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ABSTRACT

Investigations during the last 10 years have revealed a group of disorders mediated by antibodies
against ion channels and synaptic receptors, which cause both neurologic and psychiatric symp-
toms. In this review, | discuss the process of discovery and immunologic triggers of these disor-
ders, and use anti-NMDA receptor encephalitis to emphasize the importance of understanding
the underlying physiopathologic mechanisms in those diseases. A better knowledge of these
mechanisms reveals points of convergence with other disorders (e.g., schizophrenia), suggests
treatment strategies beyond immunotherapy, and is helping us understand how memories are
formed and retrieved. Neurology® 2016;87:2471-2482

GLOSSARY

BBB = blood-brain barrier; EphB2 = Ephrin type B2 receptor; FLAIR = fluid-attenuated inversion recovery; HSE = herpes
simplex encephalitis; IgG = immunoglobulin G; LEMS = Lambert-Eaton myasthenic syndrome; LTP = long-term potentiation;

NMDAR = NMDA receptor.

For many years, the only known disorders that asso-
ciated with autoantibodies against ion channels or re-
ceptors were myasthenia gravis and the Lambert-
Eaton myasthenic syndrome (LEMS). In these pre-
dominantly B-cell autoimmune disorders, the anti-
bodies target the acetylcholine receptor or voltage-
gated calcium channels, resulting in reversible physio-
pathologic alterations that mediate the patients’
symptoms.’ In contrast, the only known CNS disor-
ders that associated with neuronal autoantibodies
were the paraneoplastic syndromes. In these syn-
dromes the antibodies target cytoplasmic or nuclear
proteins, the pathogenic mechanisms are believed to
be mediated by cytotoxic T-cells (instead of B cells),
and the symptoms are frequently irreversible.? Keep-
ing in mind these 2 different groups of disorders and
the large number of patients with encephalopathies
for which the cause was (and still is®) unknown, some
of us wondered whether a subgroup of CNS diseases
could be mediated by antibodies against cell surface
or synaptic proteins in a manner similar to the myas-
thenic syndromes. In my experience, the answer
started to be revealed in December 2003 after we
saw a young woman with encephalitis of unknown
cause who had been in the intensive care unit for
several weeks. She was brought to the hospital for
the acute onset of change in behavior and prominent
psychiatric symptoms that progressed rapidly to
unconsciousness and central hypoventilation. All

diagnostic investigations had been negative except
for the presence of a small ovarian teratoma that
was believed to be unrelated to her disease and, owing
to her poor clinical condition, it was not removed.
She was given empiric immunotherapy and eventu-
ally recovered. The triad of encephalitis with prom-
inent psychiatric symptoms and hypoventilation in
a young woman with an ovarian teratoma and the
recovery with immunotherapy were crucial in linking
her clinical picture to that of another 3 young women
with an identical syndrome who also had ovarian
teratomas. These 3 young woman had been seen in
other centers by colleagues who were also intrigued by
the clinical picture and had sent serum and CSF
samples to my laboratory (1 of the patients, who
was ventilator-dependent, died a few months later).
Despite the remarkable syndrome resemblance
among the 4 patients, and the clinical and CSF fea-
tures suggesting an immune-mediated encephalitis,
their serum and CSF were negative for all neuronal
antibodies known at that time. It took 6 months to
optimize the tissue processing® until it showed
a unique pattern of neuropil reactivity with the pa-
tients’ samples.’ The identity of the antigen (NMDA
receptor [NMDAR]) was obtained 2 years later (now-
adays, the entire discovery process would take just
a few weeks).® As soon as the syndrome and a diag-
nostic test became available, the number of referrals
grew quickly, leading to the diagnosis of 100 patients
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[ Table

Target
antigen
NMDAR
AMPAR
GABAb
receptor
LGI1

CASPR2

GABAa
receptor

DPPX

Dopamine-2
receptor
mGIuR5S
Neurexin-3a
IgLONS

DNER (Tr)

P/Q type VGCC
mGIluR1
Glycine

receptor

Amphiphysin

Main presenting
symptoms

Psychosis (adults); seizures,
dyskinesias (children)
Memory loss, confusion
Memory loss, seizures
Memory loss, FBD seizures
Memory loss, sleep disorder,

neuromyotonia

Seizures

Diarrhea and other Gl
symptoms, loss of weight,
hyperekplexia
Parkinsonism

Memory loss, confusion
Confusion, seizures
Sleep disorder

Gait instability

Gait instability

Gait instability

Muscle rigidity, spasms

Rigidity, spasms, confusion,
memory loss

Main syndrome

NMDAR encephalitis

Limbic encephalitis

Limbic encephalitis

Limbic encephalitis

Morvan, limbic encephalitis

Encephalitis with cortical-
subcortical MRI FLAIR
changes

Encephalitis

Basal ganglia encephalitis

Encephalitis

Encephalitis

Non-REM and REM sleep
disorder, and brainstem
dysfunction

Cerebellar ataxia

Cerebellar ataxia

Cerebellar ataxia

PERM, stiff-person syndrome

Stiff-person,
encephalomyelitis

CNS disorders associated with antibodies against neuronal cell surface or synaptic proteins ]

Frequency of cancer

(main tumor)

Up to 58% in women 18-
45 years (teratoma®?)

65% (thymoma, SCLC,

other)

50% (SCLC)

5%-10% (thymoma)
20%-50% (thymoma®)

25% (thymoma, other)

<10% (lymphoma)

0%

Only a few cases described,

Antibody effects

Internalization of NMDARs,” disruption NMDAR/
EphB23° (there is an animal model)*3

Internalization of AMPARSs in neurons®*
Antagonist of baclofen effects in neurons
Inhibition of interaction with ADAM22; decrease

postsynaptic AMPARS®

Alter gephyrin clusters in inhibitory synapses in
cultured neurons®®

Reduction of levels of GABAa receptor at the

synapse®’ and extrasynaptic sites®®

Hyperexcitability of enteric neurons; decrease of
expression of DPPX and Kv4.2 in hippocampal
neurons®®

NA

Unknown

some with Hodgkin disease

0%

0%

>90% (Hodgkin disease)

>90% (SCLC)

A few cases described

(Hodgkin disease)

<5% (Thymoma, lung,

Hodgkin)

>90% (Breast cancer,

SCLC)

Decrease expression of neurexin-3ua on synapsis;
decrease synapse formation'*

Decrease levels of cell surface IgLON5 in neurons®®

Unknown

Unknown (there is an animal model of antibody-
induced ataxia)®*

Reduction of basal activity of Purkinje cells®?

Internalization of receptors (studies on HEK cells)®®

Disrupt vesicle endocytosis in cultures of neurons
(there is an animal model)®*

Abbreviations: ADAM = disintegrin and metalloproteinase domain-containing protein 22; AMPAR = «-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor; CASPR2 = contactin-associated protein-like 2; DNER = Delta/Notch-like epidermal growth factor-related receptor; DPPX = dipeptidyl-peptidase-
like protein-6; EphB2= Ephrin type B2 receptor; FLAIR = fluid-attenuated inversion recovery; GABA = y-aminobutyric acid; Gl = gastrointestinal; IgLON =
immunoglobulin G superfamily containing LSAMP, OBCAM, and Neurotrimin; LGI1 = leucine-rich glioma inactivated 1; mGIuR = metabotropic glutamate
receptor; NMDAR = NMDA receptor; PERM = progressive encephalomyelitis with rigidity and myoclonus; SCLC = small cell lung cancer; VGCC = voltage-
gated calcium channel.
2The association with teratoma is sex- and age-dependent. While young adult female patients frequently have an ovarian teratoma, the presence of a tumor
is uncommon in children or young adult male patients.*®

b Patients with Caspr2 antibodies and Morvan syndrome are more likely to have thymoma than those without Morvan syndrome.
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in less than 1 year.” This was a large number for
a clinical investigator used to the scarcity of patients
with paraneoplastic syndromes. Even more surprising
was the reason of the referrals: instead of being asked
to search for antibodies with the hope of finding an
answer for a mystery syndrome, the physicians,
having recognized the similarity of the patient’s
syndrome with that reported in anti-NMDAR
encephalitis, were asking for confirmatory antibody
studies.

There are currently 16 known disorders with
immunoglobulin G (IgG) autoantibodies against
cell surface or synaptic proteins, 12 of them

Neurology 87 December 6, 2016

26,65

manifesting as autoimmune encephalitis (table).
The identification of these disorders has changed
the diagnostic and treatment approach to many
neurologic and psychiatric syndromes that were
previously considered idiopathic or not even sus-
pected to be immune-mediated (a position paper
on the clinical diagnosis of autoimmune encepha-
litis was published recently®). These clinical ad-
vances sent us back to the laboratory with the
goal of investigating the physiopathologic mecha-
nisms that underlie these disorders. Overall, these
studies illustrate how lessons learned from the bed-

side have unique power to enlighten translational



Reactivity of an autoantibody against a neuronal cell-surface antigen compared with the reactivity of an autoantibody against an
intracellular antigen

Figure 1
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Section of rat hippocampus immunostained with an autoantibody against a synaptic NMDA receptor (NMDAR) from a patient with anti-NMDAR encephalitis
(A, B) compared with the reactivity of an autoantibody against an intracellular neuronal protein (Hu) from a patient with paraneoplastic encephalitis (D, E). The
boxed areas are shown in detail in (B) and (E). The demonstration that the target antigen is on the neuronal cell surface is provided by immunocytochemistry
with live neurons (obtained from dissociated rat hippocampus): the NMDAR antibodies show intense reactivity with the cognate receptor on the cell surface
(C) whereas the Hu antibodies do not show reactivity because they do not reach the intracellular target (F). Scale bars: A, B = 500 um; C,D = 20 um; E, F =
10 pum. Adapted from Lancaster et al.,%¢ with permission.

research. Using anti-NMDAR encephalitis to
exemplify the emerging field of autoimmune neu-
rology, 1 discuss recent advances in autoimmune
encephalitis with potential implications for thera-
pies and, more broadly, for a better understanding
of how the brain works.

THE PROCESS OF DISCOVERY The discovery of
autoimmune disorders of the synapse usually starts
as described above, with a patient who has an unclas-
sifiable syndrome and all routine investigations for
a cause are negative.” In this setting, the presence of
one or more features suggesting an immune-mediated
mechanism, including rapid onset of symptoms, CSF
or MRI findings compatible with an inflammatory
process, identification of immunologic triggers (such
as tumors or viruses), or clinical improvement after
empiric immunotherapy, leads to testing for the
presence of autoantibodies in serum or CSF.
Figure 1 shows a characteristic pattern of brain
neuropil reactivity of the autoantibodies of one such
patient suggesting that the target is located on the cell
surface or synapse. The cell surface location of the
epitopes can be confirmed by examining the
reactivity of patients’ antibodies with live cultured
neurons (figure 1C), and the identity of the antigen
can then be obtained by immunoprecipitation and

mass spectrometry.” This approach served to
identify most of the autoantigens shown in the
table and figure 2.'° Since 2007, when the first
target of autoimmune encephalitis was characterized
molecularly (NMDAR),® the rate of discovery has
been almost 1 new autoantigen per year, the most
recent being neurexin-3a."!

A HUMAN MODEL OF IMMUNE DEPLETION OF
NMDAR Patients with anti-NMDAR  encephalitis

usually develop a predictable syndrome with stages of
symptom progression and resolution that resemble
those caused by noncompetitive antagonists of the
NMDAR such as ketamine or phencyclidine (for
a review on this topic, see reference 12). At low doses,
NMDAR antagonists cause illusionary perceptions, ideas
of reference, and paranoid thoughts, along with impaired
performance on tasks requiring executive function."
This low-dose drug effect would correspond to milder
forms of anti-NMDAR encephalitis, best represented at
disease onset, or months later during recovery when
psychiatric symptoms similar to those at presentation
Higher of NMDAR

antagonists manifest with psychosis, agitation,

may  occur.'* doses

memory disturbance, stereotyped or repetitive

motor behaviors, and decreased responsiveness to

15

pain,” and at very high doses patients develop
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[ Figure 2 Brain reactivity of autoantibodies against neuronal cell surface or synaptic proteins ]
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Sagittal and coronal sections of rat brain immunostained with 9 different autoantibodies from patients with different types of autoimmune encephalitis. For
each antibody, the pattern of neuropil immunostaining is highly suggestive that the antigen is on the neuronal cell surface (figure 1). Scale bars: all panels =
2 mm. AMPAR = «-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; CASPR2 = contactin-associated protein-like 2; DPPX = dipeptidyl-
peptidase-like protein-6; GABA = y-aminobutyric acid; LGI1 = leucine-rich glioma inactivated 1; mGluR = metabotropic glutamate receptor; NMDAR =

NMDA receptor.
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dissociative anesthesia, profound unresponsiveness
with catatonia, and coma.'® These high-dose drug
effects would correspond to the severe stages of
anti-NMDAR

dyskinesias, paradoxical responses (e.g., resisting

encephalitis, characterized by
eye opening but unresponsiveness to pain stimuli),
catatonia, autonomic dysfunction, hypoventilation,
and coma.'® When cultures of dissociated rat
hippocampal neurons are exposed to patients’
antibodies, the effects on the density of NMDAR
correlate strongly and inversely with CSF NMDAR
antibody titers,'” decreasing the availability of these
receptors in a manner similar to when they are
bound by noncompetitive antagonists.

TRIGGERS OF SYNAPTIC AUTOIMMUNITY: TUMORS
AND VIRUSES Two outstanding questions in anti-

NMDAR and other autoimmune encephalitis refer to
the triggers of the disease and the prolonged duration
of symptoms. Figure 3 shows several facts and
hypotheses related to the triggers of ant-NMDAR
encephalitis. Approximately 50% of young women
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with this disease have an ovarian teratoma that
contains nervous tissue'® in children and men, the
frequency of tumors is lower and the histology
men and women have

different  (e.g., older

carcinomas instead of teratomas).'®®¥ It s
postulated that antigen released by apoptotic tumor
cells is taken up by antigen-presenting cells, and then
processed and presented to the immunologic system at
the regional lymph nodes where memory B cells are
generated and the antibody production by plasma cells
is initiated. After crossing the blood-brain barrier
(BBB) or reaching the brain through the choroid
plexus, the memory B cells would undergo
restimulation, antigen-driven affinity maturation,
clonal expansion, and maturation into antbody-
producing plasma cells, the presence of which has
been demonstrated in studies of brain tissue from
patients.”® Plasma cells are long-lived (for several
months to years®), refractory to the most frequently
used immunotherapies (plasma exchange, IV
immunoglobulin, rituximab), and protected by the

BBB from systemically administered drugs. These

© 2016 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



[ Figure 3 Immunologic triggers in anti-NMDA receptor (NMDAR) encephalitis
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The figure describes 2 known immunologic triggers of anti-NMDAR encephalitis: a tumor (usually ovarian teratoma) and herpes simplex encephalitis. The
underlying multistep process between either of these triggers and the CNS production of antibodies is unknown, but the latter has been confirmed in studies
demonstrating intrathecal synthesis of antibodies and CNS plasma cells. It is postulated that NMDAR expressed in nervous tissue contained in the tumor, or
released by viral-induced neuronal destruction, is either in soluble form or loaded in antigen-presenting cells transported to the regional lymph nodes (e.g.,
pelvic-abdominal in case of ovarian teratoma or deep cervical lymph nodes in case of herpes encephalitis) where it is presented to the immunologic system.
Naive B cells exposed to NMDAR by antigen-presenting cells, and with cooperation of CD4+ T cells, become antigen-experienced memory B cells, differ-
entiating into antibody-producing plasma cells. Memory B cells reach the brain crossing the BBB or the choroidal plexus. In the brain, these B cells undergo
restimulation, antigen-driven affinity maturation, clonal expansion, and differentiation into antibody-producing plasma cells. Of note, in approximately 50%
of the patients the immunologic trigger of the disease is unknown. The model of tumor as a trigger of autoimmune encephalitis would be similar for other
types of encephalitis (table); in tumors other than teratoma (e.g., without nervous tissue within the tumor itself), the antigen is aberrantly expressed by the

neoplastic cells. APC = antigen-presenting cell; TFH = follicular helper T cell.

plasma cells lead to a prolonged synthesis of
antibodies within the CNS, demonstrated by
a relatively high concentration of antibodies in
CSF compared to serum (intrathecal synthesis).”®
CSF antibodies remain detectable for at least as long
as the patients have active disease or substantial
neurologic deficits.’®*? In some patients, the CSF
and serum antibodies are detectable (albeit at lower
titers) several months or years after clinical recovery.*

The contribution to the disease of systemic
NMDAR antibodies is unclear. Although antibodies
may potentially reach the brain through a disrupted
BBB, or at lower amounts through an intact BBB

© 2016 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

(serum: CSF IgG concentration 500:1), high intra-

7,24

thecal synthesis of antibodies,”** presence of CNS
plasma cells,*® little clinical evidence of BBB disrup-
tion, and low or absent serum antibody levels in some
patients with severe deficits® suggest a minor contri-
bution of serum antibodies compared to the intra-
CNS produced antibodies. Moreover, CSF clonally
expanded plasma cells that produce disease-relevant
NMDAR antibodies were recently identified by dif-
ferent investigators using recombinant antibody tech-
nology” (Goebels et al., 2016, unpublished). In
cultured neurons, these antibodies show pathogenic

effects,” confirming previously reported findings
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using CSF NMDAR antibodies from patients with
the disorder.'” In addition, the infusion of one of
these antibodies in the cerebroventricular system of
mice produced a dramatic reduction of memory and
synaptic NMDAR that were similar to those observed
in a model (described below) in which patients’ CSF
antibodies were infused (Dalmau and Goebels, 2016,
unpublished).

Autoimmune encephalitis with antibodies against
other neuronal cell surface proteins may also associate
with tumors. The frequency of this association and
tumor histology vary according to the antibody
(table). It is likely that the tumor-related triggering
mechanisms are similar to those discussed above (fig-
ure 3). Tumors of the thymus are not involved in
anti-NMDAR encephalitis but they often occur with
other disorders (e.g., Caspr2,** AMPA receptor
antibody-associated encephalitis®). In these cases,
an alteration of the immunoregulatory function of the
thymus per se may facilitate the autoimmune
response, as occurs in myasthenia gravis.”

An infrequent trigger of autoimmune encephalitis
is herpes simplex encephalitis (HSE).*® Approxi-
mately 20% of patients with HSE develop antibodies
against the NMDAR, which in children associate
031 pre-

viously described as choreoathetosis post-HSE.*>%* In

with change of behavior and choreoathetosis,

contrast, in adults the predominant symptoms are
psychiatric and cognitive, and despite being highly
disruptive they are often misdiagnosed as sequelae
of the viral infection.?® Patients with anti-NMDAR
encephalitis post-HSE are less responsive to treatment
than those with other triggers (teratoma or unknown)
and their CSF may show additional autoantibodies.*’
A fascinating aspect of this complication is that the
triggering mechanism is initiated by herpes simplex
virus within the CNS providing a milieu of neuronal
degeneration and extensive inflammatory infiltrates
that lead to antigen presentation (most likely at the
deep cervical nodes) and generation of antigen-
experienced memory B cells and CNS plasma cells
(figure 3). Preliminary data from a study in which
patients with HSE are prospectively followed confirm
that approximately 20% develop NMDAR antibod-
ies®®; the antibodies are usually identified first in the
CSF and later in the serum. Antibodies against the
GABAa receptor (M. Spatola, MD, and J. Dalmau,
2016, unpublished), dopamine receptor,’" and other
unknown antigens (often coexisting with NMDAR
antibodies)?® may also occur in some patients. It is
unclear whether infections other than HSE are simi-
larly able to initiate autoimmune encephalitis.
Research on how viral encephalitis leads to synaptic
autoimmunity may help to answer the fundamental
question of how and where B cells are activated, reach
the CNS, and differentiate into plasma cells.
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The use of immune checkpoint inhibitors to
enhance antitumor immune responses in patients
with melanoma or other cancers,®” and less frequently
other medical interventions causing immune dysre-

36

gulation, such as organ transplantation,’® may associ-

ate with autoimmune encephalitis.

ANTIBODY EFFECTS ON SYNAPSES,
PLASTICITY, AND BEHAVIOR: IMPLICATIONS
FOR THERAPIES Brain biopsy or autopsy studies of

patients with anti-NMDAR encephalitis showed mild
inflammatory infiltrates, absent or mild neuronal loss,
microglial activation, and deposits of IgG without
complement.” In addition, the pattern of brain IgG
immunostaining resembled that observed with rat
brain immunostained with patients’ antibodies. These
findings and the substantial clinical recovery of most
patients after immunotherapy suggested that the
disorder resulted from neuronal dysfunction caused
by the antibodies rather than by irreversible neuronal
degeneration as usually occurs with cytotoxic T-cell-
mediated disorders.””

Findings using cultured neurons showed that the
antibodies caused selective crosslinking and internali-
zation of NMDARSs in both excitatory and inhibitory
hippocampal neurons, and produced a reduction of
NMDAR-mediated synaptic currents.'”*® These ef-
fects correlated with the antibody titers, were reversed
after the antibodies were removed, and did not affect
cell survival."” At the synapse, the antibodies disrupt
the interaction between NMDAR and Ephrin type
B2 receptor (EphB2).** The EphB2 receptor is
a member of a family of receptor tyrosine kinases that
modulate long-term potentiation (LTP) through
their interaction with NMDAR and stabilization
and clustering of this receptor in the postsynaptic
membrane.**! The disruption of this interaction re-
sults in displacement of NMDAR to extrasynaptic
sites followed by internalization.”” These findings
suggested that activation of EphB2 with a soluble
form of its ligand (ephrin B2) could antagonize the
pathogenicity of patients’ antibodies.

Data from these studies showed that anti-
NMDAR encephalitis fulfilled most of the Witebsky
criteria for antibody-mediated disease®? but the trans-
fer of symptoms to animals was missing. This was
recently accomplished in a model of chronic cerebro-
ventricular infusion of patients’ CSF antibodies.®
Mice underwent placement of ventricular catheters
connected to osmotic pumps that continuously deliv-
ered patients” or control CSF for 14 days. Animals
infused with patients’ but not control CSF developed
progressive memory deficits and anhedonic and
depressive-like behaviors (figure 4). The memory def-
icits gradually worsened during the infusion of CSF
antibodies and all symptoms gradually resolved after



[ Figure 4 Cerebroventricular infusion of patients’ NMDA receptor (NMDAR) antibodies causes memory and behavioral deficits in mice ]
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Mice underwent placement of bilateral ventricular catheters connected to subcutaneous osmotic pumps that during 14 days infused CSF from patients with
NMDAR antibodies or control CSF. At several timepoints during and after the infusion, animals underwent behavioral testing or were killed to determine the
binding and effects of the antibodies. (A) Animals infused with patients’ CSF antibodies developed severe memory impairment demonstrated by the novel
object recognition test (gray circles, n = 8 mice) compared with animals infused with control CSF (white circles, n = 10 mice). Data presented as standard
error of the mean. Significance assessed by 2-way analysis of variance with «-error of 0.05 and post hoc testing with Sidak-Holm adjustment, ***p < 0.001.
This memory deficit along with anhedonia-like behavior (not shown here) were accompanied by a progressive accumulation of brain-bound NMDAR anti-
bodies (predominantly in the hippocampus) that was maximal on day 18 (B, C). Quantitative analysis of the NMDAR clusters in 15 areas of the hippocampus
(only 1 per brain is shown in [D], which correspond to the small squares [a] and [b] in [C], day 18) demonstrates a significant reduction of density of total cell-
surface NMDAR clusters and synaptic NMDAR clusters (defined by colocalization with PSD95) in animals infused with patients’ CSF antibodies (D). (E)
Quantitative analysis of synaptic NMDAR cluster density in the 2 groups of animals (dark gray: infused with patients’ CSF; light gray: infused with control
CSF; 5 animals per group). Data presented as standard error of the mean. Significance assessed by 2-way analysis of variance with a-error of 0.05 (*) and
post hoc testing with Sidak-Holm adjustment (#), *$p < 0.05. Note that all antibody effects including memory deficits, accumulation of brain-bound human
NMDAR antibodies, and reduction of levels of NMDAR became maximal on day 18, and gradually recovered 10 days after stopping the antibody infusion.
Scale bars: B = 2 mm; C = 200 pum. Reproduced from Planaguma et al.*® with permission.

the infusion stopped. Brain tissue studies showed pro-
gressive binding of human NMDAR antibodies to
neurons, mainly in the hippocampus, along with
a progressive decrease of the density of synaptic
NMDAR clusters. These effects occurred in parallel
with memory and other behavioral deficits and
improved after the infusion of patients’ antibodies

stopped, leading to restoration of NMDAR levels
and reversibility of the symptoms (figure 4).%
Together, these findings showed a definite link
between antibody-mediated reduction of NMDAR
and memory and behavioral deficits.

This model has recently been used to further
investigate the effects of patient antibodies on
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[ Figure 5 NMDA receptor (NMDAR)-related cognitive networks and effect of NMDAR hypofunction ]

A

This simplified diagram shows some of the cognitive networks that are affected by NMDAR hypofunction. There are 3 crit-
ical nodes: (1) the subiculum, effector region of the hippocampus; (2) the dorsolateral prefrontal cortex (DLPFC), which sup-
ports executive function and working memory; and (3) the ventral tegmental area (VTA), which facilitates episodic and
working memory, and motivation. (A) At each of these nodes, glutamatergic excitatory inputs (mainly from lateral hypothal-
amus) to pyramidal or dopaminergic neurons provide collaterals to NMDAR-bearing GABAergic interneurons, which in turn

Continued
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synaptic plasticity and determine whether ephrin B2
(the ligand of EphB2) could antagonize the pathoge-
nicity of the antibodies. Mice were infused with
patient or control CSF with or without ephrin B2,
and subsequently assessed for symptoms, presence
of brain-bound antibodies, and alteration of the levels
of NMDAR. Synaptic plasticity was determined in
acute brain sections; the Schaffer collateral pathway
was stimulated and the field excitatory postsynaptic
potentials were recorded in the CAl region of the
hippocampus, showing that patient NMDAR anti-
bodies caused a striking impairment of LTP.* The
coinfusion of ephrin B2 with patients’ antibodies pre-
vented the pathogenic effects of the latter in all the
investigated paradigms used to assess memory,
depressive-like  behavior, density of synaptic
NMDAR and EphB2, and long-term synaptic plas-
ticity.* Preliminary studies showed that animals
infused with patients’ antibodies had an increase of
dendritic spine density in the CAl region of the hip-
pocampus that was not observed in mice coinfused
with ephrin B2 (Geis et al., 2016, unpublished). This
structural remodeling may represent a compensatory
mechanism similar to that reported in models of
NMDAR hypofunction mediated by ketamine.®
Overall, these studies demonstrate that patients’ anti-
bodies cause a prominent impairment of hippocam-
pal
plasticity, and suggest a potential role of ephrin B2

networks involved in long-term synaptic
analogs in the treatment of patients with anti-
NMDAR encephalitis (discussed below).

The approach of combining immunotherapy with
drugs antagonizing the effects of autoantibodies would
be similar to that used in myasthenia gravis and LEMS,
where a better understanding of the alterations pro-
duced by the autoantibodies led to the use of drugs
(e.g., anticholinesterases, 3,4-diaminopyridine) to
antagonize their effects. One envisions for anti-
NMDAR and other autoimmune encephalitis a similar
strategy combining immunotherapy with small mole-
cules able to cross the BBB and antagonize the anti-
body effects. This would potentially result in faster
control of symptoms and shorter process of recovery.

A similar approach was recently postulated for
encephalitis associated with antibodies against the
inhibitory GABAb

receptor.® In contrast to

NMDAR, the GABAb receptor is not a channel but
a metabotropic receptor that has robust inhibitory
effects on synaptic transmission. The receptor has 2
subunits: the B1 that binds GABA and the B2 that
activates G proteins intracellularly and modulates ion
channels and cell signaling pathways. In cultures of
dissociated rat hippocampal neurons, these form syn-
apses with each other and spontancously produce
synaptic currents and action potentials that are pow-
erfully attenuated by the application of baclofen.
Treatment of cultures of neurons with patients’ anti-
bodies (which bind the B1 subunit) abrogates the
inhibitory effects of baclofen on excitability. In pre-
liminary studies, it was found that an agonist of the
B2 subunit that bypasses the effects of patients” anti-
bodies was able to decrease antibody-mediated hyper-
excitability, suggesting a strategy to control the
refractory seizures and other symptoms of the disease
(Lancaster et al., 2016, unpublished).

Our knowledge of the pathogenic effects of other
neuronal cell surface autoantibodies is more limited,
due in part to their recent discovery. For at least 11
of them, the pathogenicity has been suggested in
studies using cultured neurons or heterologous cells
expressing the antigens (table).

ANTI-NMDAR ENCEPHALITIS AND THE NMDAR
HYPOFUNCTION MODEL OF SCHIZOPHRENIA:
TWO MECHANISMS CONVERGING ON NMDAR
NETWORKS To fully understand the clinical manifes-

tations of antibody-mediated disorders of the synapse,
it is necessary to consider the function of the target
antigens in brain synaptic networks or circuitry.
When this is done, it reveals points of convergence
with other disorders, such as schizophrenia. One of
the leading theories of schizophrenia is based on
data showing hypofunction of NMDAR, which
may actually underlie the hyperdopaminergic state
typical of this disorder.#” Antagonists of the
NMDAR result in positive (hallucinations, delusions,
hyperactivity) and negative (decreased motivation, flat
affect, deficits of memory and learning) symptoms that
resemble not only anti-NMDAR encephalitis, but also
schizophrenia.'" In addition, there is electrophysiologic,
neuroimaging, genetic, and postmortem evidence that
patients with schizophrenia have hypofunction of

Figure 5 legend, continued:

inhibit excessive pyramidal firing. GABAergic interneurons in the subiculum and DLPFC are parvalbumin positive (PV), and in
the DLPFC are characterized as the fast-spiking cells, which are involved in the generation of synchronous gamma oscilla-
tions. In the VTA, GABAergic interneurons also contain NMDAR and are glutamic acid decarboxylase (GAD)-positive.
Dopaminergic VTA neurons (DN) project to the nucleus accumbens (NAc), DLPFC, and hippocampus (not shown). The NAc
inhibits the globus pallidus medialis (GPm), which in turn tonically inhibits VTA dopaminergic neurons. (B) NMDAR
hypofunction (one of the leading theories of schizophrenia) is associated with increased pyramidal firing, which increases
the inhibitory activity of the NAc over the GPm and lessens the inhibitory tone over the VTA dopaminergic neurons. This
leads to an increased production of dopamine, as found in psychoses, along with impaired working memory related to the
altered function of PV interneurons (adapted from Masdeu et al.,*2 with permission).
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the NMDAR system, as shown in animal models of
psychoses (reviewed in reference 12). Figure 5 is
a simplified representation of NMDAR-related
cognitive networks including 3 nodes: subiculum
of the hippocampus (involved in declarative memory),
dorsolateral  prefrontal cortex (executive function,
working memory), and ventral tegmental region
(facilitates  episodic ~ and  working  memory,
motivation).” In this network, a decrease of availability
of NMDAR (genetic, pharmacologic, or autoimmune)
affecting the inhibitory neurons at each of these nodes
has important functional consequences, leading to
increased pyramidal firing and downstream signaling,
lessening the normal inhibitory tone over the ventral
tegmental region dopaminergic neurons. As a result,
there is an increased production of dopamine, typically
observed in psychoses, accompanied by impaired
working memory related to abnormal functioning of
NMDAR-bearing  parvalbumin-positive = GABAergic
interneurons of the prefrontal cortex.””#® An increase
in pyramidal activity has also been demonstrated with
NMDAR ablation restricted to the frontal pyramidal
neurons.”” Consequently, a decrease of NMDAR
function does not implicate a decrease of extracellular
glutamate; on the contrary, as a result of a decrease
of GABAergic inhibitory activity or signaling pathways
modulating NMDAR, there is an increase of extracellular

a47,50 and

glutamate, as suggested in schizophreni
demonstrated in the frontal cortex and hippocampus of
rats after local administration of patients NMDAR

antibodies.!

FUTURE STUDIES: AUTOANTIBODIES TO EXPLORE
BRAIN FUNCTION Different approaches to model

NMDAR  hypofunction (genetic, pharmacologic, or
immunologic) and differences in the region where the
NMDAR are predominantly depleted (general, cortico-
limbic, or hippocampal-parahippocampal) influence the
resulting phenotype, which also varies among animal
species.'”® In the mouse model of cerebroventricular
infusion of NMDAR antibodies, the region
predominantly affected is the hippocampus, leading to
impairment of long-term synaptic plasticity and
memory deficits.*** These findings are not surprising
considering the critical role of NMDAR in synaptic
plasticity, learning, and memory.”> We can now take
advantage of this human-related model (instead of
genetic or pharmacologic blockade of the receptor) to
determine the role of hippocampal NMDAR networks
in the formation and retrieval of long-term memories,
and how these networks change during periods of health
and disease (e.g., while animals have symptoms and
during the process of recovery). Technological
advances, such as calcium imaging visualization of the
firing of large ensembles of neurons via mini-
microscopes implanted in the hippocampus, allow
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assessment  of hippocampal networks in  freely
behaving mice performing memory tasks (data not
shown).”® Ongoing studies applying these techniques
to the indicated mouse model will also improve our
understanding  of the NMDAR-related circuit
alterations underlying some of the symptoms observed
in patents with anti-NMDAR encephalitis, such as
their profound amnesia of the disease.

In just a decade, we have learned of a new category
of diseases mediated by antibodies against cell surface
and synaptic proteins. Syndrome discovery continues,
and as a result the diagnosis and treatment of these pa-
tients have improved. The surprise has been in the large
number of disorders revealed in a short period of time,
suggesting that there are still others to be discovered.
Additional excitement comes with the recognition that
many of the immune targets are proteins or receptors
with critical roles in memory, behavior, cognition, and
psychosis. As shown here, we are learning the physiopa-
thology of these disorders, and this will lead to therapies
and to a better understanding of how the brain works.
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