrasynaptic space.
Meanwhile, the mobile fraction of extrasynaptic GluN2B-
containing NMDARs is reduced. Taken together, these
results suggest that antibodies either actively displace
NMDARs from synapses or disrupt a critical synaptic—
retention mechanism; extrasynaptic NMDARs are then
cross-linked and internalized (Fig. la, b) (Mikasova et al.
2012). The impacted mechanism of synaptic retention may
involve Ephrin-B2 receptors (Eph-B2Rs), as patients’
antibodies weaken the interaction between the extracellular
domains of NMDARs and Eph-B2Rs (Fig. 1b); further-
more, antibody-induced loss of NMDARSs can be prevented
by exogenous activation of EPHB2 receptors (Mikasova
et al. 2012).

Recordings of miniature EPSCs in cultured hippocampal
neurons treated with patients’ antibodies demonstrate a
specific reduction in synaptic NMDAR-mediated currents
(Fig. 1c) (Hughes et al. 2010). In contrast, AMPAR-med-
iated currents are not affected, and patients’ antibodies do
not affect other synaptic proteins such as AMPARs, PSD-
95, or Bassoon, nor do they alter synaptic morphology.
In vivo studies have shown that infusion of patients’ anti-
bodies results in loss of NMDARSs within rat hippocampi
(Hughes et al. 2010). Patients’ CSF is able to suppress the
induction of long-term potentiation (LTP) at Schaffer col-
lateral-CA1 synapses in mouse hippocampal slices
(Fig. 1c). This effect is blocked by preabsorption of
patients’ antibodies by NMDAR-expressing cultured HEK
cells, thereby confirming that it is the anti-NMDAR anti-
bodies present in patients’ CSF that are responsible for
suppressing LTP (Zhang et al. 2012). Similarly, exposure
of cultured hippocampal neurons to patient CSF blocks the
induction of chemical LTP, as measured by a failure to
increase synaptic content of surface AMPARs (Mikasova
et al. 2012).

Epitope recognition by anti-NMDAR antibodies

Even in the original reports, the epitope recognized by
patients’ antibodies appeared highly conformation-depen-
dent, as antibodies were unable to recognize NMDARs on
Western blots, and their staining was dependent on fixation
technique (Dalmau et al. 2007; Gleichman et al. 2012).
Recent work based on epitope mapping using transfected
HEK cells has confirmed this original impression, dem-
onstrating that a small and conformation-dependent region
of the amino terminal domain (ATD) of GluNl1 is recog-
nized by patients’ antibodies. NMDAR subunits contain
two extracellular domains: a 400 amino acid ATD and a
ligand binding domain (LBD) comprised of an S1 and S2
domain, three transmembrane domains (TMs I, III, IV), a
transmembrane loop (TM II), and a cytosolic domain that
mediates scaffolding, localization, and coupling to intra-
cellular signaling domains (Fig. 2a) (Traynelis et al. 2010).
Patients’ antibody staining to HEK cells transfected with
various GIuN1 constructs has shown that deletion of the
ATD eliminates antibody binding (Fig. 2b), and that
binding is unaffected by a GluN1 construct that links the
end of the ATD directly to TM4 (therefore lacking the S1,
S2, and several transmembrane domains) (Fig. 2c). Taken
together, these results show that the GIuN1 ATD is both
necessary and sufficient for patients’ antibody binding
(Gleichman et al. 2012).

Within the ATD of GluN1, posttranslational modifica-
tions may play an important role in epitope recognition.
Blockade of N-linked glycosylation by tunicamycin abol-
ishes patients’ antibody staining. Mutation of only one of
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Fig. 1 a Synaptic NMDARs
interact with EphB2Rs;
patients’ antibodies bind to
NMDARSs. b After patients’
antibody binding, the NMDAR-
EphB2R interaction is
disrupted. NMDARSs leave
synapses are cross-linked and
internalized. ¢ Patients’
antibodies reduce synaptic
NMDAR currents and impair
LTP induction. These
electrophysiologic effects are
linked to the clinical symptoms
of the disease, including
amnesia, psychosis, seizures,
and dyskinetic movements
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Fig. 2 a NMDAR subunits contain two extracellular domains: amino
terminal domain (ATD) and a ligand binding domain (LBD)
comprised of an S1 and S2 domain, three transmembrane domains
(TMs 1, 3, 4), a transmembrane loop (TM 2), and a cytosolic
c-terminal domain (CTD). GluN1 and GIuN2 subunits typically
combine to form a heterotetrameric receptor. b Deletion of the ATD
eliminates patients’ antibody binding. ¢ Patients’ antibodies bind to a
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the seven N-linked glycosylation consensus sites in the
ATD, N368Q, has an impact similar to tunicamycin’s
abolition of patients’ antibody staining (Fig. 2d). However,
a different mutation of that same glycosylation consensus
site (T370A) has a less dramatic effect, indicating that
glycosylation state is likely not the only factor important
for antibody recognition of this region (Gleichman et al.
2012). GIluN1-N368 also may undergo deamidation, a
nonenzymatic posttranslational modification. A series of
mutations to G369 that slowed deamidation of N368 to
different degrees resulted in staining that correlated with
deamidation rates of model peptides (Robinson et al.
2004). Taken together, these results suggest that the
structural requirements for glycosylation and deamidation
of N368 are also crucial for creating the exact receptor
conformation recognized by patients’ antibodies (Fig. 2d).

The ATD of NMDAR:s is not directly involved in ligand
binding or channel opening, but does serve multiple dis-
crete functions (Paoletti 2011; Furukawa 2012). In addition
to being needed for receptor assembly (Meddows et al.
2001; Hansen et al. 2010), it is also bound to by multiple
allosteric modulators of receptor function (Paoletti 2011).
The ATD is composed of a top and bottom lobe, arranged
in a clamshell-like structure with the two lobes separated
by a middle cleft (Fig. 2a) (Jin et al. 2009; Karakas et al.
2009; Sobolevsky et al. 2009). The cleft’s exact confor-
mation may be altered by interactions with other subunits
and also reflect the binding of various modulators (Karakas
et al. 2011; Furukawa 2012). Changes in the cleft confor-
mation then alter the probability of channel opening and
closing through as yet unclear mechanisms (Gielen et al.
2009; Paoletti 2011). Residues N368 and G369, crucial for
epitope formation, are located in the bottom lobe of the
ATD, near the “clamshell” hinge of the two lobes. Resi-
dues 144—156 form an alpha-helix that is in close proximity
to N368/G369 based on predicted structure, although far
removed in primary sequence (Farina et al. 2011; Karakas
et al. 2011). Deletion of this alpha helix also abolishes
patients’ antibody staining, further confirming that this
region of the bottom lobe near the hinge is critically
important determinant of the epitope (Fig. 2d).

Since this hinge region is important for control of
receptor physiology (Gielen et al. 2009; Yuan et al. 2009;
Hansen et al. 2010), mutations in this area could affect the
single channel properties of the receptor. Interestingly, it
may be receptor physiology itself that is the crucial
determinant of antibody binding. In agreement with this
hypothesis, single channel recordings of these GluNl
variants show that receptor closed time is inversely corre-
lated with patients’ antibody staining. Furthermore, if
antibodies specifically recognize an ATD conformation
that is closed for shorter durations, their binding in this
crucial hinge region may impact receptor physiology. This

concept is confirmed by the observation that acute appli-
cation of patient CSF prolongs receptor open time in
response to agonist, suggesting that patients’ antibodies
bind to a receptor that is more prone to opening and then
act to stabilize the open state (Fig. 2e) (Gleichman et al.
2012).

NMDA receptor activity in physiologic and pathologic
circumstances

The distinct constellation of symptoms observed in patients
with anti-NMDAR encephalitis is reflected in the known
roles of NMDA receptors in physiology, pathology, and
pharmacology. NMDARs play a crucial role in learning
and memory; their activation has repeatedly been shown
both pharmacologically and genetically (Miyamoto 2006)
to be necessary for the induction of long-term potentiation
(LTP) and long-term depression (LTD), thought to be the
molecular correlates of memory formation (Tsien 2000).
NMDAR activity is required for both memory acquisition
and consolidation (Robbins and Murphy 2006; Wang et al.
2006), and an absence of NMDAR-mediated current has
been shown to play a role in the decreased LTP observed in
aged mice (Robillard et al. 2011). Therefore, autoantibody-
mediated decreases in NMDAR-mediated LTP may
explain the fact that patients with anti-NMDAR encepha-
litis are generally amnestic for all or most of their expe-
rience (Fig. 1c) (Dalmau et al. 2008).

Similarly, NMDAR hypofunction has long been
hypothesized to underlie schizophrenia (Olney 1995).
NMDAR function appears to be decreased in affected
regions of postmortem schizophrenic brain (Hahn et al.
2006), and a number of polymorphisms that increase the
risk of schizophrenia can act to decrease NMDAergic tone
(Bennett 2009). NMDAR protein levels themselves may
also be affected, although many of these results are dis-
puted (Kristiansen et al. 2007). Drugs that decrease
NMDAR function, including the antagonists ketamine,
MK-801 and phencyclidine (PCP), can induce psychosis in
unaffected individuals and trigger relapses in schizophrenic
patients (Belsham 2001). Decreasing NMDAR function
genetically with a 90-95 % decrease of the obligatory
NMDAR subunit GluN1 induces endophenotypes of
schizophrenia in mice, including increased activity levels
and altered social interactions (Mohn et al. 1999). Two
main characteristics of schizophrenia are paranoia and
hallucinations, both so-called “positive” symptoms of the
disorder. These symptoms are also conspicuous features of
anti-NMDAR encephalitis (Fig. 1c). Later features of anti-
NMDAR encephalitis include catatonia, with reduced
purposeful movement and lack of responsiveness to the
environment, as may be seen in patients with schizophrenia
or other psychiatric disorders (Dalmau et al. 2008).
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Over-activation of NMDARs has been implicated in a
number of pathologic situations: excess calcium entry
through NMDARs can cause excitotoxicity, leading to
neuronal damage and death in a variety of neurodegener-
ative disorders including stroke (Arundine and Tymianski
2004), Huntington’s disease (Fan and Raymond 2007),
Alzheimer’s disease (Hynd et al. 2004), Parkinson’s dis-
ease (Koutsilieri and Riederer 2007), HIV-associated neu-
rocognitive disorders (Cook et al. 2011), and others.
Because of this, a significant amount of time and effort has
gone into developing clinically useful NMDAR antago-
nists. However, while many of these antagonists success-
fully reduced or eliminated damage in animal models, all
failed in clinical trials, in large part due to their unac-
ceptable side effects, including psychosis (Wood and
Hawkinson 1997; Lai et al. 2011). This double-edged
sword demonstrates the importance of carefully calibrated
NMDAergic activity in normal neurologic function.

Although the autonomic roles of NMDARs are less well
studied, there is considerable evidence that NMDARs have
a significant role in autonomic stability and ventilation
(Waters and Machaalani 2005). GluN1 knockout mice die
within 1 day due to a failure of respiration (Forrest et al.
1994), and NMDA receptor modulation in respiratory
neurons has bidirectional effects on respiration: NMDAR
activation through NMDA injection speeds respiration,
while NMDAR inhibition decreases phrenic nerve activity
(Bonham 1995). Similarly, pharmacologic NMDAR inhi-
bition via PCP in humans can result in coma (Baldridge
and Bensen 1990), which is particularly reminiscent of the
autonomic instability seen in anti-NMDAR encephalitis
patients (Fig. 1c) (Dalmau et al. 2011). These data provide
yet more evidence that antibody-mediated NMDAR
hypofunction may explain many of the symptoms found in
anti-NMDAR encephalitis.

Other syndromes associated with anti-NMDAR
antibodies

Anti-NMDAR antibodies have now been reported in a
variety of other neurological disorders, including isolated
case reports describing these antibodies in opsoclonus-
myoclonus syndrome, narcolepsy with psychosis, and
bipolar disorder with hemidystonia (Smith et al. 2011;
Tsutsui et al. 2012; Choe et al. 2013). Antibodies to
NMDARs are now also being reported in CNS disorders
not previously believed to have an autoimmune compo-
nent, such as schizophrenia, Creutzfeldt—Jakob disease, and
herpes simplex virus (HSV) encephalitis (Fujita et al. 2012;
Priiss et al. 2012a; Hacohen et al. 2013; Steiner et al. 2013).
It is not clear that this recent plethora of studies, reporting
wide-ranging associations with anti-NMDAR antibodies,
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adhere to the same strict criteria that defined the original
syndrome, which include: (1) immunohistochemistry of
brain tissue optimized for cell-surface antigens resulting in
a highly sensitive test with a highly specific immuno-
staining pattern; and (2) a cell-based assay using HEK cells
expressing the GluN1 subunit of the NMDAR to detect IgG
antibodies. With these criteria, Dalmau and collaborators
have identified no IgG GluN1 antibodies in approximately
8,000 patients with varied neurological and other disorders,
including 80 patients with schizophrenia, or in 200 normal
control subjects (Titulaer et al. 2013a). Thus, GluN1 IgG
antibodies, defined strictly, appear to be specific for the
syndrome of anti-NMDAR encephalitis. GluN1 IgM or IgA
antibodies may not be as specific as these IgG antibodies,
and have been reported in a few other syndromes, including
schizophrenia, dementia, and HSV encephalitis (Priiss et al.
2012a, b; Hoftberger et al. 2013; Steiner et al. 2013).

Anti-NMDAR antibodies associated with schizophrenia
or isolated psychosis

As discussed above, NMDAR hypofunction is hypothe-
sized to underlie schizophrenia, and psychosis is a core
feature of anti-NDMAR encephalitis. Thus, it seems rea-
sonable to speculate that anti-NDMAR antibodies may
result in isolated psychosis or a schizophrenia-like illness
in some individuals. Recently, a subgroup analysis of
Dalmau’s large anti-NMDAR cohort was published (Kay-
ser et al. 2013). Of the 571 patients in the original cohort,
23 (4 %) developed isolated psychiatric episodes; five of
these were at disease onset and 18 were during relapse.
Greater than 80 % had full or substantial recovery after
immunotherapy and tumor resection when appropriate.
These results suggest that there is a rare subtype of anti-
NMDAR encephalitis consisting of isolated psychosis.
However, it is not yet known how often patients with
isolated psychosis or schizophrenia have anti-NMDAR
antibodies. Multiple studies have attempted to address this
question, but the results have been mixed. Zandi et al.
(2011) reported that three out of 46 patients with new onset
isolated psychosis had detectable anti-NDMAR antibodies
in their serum; one of these patients was treated with
immunotherapy and had a positive response. A subsequent
study reported that four out of 51 patients with schizo-
phrenia or schizophreniform disorders had anti-NDMAR
antibodies (Tsutsui et al. 2012). However, three of these
antibody-positive patients had other features, such as sei-
zures and/or ovarian teratoma that made a diagnosis of
typical anti-NMDAR encephalitis more likely. In 2013, a
study of 121 patients with schizophrenia found diverse
anti-NMDAR antibodies in 15 subjects (Steiner et al.
2013). However, only two had IgG antibodies specific to
GluNla, and these were subsequently re-classified as
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having typical anti-NMDAR encephalitis. The other
patients had IgA or IgM antibodies, or antibodies that were
not specific to GluNla alone. In addition to these poten-
tially positive studies, there have been several negative
studies. In one study of seven patients with chronic
schizophrenia, no patients were found to have antibodies to
GluN1 (Rhoads et al. 2011). In a larger study, 80 patients
with newly diagnosed schizophrenia, as defined by 1 year
of symptoms, were also negative for IgG antibodies to
GluN1 in serum collected at the onset of their symptoms
(Masdeu et al. 2012). These conflicting results likely are
due to variation how the psychotic syndromes were clas-
sified, differences in the timing of when samples were
collected relative to onset of psychiatric symptoms, varia-
tions laboratory methodology, the inclusion of non-IgG
antibodies and binding to NMDAR subunits other than
GluN1, and the study of serum rather than CSF. A con-
clusive answer to this question may require specifically
designed prospective studies examining CSF in patients
with strictly defined new onset psychosis.

Anti-NMDAR antibodies associated with dementia

Of particular interest is a recent report by Priiss et al.
(2012b) describing IgA, but not IgG, antibodies against the
NMDAR in seven patients with a rapidly progressive
dementia resembling a primary degenerative disorder.
Patients developed progressive, disabling, cognitive
impairment over 1-2 years. Most had cerebral atrophy on
MRI, but normal EEGs and CSF studies. Tumors were
found in a minority of patients. In the index patient, there
was a transient, but dramatic improvement following
plasmapheresis, associated with a substantial decrease of
the IgA—NMDAR antibody titer and improved of cerebral
metabolism as measured via PET.

Patient serum was shown to have IgA, but not IgG
antibodies that recognized the GIluN1 subunit of the
NMDAR. Application of patient serum to cultured hippo-
campal neurons resulted in a reversible loss of surface
NMDARs reminiscent to that seen in the IgG-mediated
encephalitis. However, in contrast to IgG-mediated
encephalitis, application of patient serum also affected the
expression of other synaptic proteins, such as synapto-
physin, synapsin, VGLUT1, and VGAT. Network-driven,
spontaneous activity was also impaired, with significantly
reduced incidence and mean amplitude of sEPSCs.

The more protracted clinical course and global effect of
NMDAR-IgA on synapses are markedly different from
the rapidly progressive and clinically distinct syndrome
associated with NMDAR-IgG antibodies, as well as from
the more specific action of the IgG antibodies on
NMDARs. These differences suggest that NMDAR-IgA
has a distinct impact upon NMDARs and synapses,

possibly mediated by recognition of a different epitope.
Alternatively, these differences could be due to non-spe-
cific destructive properties of these antibodies, or due to
the presence in patient serum of a more extensive reper-
toire of antibodies against other as yet unknown synaptic
proteins. In addition, [gA-NMDAR antibodies may not be
directly pathogenic, but may rather represent a secondary
immune response against synaptic proteins that were
exposed to the immune system as a result of another
neurodegenerative process. Clearly, further work investi-
gating these possibilities is needed, but the possibility
remains that this novel syndrome may prove to be a newly
identified and treatable form of dementia.

Anti-NMDAR antibodies associated with herpes
simplex encephalitis

In addition, NMDAR antibodies of the IgA, IgG, or IgM
subtypes were recently reported in the serum or CSF of
30 % of patients with HSV encephalitis (Priiss et al.
2012a). The application of antibody-positive sera to cul-
tured hippocampal neurons resulted in reduction of mem-
brane GluN1, as well as reduction in the number of
presynaptic puncta, an effect similar to that reported for the
autoantibodies in NMDAR-IgA associated dementia.
There were not obvious differences in the acute symptoms
of antibody positive and antibody negative HSV encepha-
litis patients. The most likely explanation for the presence
of these antibodies is that virus-induced neuronal injury
may expose antigens, such as the NMDAR, normally
shielded from systemic immunity. A second possibility is
molecular mimicry, where the immune response to a HSV
protein is misdirected, attacking a structurally similar epi-
tope in the NMDAR (although no such epitope is known to
exist) (Hoftberger et al. 2013).

HSV encephalitis typically is a severe, monophasic
limbic encephalitis, often with necrosis of limbic struc-
tures, resulting in seizures, personality change, memory
dysfunction, and other focal neurological deficits (Hoft-
berger et al. 2013). The disorder is diagnosed via PCR of
spinal fluid and is treated with antiviral agents. In
approximately one quarter of patients, often children, there
is a recurrent episode after treatment of the initial infection
(Kimura et al. 1992; Ito et al. 2000; De Tiege et al. 2003).
In a subset of relapsing patients, HSV is no longer detected
via PCR and symptoms do not respond to antivirals. This
subacute syndrome typically occurs 1-2 months after the
initial episode of HSV encephalitis. In children, dyskine-
sias and choreoathetosis, similar to the movement disorder
seen in anti-NMDAR encephalitis, are prominent symp-
toms, although in adults cognitive and psychiatric symp-
toms are more common (Joos et al. 2003; Skoldenberg
et al. 2006). Although anti-NMDAR antibodies do not
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appear to be related to clear clinical differences during the
initial acute phase of HSV encephalitis, it may be that
relapse or choreoathetosis post-herpes simplex encephalitis
is, in fact, a form of anti-NMDAR encephalitis (Armangue
et al. 2012; Priiss et al. 2012a; Hoftberger et al. 2013).

Anti-AMPA receptor encephalitis

Clinical presentation and treatment of anti-AMPAR
encephalitis

Anti-AMPA receptor encephalitis, in which patients
develop antibodies against the AMPA-type glutamate
receptor, was first described in 2009 in a cohort of 10
patients with limbic encephalitis (LE) (Lai et al. 2009).
Nine patients presented with short-term memory loss and
confusion, while four patients had seizures. Seven patients
had tumors, indicating that anti-AMPAR encephalitis may
be a paraneoplastic disorder, although there was little
consistency in tumor type (thymic carcinoma, malignant
thymoma, non-small cell lung cancer, thymoma, small cell
lung cancer, and two patients with breast cancer). Nine of
the ten patients were females over the age of 35. Patient
CSF contained antibodies to the AMPA receptor subunits
GluAl, GluA2, or both. Since the initial report, there has
been one additional report of four AMPAR encephalitis
cases (Graus et al. 2010), as well as a case study of one
additional patient (Bataller et al. 2010). All five of these
additional patients were women over 50 years old; three of
these patients had LE and tumors (two patients with small
cell lung cancer, one with breast cancer), but interestingly,
two other patients had no history of LE and symptom-
atology more closely resembling acute—onset psychosis
rather than memory loss and seizures. All patients
responded well to corticosteroids or IVIG and chemother-
apy, indicating an immune basis to symptoms.

Based on the number of patients identified thus far, it
appears that AMPAR encephalitis is far less common than
NMDAR encephalitis; however, given the current state of
uncertainty as to which symptoms should act as diagnostic
indicators of AMPAR encephalitis, it is possible that the
disease is currently underdiagnosed. The syndrome can be
treated in many individuals with tumor removal or plasma-
pheresis, suggesting that it is mediated directly by antibodies
(Lai et al. 2009). However, when compared to anti-NMDAR
encephalitis, the underlying neoplasms are more diverse,
response is less complete, and relapses are more common.

Effects of patients’ antibodies on AMPARs

Antibodies and CSF from patients cause internalization of
AMPARs in model systems, resulting in loss of receptors
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from the neuronal surface, analogous to the pathogenesis of
MG and anti-NMDAR encephalitis. Internalization of
AMPARSs can be demonstrated both by immunostaining of
unpermeabilized neurons to label surface receptors fol-
lowed by fluorescent microscopy as well as by traditional
biochemical approaches, such as surface biotinylation (Lai
et al. 2009). Although the antibodies react with GluAl,
GluA2 or both, the exact site of immunogenicity is not
known, although our preliminary data have identified a
region of GluA1/GluA2 in the ATD that may contribute to
immunoreactivity to patient-generated AMPAR antibodies
(unpublished observations).

AMPA receptor activity in physiologic and pathologic
circumstances

To date, anti-AMPAR encephalitis has been associated
primarily with memory loss, seizures, and psychosis (Lai
et al. 2009; Bataller et al. 2010; Graus et al. 2010); all of
these symptoms, to varying degrees, reflect known func-
tions of AMPAR activity. AMPARs traffic rapidly in and
out of the membrane in an activity-dependent manner,
tightly controlling the excitability of synapses. This traf-
ficking appears to play a major role in learning and
memory. Membrane insertion of GluAl-containing,
GluA2-lacking receptors is elevated in a number of learn-
ing paradigms and is frequently necessary for the devel-
opment of LTP (Plant et al. 2006; Whitlock et al. 2006;
Makino and Malinow 2009), although the exact GluA
subunit requirements differ somewhat across different
learning tasks (Kessels and Malinow 2009; Keifer and
Zheng 2010). Blocking AMPAR receptor insertion blocks
LTP (Kopec et al. 2007) and learning (Li et al. 2005;
Slipczuk et al. 2009), while enhancing AMPAR synaptic
delivery enhances LTP and improves learning (Lynch
2004; Knafo et al. 2012). Thus, this syndrome mimics the
loss of surface AMPAR seen in LTD in model systems and
if understood provides a manner to link clinical and basic
understanding of glutamatergic transmission and its role in
synaptic remodeling.

Antibodies to the AMPAR have also been associated
with Rasmussen’s encephalitis, a childhood onset severe
progressive epilepsy; in a subset of cases, these individuals
make antibodies to the S2 region of GluA3 that may act to
activate the receptor (Twyman et al. 1995), although sub-
sequent work has shown that these antibodies are not
present in the majority of cases (Watson et al. 2004). It is
not yet clear whether anti-AMPAR encephalitis overlaps at
all with the subjects with Rasmussen’s encephalitis who
have antibodies to GluA3 (Twyman et al. 1995; Ganor
et al. 2005; Takahashi et al. 2005). In the modest size group
of individuals presently identified, anti-AMPAR encepha-
litis does not have any association with GluA3 antibodies.
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Conclusion

Although considerable work remains to fully understand
these complex disorders, our understanding of the biology
of anti-NMDAR and anti-AMPAR encephalitis has grown
exponentially since they were first described just over
7 years ago.

The discovery of various forms of encephalitis mediated
by antibodies targeted to synaptic proteins is revolution-
izing neurology. As such antibodies typically interfere with
critical events in synaptic transmission or modulation, they
readily link basic science and clinical medicine, and
understanding these disorders provides important insight
into not only their clinical features but also basic neuro-
science. With these diseases, for the first time in humans
we are able to appreciate the impact of sudden but sus-
tained loss of specific neurotransmitter receptors. For the
encephalitides directed to glutamatergic receptors,
improved understanding of their pathophysiology might
not only lead to better treatments but also lead to novel
insights into human glutamate receptor function and
understanding of their roles in learning, memory, neuro-
logical and psychiatric disease.
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