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Abstract

Objective—To demonstrate that ephrin-B2 (the ligand of EphB2 receptor) antagonizes the
pathogenic effects of patients’” N-methyl-D-aspartate receptor (NMDAR) antibodies on memory
and synaptic plasticity.

Methods—One hundred twenty-two C57BL/6J mice infused with cerebrospinal fluid (CSF) from
patients with anti-NMDAR encephalitis or controls, with or without ephrin-B2, were investigated.
CSF was infused through ventricular catheters connected to subcutaneous osmotic pumps over 14
days. Memory, behavioral tasks, locomotor activity, presence of human antibodies specifically
bound to hippocampal NMDAR, and antibody effects on the density of cell-surface and synaptic
NMDAR and EphB2 were examined at different time points using reported techniques. Short- and
long-term synaptic plasticity were determined in acute brain sections; the Schaffer collateral
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pathway was stimulated and the field excitatory postsynaptic potentials were recorded in the CAl
region of the hippocampus.

Results—Muice infused with patients’ CSF, but not control CSF, developed progressive memory
deficit and depressive-like behavior along with deposits of NMDAR antibodies in the
hippocampus. These findings were associated with a decrease of the density of cell-surface and
synaptic NMDAR and EphB2, and marked impairment of long-term synaptic plasticity without
altering short-term plasticity. Administration of ephrin-B2 prevented the pathogenic effects of the
antibodies in all the investigated paradigms assessing memory, depressive-like behavior, density of
cell-surface and synaptic NMDAR and EphB2, and long-term synaptic plasticity.

Interpretation—Administration of ephrin-B2 prevents the pathogenic effects of anti-NMDAR
encephalitis antibodies on memory and behavior, levels of cell-surface NMDAR, and synaptic
plasticity. These findings reveal a strategy beyond immunotherapy to antagonize patients’ antibody
effects.

Anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis is an inflammatory disorder of
the brain that results in prominent neurological and psychiatric symptoms in association
with immunoglonulin G (IgG) antibodies against the GIuN1 subunit of the receptor. In
recent years, several studies have provided evidence that the antibodies alter synaptic
function and likely result in the clinical syndrome.2# Approximately 80% of the patients
improve with immunotherapy or sometimes spontaneously indicating that, despite the
severity and protracted course of the disease, the altered NMDAR signaling is largely
reversible.1:>~7 To date, the antibody effects have been mainly studied in cultured neurons
exposed to patients’ cerebrospinal fluid (CSF), demonstrating internalization of NMDAR
and a decrease in their surface density and NMDAR-mediated currents.2# At the synapse,
the antibodies disrupt the interaction between NMDAR and ephrin type B2 receptor
(EphB2), displacing the NMDAR to extrasynaptic sites before they are internalized.3 This
process of NMDAR internalization is antibody-titer dependent, reversible upon removing
the antibodies, and highly specific for NMDAR, without per se affecting the density of a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR).2 Furthermore,
antibody-treated neurons failed to increase the levels of AMPAR after chemical induction of
long-term potentiation (LTP), suggesting that the mechanisms of plasticity were altered.3
Disruption of long-term plasticity was also suggested by a study in which the antibodies
were applied for 5 minutes onto slices of normal mouse hippocampus.® However, none of
these studies determined whether long-term synaptic plasticity was altered in the brain of
mice with symptoms related to NMDAR antibodies or whether the mechanisms of short-
term plasticity were affected at the presynaptic level.

A definite link between development of memory and behavioral alterations and antibody-
mediated decrease of NMDAR was recently established in a mouse model of
cerebroventricular infusion of patients’ CSF antibodies.? The study showed a correlation
between the intensity of the symptoms and the time course of antibody administration as
well as between the reversibility of the symptoms and the restoration of levels of NMDAR
after discontinuing the antibody infusion. In the current study, we first reproduced these
findings using CSF from another group of patients and then applied the model to investigate
whether the antibodies alter synaptic plasticity using electrophysiological paradigms of
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short- and long-term plasticity at the Schaffer collateral pathway. Additionally, given that
previous work showed that ephrin-B2 antagonized the antibody-mediated changes in cell-
surface dynamics of NMDAR,3 we have investigated in vivo whether this ligand prevents
development of symptoms and antagonizes the mechanisms of disease in sets of experiments
examining memory and behavioral responses, levels of cell-surface and synaptic NMDAR
and EphB2, and synaptic plasticity in hippocampal networks. The results show a marked
antibody-mediated impairment of the mechanisms of long-term synaptic plasticity, revealing
a strategy to prevent the pathogenic effect of the antibodies that may lead to novel therapies.

Materials and Methods

Animals, Preparation of CSF, and Cerebroventricular Infusion of Antibodies

One hundred twenty-two male C57BL/6J mice (Charles River Laboratories, Wilmington,
MA), 8 to 10 weeks old (25-30 g), were used for the studies. Some animals were used for
more than one study (51 for memory and behavior, 60 for immunohistochemistry, and 29 for
electrophysiological studies). Animal care, anesthesia, insertion of bilateral ventricular
catheters (model 3280PD-2.0/SP; coordinates: 0.2mm anterior and 1.00mm lateral from
bregma, depth 2.2mm; PlasticsOne Inc., Roanoke, VA), and connection of each catheter to a
subcutaneous osmotic pump for continuous infusion of CSF (volume 100 /4, flow rate 0.25
(ih for 14 days; Alzet, Cupertino, CA) have been reported.® The CSF infused was pooled
from samples of 34 patients with high-titer IgG GIluN1 antibodies (all >1:320) and 12
patients with normal pressure hydrocephalus without NMDAR antibodies (control samples).
The patients used as controls had a history of rapidly progressive (median, 4 months; range,
2-9) memory deficits, cognitive decline, gait unsteadiness, or sphincter dysfunction; none of
them had CSF inflammatory changes or autoantibodies.

To avoid the presence of other antibodies or small molecules that may have biological
activity, patients’ CSF samples were selected and prepared using the following studies: (1)
confirmation that patients’ CSF only had NMDAR antibodies by immunoabsorption of a
representative sample of pooled CSF with HEK293 cells expressing the GIuN1 subunit of
the NMDARs showing abrogation of reactivity with mouse brain and NMDAR (tested in a
cell-based assay [CBAY]); (2) demonstration of the absence of antibodies against EphB2
receptor (confirmed by CBA, data not shown); and (3) CSF filtration (Amicon Ultracel 30K;
Sigma-Aldrich, St. Louis, MO), dialysis against phosphate-buffered saline (PBS), and
normalization to a physiological concentration of 2mg of 1gG/dl, as reported.®

Four experimental groups were established: mice infused with patients’ CSF without or with
ephrin-B2 (50ng of ephrin-B2 added to the 100 /4 of CSF in each osmotic pump; two pumps
per mouse; Sino Biological Inc, North Wales, PA), and mice infused with control CSF
without or with ephrin-B2. The total dose of ephrin-B2 (100ng infused over 14 days) was
based in a previous study using a single hippocampal injection (eg, 10ng/1 day).3 Animal
procedures were conducted in accord with standard ethical guidelines (European
Communities Directive 86/609/EU) and approved by the local ethical committees.
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Cognitive Tasks and Locomotor Activity

These tasks were aimed to assess memory (novel object recognition [NOR]) discrimination
index) and depressive-like behavior (tail suspension, and forced swimming tests) along with
locomotor activity (local motor, horizontal and vertical activity). The selection and timing of
these tasks were based on the findings of our previous study showing that patients’ CSF
antibodies, but not control CSF, caused memory deficits and depressive-like behaviors
without significant change of locomotor activity.? All behavioral tasks were performed by
researchers blinded to experimental conditions.

Immunohistochemistry, Confocal Microscopy, and Immunoprecipitation

All techniques related to immunolabeling of live cultures of dissociated rodent hippocampal
neurons,? immunoabsorption of patients” samples with antigen-expressing HEK cells,10
brain tissue processing, quantitative brain tissue immunoperoxidase staining, extraction of
human IgG bound to mice brain, and determination of NMDAR specificity of brain-
extracted IgG have been previously reported on.? To quantify the effects of patients’
antibodies on total cell-surface and synaptic NMDAR clusters and PSD95,
nonpermeabilized 5-zm brain sections were blocked with 5% goat serum, incubated with
human CSF antibodies (1:20; used here as primary NMDAR antibody) for 2 hours at room
temperature (RT), washed with PBS, permeabilized with Triton X-100 0.3% for 10 minutes
at RT, and serially incubated with rabbit polyclonal anti-PSD95 (1:250, ab18258; Abcam,
Cambridge, MA) overnight at 4 °C and the corresponding secondary antibodies, Alexa Fluor
594 or 488 goat antihuman Fab-specific 1gG (109-585-097 or 109-545-097; Jackson
Immunoresearch Laboratories, Inc., West Grove, PA) and Alexa Fluor 488 goat antirabbit
IgG (A-11008; Thermo Fisher Scientific, Waltham, MA), all diluted 1:1,000, for 1 hour at
RT. Clusters of EphB2 were identified using non-permeabilized tissue and a goat anti-
EphB2 as primary antibody (1:100, AF467; R&D Systems, Minneapolis, MN) overnight at
4 °C, followed by a secondary antibody, Alexa Fluor 594 donkey antigoat 1gG (A-11058,
1:1000; Thermo Fisher Scientific), for 1 hour at RT. Slides were mounted and results
scanned with a confocal microscope (Zeiss LSM710; Carl Zeiss GmbH, Jena, Germany) as
reported.? Standardized z-stacks including 50 optical images were acquired from 18
hippocampal regions per animal, including CA1, CA2, CA3, and dentate gyrus, as reported.?
For cluster density analysis, a spot detection algorithm from Imaris suite 7.6.4 (Bitplane,
Zurich, Switzerland) was used. Density of clusters in each hippocampal region was
expressed as spots/um3. Synaptic localization is defined as colocalization of NMDAR with
postsynaptic PSD95, and synaptic cluster density is expressed as colocalized spots/um3. For
animals treated with patients’ CSF with or without ephrin-B2 or control CSF with ephrin-
B2, the mean densities of all 18 hippocampal regions were calculated for total and synaptic
NMDAR and EphB2, and normalized to the mean density of the 18 hippocampal regions in
animals treated with control CSF (= 100%).

To demonstrate the binding of ephrin-B2 to EphB2, nonpermeabilized brain sections were
obtained from animals infused for 5 days with patients” CSF with or without ephrin-B2,
processed as above and sequentially incubated with rabbit anti-ephrin-B2 antibodies (1:500,
ab131536; Abcam) for 2 hours at 4 °C, washed, goat anti-EphB2 antibody (1:200, AF467;
R&D Systems) overnight at 4 °C, washed, and the secondary antibodies, Alexa Fluor 594
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donkey antigoat followed by goat-anti-rabbit 488 (A-11058 or A-11008; Thermo Fisher
Scientific), all diluted 1:1,000, for 1 hour at RT. For each animal, three identical image
stacks representing CA1 were examined. Intensity of ephrin-B2 immunostaining was
calculated with ImageJ software (National Institutes of Health [NIH], Bethesda, MD), and
colocalization of clusters of ephrin-B2 and EphB2 was determined with Imaris suite 7.6.4
(Bitplane). Results were normalized to the mean values obtained in animals treated with
patients” CSF + ephrin-B2 (100%).

To determine the phosphorylation of EphB2 by ephrin-B2, permeabilized brain tissue
sections were blocked as above and sequentially incubated with rabbit anti-phospho-EphB2
(dilution 1:50, E22-65BR; SignalChem, Richmond, British Columbia, Canada) overnight at
4 °C and a secondary antibody, Alexa 488 goat anti-rabbit (1:1,000, A-11008; Thermo
Fisher Scientific), for 1 hour at RT. Slides were then mounted and scanned with confocal
microscope as above.

To demonstrate the specificity of neuronal-bound 1gG, we used an immunoprecipitation
method similar to that previously reported.! In brief, cultures of live hippocampal neurons
were incubated for 1 hour with aliquots of the samples (patients’ or control CSF with or
without ephrin-B2) used for mice cerebroventricular infusion, washed, lysed, and neuronal-
bound IgG precipitated with protein A and G sepharose beads. Immunoprecipitates were
then run in a gel and incubated with a rabbit antibody specific for the NR1 subunit of the
NMDAR (#G8913; Sigma-Aldrich), diluted 1:1,000, for 1 hour at room temperature,
followed by a biotinylated anti-rabbit antibody (diluted 1:1,000, BA-1000; Vector
Laboratories, Burlingame, CA), and the reactivity developed with the avidin-biotin
peroxidase technique.

Electrophysiological Studies

Seventeen to 23 days after activation of osmotic pumps, mice were deeply anesthetized with
isofluorane and decapitated. Brains were removed, placed in ice-cold, high-sucrose
extracellular artificial fluid 1 (artificial CSF [aCSF] 1; 40mM of NaCl, 25mM of NaHCOs3,
10mM of glucose, 150mM of sucrose, 4mM of KCI, 1.25mM of NaH,POy,, 0.5mM of
CaCly, and 7mM of Mg,Cl; purged with 95% 04/5% CO» [pH 7.35]) and subdivided into
the hemispheres. Thick (400-um) coronal slices of hippocampus were obtained with a
vibratome (VT1200 S; Leica Microsystems, Wetzlar, Germany) and transferred into an
incubation beaker with extracellular aCSF 2 appropriate for electrophysiological recordings
(aCSF 2; 124mM of NaCl, 26mM of NaHCO3, 10mM of glucose, 3.4mM of KCI, 1.2mM of
NaH,PO4, 2mM of CaCl,, and 2mM of MgSOy; purged with 95% 0,/5% CO» [pH 7.35]).
Slices were kept at 34 °C for 60 minutes and subsequently at RT for at least 60 additional
minutes. For field potential measurements, single slices were then transferred into a
measurement chamber perfused with aCSF 2 at 1.3 to 2.5ml/min at 32 °C to 33 °C (control
CSF: number of acute slices: n = 7, prepared from brain hemisections of 4 mice; control
CSF + ephrin-B2: n = 7, from hemisections of 6 mice; patients’ CSF: n = 7, from
hemisections of 4 mice; patients’ CSF + ephrin-B2: n = 5, from hemisections of 5 mice). A
custom made bipolar stimulation electrode was placed in the Schaffer collateral pathway.
Recording electrodes were made with a puller (P-1000; Sutter Instrument Company, Novato,
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CA) from thick-walled borosilicate glass with a diameter of 2mm (Science Products,
Hofheim, Germany). The recording electrode filled with aCSF 2 was placed in the dendritic
branching of the CA1 region for local field potential measurement (field excitatory
postsynaptic potential; fEPSP). A stimulus isolation unit (Isoflex; A.M.P.I, Jerusalem, Israel)
was used to elicit stimulation currents between 70 and 260 uA). Before baseline recordings
for long-term potentiation (LTP) measurements, input-output curves were recorded for each
slice at 0.03Hz (control CSF: n = 8 slices from N = 5 mice; control CSF + ephrin-B2: n = 8,
N = 6; patients’ CSF: n =9, N = 5; patients’ CSF + ephrin-B2: n=7, N =5). The
stimulation current was then adjusted in each recording to evoke fEPSP at which the
population spike could first be distinguished from the field potential and was then reduced
by 10%.12 The final intensities of stimulation ranged from 60% to 70% of maximum fEPSP
slopes and were unchanged in between the experimental groups. After baseline recordings
for 25 minutes with 0.03Hz, LTP was induced by theta-burst stimulation (TBS; 10 theta
bursts of four pulses of 100Hz with an interstimulus interval of 200ms repeated 10 times
with 0.03Hz).13 After LTP induction, fEPSPs were recorded for additional 65 minutes with
0.03Hz. Paired-pulse fEPSPs in the test pathway were measured directly before and 30
minutes after LTP induction with 0.03Hz and an interstimulus interval of 100ms. The fEPSP
of the first paired-pulse stimulus was included in fEPSP analysis. All recordings were
filtered at 2.9 and 10kHz using Bessel filters of the amplifier. Traces were analyzed by
IGOR Pro software (WaveMetrics, Lake Oswego, OR).

Statistical Analysis

Results

Behavioral tests with multiple time points (NOR, locomotor activity) were analyzed using
repeated-measures two-way analysis of variance (ANOVA). The tail suspension test
(behavioral paradigm with single time point) was analyzed with one-way ANOVA. All
experiments were assessed for outliers, but none were identified, so measurements were
pooled per time point and treatment (patient or control CSF). Human IgG intensity from
different time points and electrophysiological data (LTP-induced changes in fEPSP slope
and absolute fEPSP slope values) were analyzed with two-way ANOVA. Intensity of
reactivity of patients’ antibodies with cultures of neurons, confocal cluster densities (GIUN1,
PSD95, and EphB2) at one time point, and assessment of fEPSP stimulation strength were
analyzed using one-way ANOVA. Electrophysiological data from the paired-pulse
experiment were analyzed with repeated-measures two-way ANOVA. Post-hoc analyses for
all experiments used Bonferroni correction for multiple testing. The EphB2 activation
experiment was assessed by two-tailed t test. A p value of <0.05 was considered significant.
The a-error was set at 0.05. All tests were done using GraphPad Prism software (version 6;
GraphPad Software Inc., La Jolla, CA).

Patients’ Antibodies Cause Memory and Behavioral Deficits That Are Prevented by Ephrin-

B2

We first confirmed that (1) pooled patients’ CSF only had GIuN1 NMDAR antibodies (Fig
1A), (2) ephrin-B2 did not block binding of patients’ antibodies (Fig 1B,C), and (3) binding
of patients’ antibodies to the neuronal surface was specific for NMDARs (eg, patients’
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antibodies precipitated this receptor; Fig 1D). We also confirmed in cultured neurons that
patients’ antibodies removed NMDARSs from synapses causing their internalization? and that
these effects were antagonized by ephrin-B22 (Fig 1E-G). Next, we used patients’ CSF
samples for cerebroventricular infusions to mice. Animals infused for 14 days with patients’
CSF antibodies, but not control CSF, showed a progressive impairment of memory (NOR
discrimination index) that was maximal on day 18 and recovered on day 25 (Fig 2A,B).
Compared with animals infused with control CSF, those infused with patients’ CSF
developed depressive-like behavior (longer time of immobility during the tail suspension test
[TST] on day 10; Fig 2C) that recovered after the CSF infusion stopped (assessed by forced
swimming test [FST] on day 20; Fig 2D). The reason for using two different tests to assess a
similar task is that mice cannot be re-exposed to TST or FST test because of behavioral
learning acquired during the first exposure. Although these tests are considered equivalent,
1415 fyture studies should confirm this in our model.

In contrast to the above-mentioned findings, mice that received patients’ CSF along with
ephrin-B2 showed a mild, not significant, decrease of memory on day 10 and normal
memory on day 18. In addition, mice that received ephrin-B2 did not develop depressive-like
behavior (Fig 2B,C; Supplementary Table 1A,B). No significant difference in motor activity
was noted among the different groups (Supplementary Table 2). Overall, these findings
confirm those of our previous study and demonstrate, for the first time, that the alteration of
memory and behavior caused by patients’ NMDAR antibodies can be largely prevented by
administration of ephrin-B2.

Ephrin-B2 Does Not Alter the Specific Binding of Patients’ Antibodies to Mouse NMDAR

Mice infused with patients’ CSF, but not control CSF, showed progressive accumulation of
brain-bound human 1gG, predominantly in the hippocampus (Fig 3A,B). Compared with
mice not receiving ephrin-B2, those infused with this ligand showed increased density of
ephrin-B2 bound to EphB2 and increased levels of EphB2 phosphory-lated (data not shown).
The dynamics and the degree of IgG binding to the brain were not altered by adding ephrin-
B2 to patients’ CSF (Fig 3A,B; Supplementary Table 3). NMDAR specificity of brain-bound
human IgG (confirmed in immunoabsorption experiments before infusion in mice; Fig 1A)
was further determined by acid extraction of the 1gG bound to hippocampus and testing it
with a CBA for NMDAR. IgG extracted from hippocampus of mice infused with patients’
CSF with or without ephrin-B2, but not control CSF, was specific for NMDAR (Fig 3C).
Confirmation that extracted IgG represented antibodies bound to the hippocampus and not
unbound antibodies (eg, present in blood vessels) was provided by the absence of reactivity
in the pre-extraction fraction (tissue wash fraction before applying acid; Fig 3D).

These experiments show that ephrin-B2 did not alter the specific binding of patients’
antibodies to mouse hippocampal NMDAR, although it prevented the memory and
behavioral deficits caused by the antibodies.
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The Antibody-Mediated Reduction of Synaptic NMDAR and EphB2 Is Antagonized by

Ephrin-B2

To determine whether the protective effects of ephrin-B2 occurred in vivo, we infused this
ligand along with patients’ antibodies into the cerebroventricular system of our mouse
model. We then compared the effects of patients’ antibodies on the density of total and
synaptic NMDAR in the hippocampus of mice infused with patients’ or control CSF, with or
without ephrin-B2. Eighteen hippocampal areas with 50 z-sections per area, representing a
total of 900 sections per animal (5 animals per group), were investigated (Fig 4A). Animals
infused with patients” CSF antibodies, but not control CSF, showed a significant decrease of
the density of total and synaptic NMDAR clusters. These effects were largely prevented
when ephrin-B2 was coinfused with patients’ antibodies (Fig 4B,D).

Patients’ antibodies also caused a decrease of the density of EphB2 that was prevented by
coinfusion of ephrin-B2 (Fig 4C,E) similar to the results observed with cultured neurons
(Fig 1F,H). Furthermore, we observed an increase in the density of colocalized EphB2/
NMDAR in animals receiving ephrin-B2 either with patients’ or control CSF (Fig 4E). This
increase of colocalized EphB2/NMDAR, but not the total number of cell-surface EphB2 in
the control group, is in line with studies showing that activation of EphB2 facilitates
interaction with NMDAR and increases formation of EphB2/NMDAR clusters.1® Our
findings confirm that CSF antibodies from patients with anti-NMDAR encephalitis cause a
decrease of cell-surface and synaptic NMDAR in vitro and in mice, and show that these
molecular effects as well as the resulting memory and behavioral deficits are prevented by
the activation of EphB2 with ephrin-B2 in vivo.

Ephrin-B2 Antagonizes Antibody-Mediated Impairment of Hippocampal Long-Term
Synaptic Plasticity

Acute brain slices from mice infused with patients’ or control CSF, without or with ephrin-
B2, were used to record fEPSPs in the CA1 region of the hippocampus (Fig 5A). Animals
infused with patients” CSF showed a substantial reduction of LTP compared with animals
infused with control CSF, as shown by analysis of fEPSP slope change (Fig 5B,C).
Quantitative analysis comparing median changes in slope values of minutes 40 to 90 of the
recordings (15 minutes after TBS) demonstrated a reduced potentiation of fEPSP in mice
receiving patients’ CSF in comparison to those receiving control CSF (Fig 5D).
Coadministration of patients’ CSF antibodies with ephrin-B2 partially abrogated the
NMDAR antibody-mediated impairment of potentiation (Fig 5C,D; p <0.0001).
Administration of ephrin-B2 together with control CSF had no effects on the potentiation of
fEPSP.

In contrast to severe reduction of hippocampal LTP, short-term plasticity was not affected in
animals infused with patients’ CSF antibodies. We performed a paired-pulse protocol before
and after TBS in the CA3-CA1 synapse. As expected, fEPSP recordings showed significant
paired-pulse facilitation (Fig 5E) according to increased presynaptic release probability. This
effect was preserved in mice receiving patients’ CSF regardless of the presence of ephrin-
B2. Moreover, the fEPSP slope values of the first of the paired stimuli before and after TBS
did not change in mice infused with patients’ CSF, but they significantly increased in mice
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infused with patients CSF and ephrin-B2, consistent with the antibody-induced impairment
of LTP shown in Figure 5C. Input-output curves of fEPSPs reflecting glutamatergic
transmission in the CA1/Schaffer collateral pathway at increasing stimulus intensities
revealed an exponential rise of fEPSP slope values to a maximum plateau phase that is
finally reached by complete stimulation of the fiber tract. In animals that received patients’
CSF, absolute fEPSP slope values were reduced at nearly all stimulation intensities and also
in the plateau phase compared to those of control animals. Coinjection of ephrin-B2 led to
improvement of antibody-induced reduction of fEPSP slope (Fig 5F; p = 0.001 compared to
patients’ CSF). fEPSPs in slices of mice infused with control CSF and ephrin-B2 showed no
differences compared to animals infused with control CSF alone. Thus, we found severe
impairment of postsynaptic, but not presynaptic, plasticity after TBS in animals that received
patients’ CSF.

Discussion

We have used a mouse model of chronic cerebroventricular infusion of patients’ NMDAR
antibodies to demonstrate the antibody pathogenicity at multiple levels from behavior to
synaptic plasticity, and that all antibody-mediated effects can be at least partially prevented
by administration of ephrin-B2, suggesting a novel molecular intervention with potential
therapeutic implications.

Our results with CSF from a new group of patients with anti-NMDAR encephalitis
accurately reproduced those of our previous study,? as expected, knowing the limited GIuN1
epitope repertoire in patients with this disorder.1” A novel finding was that patients’
antibodies caused a reduction of EphB2, a receptor that stabilizes the NMDAR at the
synapsis.18

Previous work with cultured neurons showed that patients GIuN1 antibodies interfered with
NMDAR signaling by reducing NMDAR-mediated miniature excitatory postsynaptic
currents (MEPSCs).217 GluN1 is the obligatory subunit for formation of functional
NMDAR, and GluN1 knockout mice die within hours after birth.1® Hippocampal CA1
region-specific GIuN1 knockouts show impaired spatial and temporal learning with severe
impairment of formation of LTP in the Schaffer collateral/CAL synapse, demonstrating the
role of NMDAR in establishing synaptic plasticity and memory formation.2%-21 Our findings
show that similar hippocampal network alterations occur when the NMDAR is targeted by
GIuN1 antibodies from patients with anti-NMDAR encephalitis. Indeed, LTP recordings in
the CA3-CA1 synapses of acute brain slices of our mouse model showed severe impairment
of hippocampal synaptic plasticity. This finding possibly accounts for the memory and
behavioral deficits observed in our animal model. Long-term impairment of synaptic
plasticity by altered NMDAR function may result in reduction of activity-induced
incorporation of high-conductance AMPARSs in synaptic receptor fields, which is one of the
main postsynaptic mechanisms of LTP.22 In contrast to these postsynaptic alterations,
paired-pulse facilitation was unaffected accounting for largely intact presynaptic release
mechanisms.23
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A study using bilateral single injection of patients’ CSF into the dentate gyrus of rats
showed impairment of spatial memory along with a reduction of NMDAR-evoked excitatory
postsynaptic potentials and long-term potentiation.2* However, these alterations appeared to
be irreversible and similar to those of a commercial GIuN1 antibody, the binding of which
requires cell permeabilization, suggesting that antibody-independent factors may have been
involved.* Another study that aimed to model seizures in mice by single cerebroventricular
injection of patients’ 1gG showed no spontaneous epileptic activity, but a decrease of seizure
threshold.2> The NMDAR specificity of these effects (eg, change of synaptic NMDAR
cluster density or NMDAR synaptic currents) was not investigated.

Eph receptors are a family of receptor tyrosine kinases that modulate LTP probably through
their interaction with NMDAR and stabilization and clustering of this receptor in the
postsynaptic membrane.16:26-28 Ephrin signaling, such as ephrin-B2 binding to the EphB2,
is important to establish LTP in CA3-CA1 synapses for which downstream kinase signaling
upon EphB activation is not critical as intracellular truncated forms of EphB do not interfere
with LTP.26:29 |In our mouse model, we hypothesize that autoantibody-induced disruption of
the direct extracellular interaction of NMDAR with EphB216 results in reduction of
synaptically located NMDAR, leading to memory and behavioral deficits and reduced LTP.
Moreover, ligand-dependent direct interaction of EphB2 and NMDAR may also influence
phosphorylation status or subunit composition of NMDAR and, in this way, modulate
synaptic plasticity.1® In cultured neurons, the antibody-mediated disruption of the cross-talk
of NMDAR and EphB2 leading to NMDAR synaptic displacement and internalization is
efficiently antagonized by stimulation of EphB2.3 Here, we provide evidence that in mice
receiving patients’ antibodies, treatment with ephrin-B2 is able to partially prevent the
antibody-induced impairment of LTP and glutamatergic transmission in the hippocampus.

Direct quantification of ephrin-B2-induced restoration of NMDAR-mediated individual
currents awaits further experimental evidence by evaluating synaptic currents using patch-
clamp experiments at the single-cell level. These effects ex vivo are supported by the
morphological findings demonstrating abrogation of the antibody-induced reduction of
NMDAR and EphB2 in the ephrin-B2-treated mice. Thus, stabilization of NMDAR
expression in the postsynaptic receptor fields mediated by stimulation of Eph2B receptors
may account for the rescue of memory and behavioral deficits in this animal model.

Different from the current model in which the antibodies are infused by a pump that stops
after 14 days, in the human disease the exposure of brain to central nervous system (CNS)
antibodies decreases slowly over months.3%:31 A relevant source of CNS antibodies are the
plasma cells demonstrated in pathological studies3233 and associated with intrathecal
synthesis of antibodies.:8 Current treatments (plasma exchange, intravenous immune
globulin, or rituximab) have limited efficacy on removing antibodies and plasma cells from
the CNS. Thus, prolonged exposure of the human brain to NMDAR antibodies may disturb
synaptic networks, as suggested by our observed decrease of synaptic NMDAR and
alteration of synaptic plasticity in our model. It is important to keep in mind that a period of
14 days in 2-month-old mice is equivalent to 60 weeks in humans.3# Additionally, in the
human disease, the presence of inflammatory cells, mediators of inflammation, and frequent
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clinical complications (eg, intensive care unit complications, autonomic instability) may
modify the outcome of the disorder.3°

An important finding of this study is that all antibody-mediated deficits, from memory to
synaptic plasticity, were substantially prevented by ephrin-B2, providing a potential
treatment strategy with peptides or small-molecule agonists of EphB2. There is precedence
for the clinical use of agonists of other types of Ephrin receptors, such as the EphA2 agonist,
doxazosin, which is used for treatment of benign prostate hypertrophy, but in experimental
models also inhibits tumor cell migration and metastases.3¢ In antibody-mediated disorders
of the neuro-muscular junction, such as myasthenia gravis or Lambert-Eaton syndrome, the
discovery of the physiopathological underpinnings led to the development of drugs that
antagonize the effects of the corresponding antibodies (eg, anti-cholinesterases and 3,4-
diaminopyridine).3” One envisions a similar result in anti-NMDAR and perhaps other auto-
immune encephalitis, in which the combined use of immunotherapy and small molecules
crossing the blood-brain barrier and antagonizing antibody effects could represent a future
treatment approach. For anti-NMDAR encephalitis, such drugs may lead to a faster control
of the severe symptoms of the disease, stabilizing the function of the NMDAR in the
synapses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Soluble ephrin-B2 does not interfere with antibody binding and prevents antibody-induced

reduction of surface NMDAR and EphB2 clusters in cultures of neurons. (A) Sections of
mouse hippocampus incubated with pooled CSF from patients with anti-NMDAR
encephalitis not preabsorbed (left), and pre-absorbed with HEK293 cells expressing
(middle) and not expressing (right) the GIuN1 subunit of the NMDARs. Preabsorption with
GIluN1 abrogates patients’ CSF reactivity with brain; scale bar = 200 um. (B) Cultured rat
hippocampal neurons incubated for 1 hour with patients’ or control CSF with or without
ephrin-B2 show similar immunolabeling by patients’ antibodies regardless of the presence of
ephrin-B2; scale bar = 10 um. (C) Quantification of intensity of CSF 1gG reactivity (10
dendrites per condition); bars show the mean intensity + standard error of the mean in
percentage relative to patients’ CSF 1gG reactivity. Significance assessed by one-way
analysis of variance (ANOVA,; p <0.0001) with Bonferroni post-hoc correction; ****p
<0.0001. (D) Immunoprecipitation of the neuronal antigen bound to patients’ IgG showed
that the target was the NMDAR (band at ~110kDa); the same result was obtained in neurons
incubated with patients” CSF with or without ephrin-B2. (E) Representative dendrite of
hippocampal neurons immunostained for surface NMDAR (green) and PSD95 (red) after
24-hour treatment with patients’ CSF antibodies (Pt CSF) or control CSF (Ct CSF) without
or with ephrin-B2. Patients’ antibodies reacted with surface NMDAR in nonpermeabilized
neurons; synaptic NMDARs were defined by the colocalization of reactivity with PSD95
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(yellow). (F) Immunostaining of surface EphB2 after 24-hour treatment with Pt CSF or Ct
CSF without or with ephrin-B2. Scale bars = 10 pm. (G) Quantification of the density of
surface and synaptic NMDAR: The presence of ephrin-B2 prevented the antibody-mediated
reduction of surface and synaptic NMDAR clusters. PSD95 was not affected by ephrin-B2.
(H) Quantification of the density of EphB2: The presence of ephrin-B2 prevented the
antibody-mediated reduction of EphB2 (n = 10 cells per condition; three independent
experiments). Cluster density analysis was performed with a spot detection algorithm from
Imaris suite 7.6.4 (Bitplane). (%) in Y axis represents the number of surface clusters
(NMDAR or EphB2) or synaptic clusters (NMDAR) per dendrite (measured three-
dimensionally [3D])/length of the dendrite; (3%) represents the number of intracellular
clusters of PSD95 (measured in 3D)/length of dendrite. Significance of treatment effect was
assessed by one-way ANOVA (p <0.0001 for NMDAR, synaptic NMDAR, and EphB2) with
Bonferroni post-hoc correction; ****p <0.0001. CSF = cerebrospinal fluid; 1gG =
immunoglobulin G; NMDAR = N-methyl-D-aspartate receptor.
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FIGURE 2.
Intraventricular infusion of CSF from patients with NMDAR antibodies causes deficits in

memory and depressive-like behavior that are prevented by ephrin-B2. (A) Schedule of
cognitive testing and animal sacrifice. Memory (novel object recognition [NOR]
discrimination index), depressive-like behavior (tail suspension test [TST] and forced
swimming test [FST]), and locomotor activity (LOC) were assessed blinded to treatment at
the indicated days. The NOR discrimination index was assessed in open field in four
different cohorts of mice. Animals were habituated the day before surgery (baseline) to NOR
and LOC. Red arrow heads indicate the days of sacrifice for studies of effects of antibodies
in brain. (B) NOR index in open-field paradigm in animals treated with patients’ CSF
antibodies (Pt CSF; solid circles), Pt CSF + ephrin-B2 (open circles), control CSF (Ct CSF;
solid squares), or Ct CSF + ephrin-B2 (open squares). A high index indicates better object
recognition memory. (C) Total time of immobility in TST during the infusion period (day
12). (D) Total time of immobility in FST (day 20). Data are presented as mean + standard
error of the mean (median * interquartile range IQR in C and D). Number of animals:
patients’ CSF, n = 12; patients’ CSF + ephrin-B2, n = 13; control CSF, n = 13; and control
CSF + ephrin-B2, n = 13. Significance of treatment effect was assessed by repeated-
measures two-way analysis of variance (ANOVA; p = 0.0001; B) with post-hoc testing with
Bonferroni adjustment (asterisks), or one-way ANOVA (p = 0.0032) and Bonferroni post-
hoc correction (C). Patients’ CSF versus control CSF: **p <0.01; ****p<0.0001; patients’
CSF versus patients’ CSF + ephrin-B2: $p<0.05; $%%<0.0001; patients’ CSF versus
control CSF + ephrin-B2: *p <0.01; " <0.001; ~*~*p <0.0001. CSF = cerebrospinal fluid;
NMDAR = N-methyl-D-aspartate receptor.
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FIGURE 3.
Animals infused with patients’ CSF have a progressive increase of human anti-NMDAR 1gG

bound to hippocampus that is not altered by ephrin-B2. (A) Immunostaining of human 1gG
in sagittal hippocampal sections of mice infused with patients’ CSF antibodies (Pt CSF), Pt
CSF + ephrin-B2, control CSF (Ct CSF), and Ct CSF + ephrin-B2, sacrificed at the indicated
experimental days. In animals infused with patients’ CSF and patients’ CSF + ephrin-B2,
there is a gradual increase of IgG immunostaining until day 18, followed by a decrease of
immunostaining. Scale bar: A =200 um. (B) Quantification of intensity of human IgG
immunostaining in hippocampus of mice infused with patients’ CSF (red bars), patients’
CSF + ephrin-B2 (gray bars), control CSF (blue bars), and control CSF + ephrin-B2 (cyan
bars) sacrificed at the indicated time points. For all quantifications, mean intensity of 1gG
immunostaining in the group with the highest value (animals treated with patients’ CSF and
sacrificed at day 18) was defined as 100%. All data are presented as mean * standard error
of the mean. For each time point, 5 animals of each experimental group were examined.
Significance of treatment effect was assessed by two-way analysis of variance (ANOVA;
time points, treatment, and interaction, all p<0.0001), and post-hoc analyses were
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performed with Bonferroni correction; ****p <0.0001. (C and D) Demonstration that the
human IgG in mouse brain has NMDAR specificity: HEK293 cells expressing the GIuN1
subunit of the NMDAR immunolabeled with acid-extracted 1gG fractions (top row in C) or
pre-extraction fractions (top row in D) from hippocampus of mice infused with patients’
CSF antibodies (Pt CSF), Pt CSF + ephrin-B2, control CSF (Ct CSF), or Ct CSF + ephrin-
B2 at day 18. The intense reactivity with GIuN1-expressing cells was noted in acid-extracted
IgG fractions from Pt CSF and Pt CSF + ephrin-B2 groups (C); none of the pre-extraction
fractions from any animal group showed GIuNL1 reactivity (D). The second row in (C) and
(D) shows the reactivity with a monoclonal GIuN1 antibody, and the third row the
colocalization of immunolabeling. Scale bars = 10 ym. Pt CSF (n = 5), Pt CSF + ephrin-B2
(n=5), Ct CSF (n =5), and Ct CSF + ephrin-B2 (n = 5). CSF = cerebrospinal fluid; IgG =
immunoglobulin G; NMDAR = N-methyl-D-aspartate receptor.
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Soluble ephrin-B2 antagonizes the antibody-mediated reduction of NMDAR and EphB2 in
mice hippocampus. (A) Hippocampus of mouse immunolabeled for PSD95 and NMDAR.
Images were merged (merge) and postprocessed to demonstrate colocalizing clusters.
Squares in “merge” indicate the analyzed areas in CA1, CA2, CA3, and dentate gyrus. Each
square is a three-dimensional (3D) stack of 50 sections. Scale bar = 200 um. (B) 3D
projection and analysis of the density of total clusters of PSD95 and NMDAR, and synaptic
clusters of NMDAR (defined as NMDAR clusters colocalizing with PSD95) in a CA3 region
(square in A “merge™) from a representative animal of each experimental group. Merged
images (merge: PSD95 [green]/NMDAR [red]) were postprocessed and used to calculate the
density of clusters (density = spots/pum3). Scale bar = 2 um. (C) Density of total clusters of
EphB2 and EphB2 colocalizing with NMDAR. Scale bar = 2 ym. (D) Quantification of the
density of total (left) and synaptic (right) NMDAR clusters, and (E) total EphB2 and EphB2
colocalizing with NMDAR at day 18 in a pooled analysis of hippocampal areas (CA1, CA2,
CA3, and dentate gyrus) in animals treated with patients’ CSF antibodies (Pt CSF; red), Pt
CSF + ephrin-B2 (gray), control CSF (Ct CSF; blue), and control Ct CSF + ephrin-B2
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(cyan). Mean density of clusters in control CSF treated animals was defined as 100%. Data
are presented as scatterplot + mean * standard error of the mean. For each condition, 5
animals were examined (18 hippocampal areas per animal = 90 hippocampal areas per
condition). Significance of treatment effect was assessed by one-way analysis of variance (p
<0.0001) and by post-hoc analysis with Bonferroni correction; **p <0.01; ***p <0.001;
****1<0.0001. CSF = cerebrospinal fluid; NMDAR = N-methyl-D-aspartate receptor.
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FIGURE 5.

Patients’ antibodies cause severe impairment of long-term synaptic plasticity in the
hippocampus that is partially prevented by ephrin-B2. (A) The Schaffer collateral pathway
(SC, red) was stimulated (Stim) and field potentials were recorded in the CA1 region of the
hippocampus (Rec). Long-term potentiation (LTP) was induced by theta-burst stimulation
(TBS); DG = dentate gyrus; CA = Cornu Ammonis. (B) Example traces of individual
recordings showing average traces of baseline recording before LTP induction (black traces)
and after LTP (red traces). Slope and peak amplitude of fEPSPs are increased after TBS in
mice infused with control CSF (Ct CSF) and Ct CSF + ephrin-B2, whereas manifestation of
LTP is strongly impaired in animals infused with patients’ CSF antibodies (Pt CSF). In mice
infused with Pt CSF + ephrin-B2, the increase of slope is improved. Note that initial peak
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amplitude of fEPSP may vary within individual recordings. (C) Time course of fEPSP
recordings demonstrating robust changes in fEPSP slope in the Ct CSF (n = 7 recordings,
blue open circles) and Ct CSF + ephrin-B2 group (n = 7, cyan open squares), which is stable
throughout the recording period after TBS (arrow). In animals chronically infused with Pt
CSF (n =7, red solid circles), the induction of synaptic LTP is markedly impaired.
Recordings from the Pt CSF + ephrin-B2 group (n = 5, gray solid squares) show partially
resolved effects on synaptic plasticity after LTP induction. (D) Quantitative analysis of LTP-
induced changes in fEPSPs in the plateau interval after TBS depicted as comparison to each
individual baseline value (slope increase as median values + standard error of the mean in
the consolidation phase during the last 50 minutes of each recording, starting 15 minutes
after TBS). Chronic application of Pt CSF results in marked reduction of LTP (13.3 £ 4.1%
slope increase vs 73.6 + 19.3% and 68.3 + 14.7% in Ct CSF and Ct CSF + ephrin-B2,
respectively). Coadministration of soluble ephrin-B2 improved fEPSP potentiation to levels
of 33.7 £ 5.5%. Significance of treatment effect was assessed by two-way analysis of
variance (ANOVA,; p<0.0001 for treatment group) and by post-hoc analysis with Bonferroni
correction; ***p <0.001. (E) Patients’ antibodies do not alter short-term plasticity, as
revealed by paired-pulse facilitation. Short-term plasticity in the Schaffer collateral-CAl
synaptic region shows paired pulse facilitation as measured by mean slope values of the first
(1st) and second (2nd) stimulus in the group of mice infused with control CSF (Ct CSF,
blue), Ct CSF + ephrin-B2 (cyan), patients” CSF antibodies (Pt CSF, red), or Pt CSF +
ephrin-B2 (grey) before (pale color) and after (dark color) LTP induction. Analysis of 2nd
versus 1st stimulation reveals a significant increase of fEPSPs in all groups and at both time
points before LTP induction (Ct CSF: p<0.0001; Ct CSF + ephrin-B2: p=0.0002; Pt CSF:
p=0.0012; Pt CSF + ephrin-B2: p=0.0004) and after LTP (Ct CSF: p<0.0001; Ct CSF +
ephrin-B2: p=0.0009; Pt CSF: p<0.0001; Pt CSF + ephrin-B2: p <0.0001). Comparison of
fEPSPs after the first stimulus before and after LTP induction shows a significant increase in
the Pt CSF + ephrin-B2 (p = 0.0007) and both control CSF groups (Ct CSF: p=0.0003; Ct
CSF + ephrin-B2: p=0.0004), but not in the Pt CSF group (p= 0.21). Analysis was
performed using repeated-measures two-way ANOVA (p <0.0001 for treatment groups) and
post-hoc analysis with Bonferroni correction; **p <0.01; ***p <0.001; ****p <0.0001. (F)
Analysis of fEPSP absolute slope values depending on stimulus amplitude. Increasing
stimulation leads to higher slope values reaching a plateau phase at stimulation strength
>400 pA (maximum slope and peak amplitude of fEPSP). The fEPSP slope is significantly
reduced in mice infused with patients’ CSF antibodies (Pt CSF; red circles). In the Pt CSF +
ephrin-B2 group (gray circles), the fEPSP slope is partially restored in comparison to mice
infused with Pt CSF. Blue and cyan squares indicate animals infused with control CSF (Ct
CSF) and Ct CSF + ephrin-B2, respectively. Two-way ANOVA showed p <0.0001 for
increasing stimulation and treatment; post-hoc analysis with Bonferroni correction showed
difference between the groups of mice infused with Pt CSF compared with Ct CSF with or
without ephrin-B2 (p <0.0001); Pt CSF compared with Pt CSF + ephrin-B2 (p= 0.001); and
Pt CSF + ephrin-B2 compared with Ct CSF (o =0.0007). CSF = cerebrospinal fluid.
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