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Acute Mechanisms Underlying Antibody
Effects in Anti–N-Methyl-D-Aspartate

Receptor Encephalitis

Emilia H. Moscato, BA,1 Xiaoyu Peng, PhD,1 Ankit Jain, BS,1

Thomas D. Parsons, VMD, PhD,2 Josep Dalmau, MD, PhD,3,4

and Rita J. Balice-Gordon, PhD1

Objective: A severe but treatable form of immune-mediated encephalitis is associated with antibodies in serum and
cerebrospinal fluid (CSF) against the GluN1 subunit of the N-methyl-D-aspartate receptor (NMDAR). Prolonged
exposure of hippocampal neurons to antibodies from patients with anti-NMDAR encephalitis caused a reversible
decrease in the synaptic localization and function of NMDARs. However, acute effects of the antibodies, fate of the
internalized receptors, type of neurons affected, and whether neurons develop compensatory homeostatic mecha-
nisms were unknown and are the focus of this study.
Methods: Dissociated hippocampal neuron cultures and rodent brain sections were used for immunocytochemical,
physiological, and molecular studies.
Results: Patient antibodies bind to NMDARs throughout the rodent brain, and decrease NMDAR cluster density in
both excitatory and inhibitory hippocampal neurons. They rapidly increase the internalization rate of surface NMDAR
clusters, independent of receptor activity. This internalization likely accounts for the observed decrease in NMDAR-
mediated currents, as no evidence of direct blockade was detected. Once internalized, antibody-bound NMDARs
traffic through both recycling endosomes and lysosomes, similar to pharmacologically induced NMDAR endocytosis.
The antibodies are responsible for receptor internalization, as their depletion from CSF abrogates these effects in
hippocampal neurons. We find that although anti-NMDAR antibodies do not induce compensatory changes in gluta-
mate receptor gene expression, they cause a decrease in inhibitory synapse density onto excitatory hippocampal
neurons.
Interpretation: Our data support an antibody-mediated mechanism of disease pathogenesis driven by
immunoglobulin-induced receptor internalization. Antibody-mediated downregulation of surface NMDARs engages
homeostatic synaptic plasticity mechanisms, which may inadvertently contribute to disease progression.
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Glutamatergic transmission is central to many func-

tions thought to depend on synaptic plasticity,

including learning and memory, cognition, and behavior.1,2

Several newly described immune-mediated encephalitides

that target synaptic antigens have offered novel insights into

the link between synapse function and human cognition

and behavior.3,4 One form of autoimmune encephalitis is

associated with antibodies against the N-methyl-D-aspartate

receptor (NMDAR).5,6 Consistent with the prominent role

of NMDARs in glutamatergic transmission as well as

activity-dependent plasticity, symptoms of anti-NMDAR

encephalitis include sudden behavioral, memory, and per-

sonality changes that progress to seizures, autonomic insta-

bility, and coma. If left untreated, irreversible deficits and

death can occur. Immunotherapy treatment leads to a sub-

stantial to full recovery for about 80% of patients.7

NMDARs, along with a-amino-3-hydroxy-5-

methylisoxazole-4-propionic acid (AMPA) and kainate
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receptors, mediate glutamatergic synaptic transmission and

have a prominent role in synaptic plasticity, learning, and

behavior. Pharmacological blockade or genetic reduction

of NMDARs alters learning and memory,8–10 excitatory–

inhibitory balance,11,12 and behavior.13–15 Defects in glu-

tamate signaling have been linked to neuropsychiatric dis-

orders, and NMDAR hypofunction has been proposed to

be part of the pathophysiological mechanisms underlying

schizophrenia.16 Subanesthetic doses of NMDAR blockers

such as phencyclidine and ketamine are psychotomimetic

in humans and rodents, and cause the stereotypic move-

ments, autonomic instability, and seizures that are charac-

teristic of anti-NMDAR encephalitis.17,18

The striking parallels between patient symptoms and

the consequences of NMDAR hypofunction described

above underscore the importance of determining the

mechanisms of antibody-mediated dysfunction in this dis-

ease. Patient antibodies cause a selective, reversible decrease

of NMDAR surface density, synaptic localization, and cur-

rents in vitro.6,19,20 Here, we explored mechanisms of dis-

ease pathogenesis, investigating whether patient antibodies

preferentially bind to NMDARs on specific types of neu-

rons or brain regions, the time course of receptor internal-

ization, whether antibodies directly antagonize the

receptor, whether components besides immunoglobulins

within patient cerebrospinal fluid (CSF) can contribute to

downregulation of NMDARs, and whether neurons

engage homeostatic mechanisms in response to the

decrease in glutamatergic transmission. Understanding the

acute mechanisms of antibody-mediated dysfunction sets

the stage for future studies in in vivo models of anti-

NMDAR encephalitis.

Materials and Methods

Cell Culture and Treatment
Hippocampal neurons were prepared and maintained from

embryonic day 18 rat pups as previously described.19 Neurons

were treated on in vitro day 14 (DIV14; unless otherwise

noted) with CSF from patients or controls at a dilution of

1:20, and drugs at the following concentrations: amino-phos-

phonovaleric acid (APV), 50lM; picrotoxin, 10lM; NMDA,

1mM; glycine, 10lM. Cerebrospinal fluid and serum were

obtained from randomly selected patients with well-

characterized clinical manifestations of anti-NMDAR encephali-

tis. Antibodies to the NMDAR were demonstrated as previ-

ously reported.6 Control samples were obtained from patients

undergoing CSF screening for various disorders not associated

with antibodies against the NMDAR.

Immunostaining
Immunostaining protocols for cultured neurons and rodent

brain sections have been described in detail elsewhere.19 Neu-

rons were treated as specified in the text and incubated with the

following primary antibodies: to label NMDARs, anti-GluN1

(Millipore, Billerica, MA; AB9864R, 1:100) and anti-GluN1

(Sigma, St Louis, MO; G8913,1:100); inhibitory neurons, anti–

glutamic acid decarboxylase 6 (GAD6; Developmental Studies

Hybridoma Bank, Iowa City, IA; 1:20; the monoclonal antibody

was developed by Dr David I. Gottlieb at Washington Univer-

sity School of Medicine and is maintained at the University of

Iowa); presynaptic terminals, anti-bassoon (Stressgen Biore-

agents, Ann Arbor, MI; VAM-PS003, 1:400); recycling endo-

somes, anti-Rab11 (Zymed Laboratories, San Francisco, CA;

71–5300, 1:100); lysosomes, anti-Lamp1 (Enzo Life Sciences,

Plymouth Meeting, PA; ADI-VAM-EN001, 1:100); c-

aminobutyric acid receptors (GABAARs), anti-GABAAb2/3

(Millipore, 05–474, 1:500); and presynaptic inhibitory termi-

nals, anti-vesicular GABA transporter (vGAT; Synaptic Systems,

G€ottingen, Germany; 131-004, 1:1,000). Manufacturer’s web-

sites provide controls for specificity of all primary antibodies

used. Omission of primary antibodies was used as a control for

each of the secondary antibodies, which were raised in goat

against rabbit, mouse, or guinea pig immunoglobulin G (IgG)

and conjugated to various Alexa Fluor dyes. All secondary anti-

bodies were obtained from Invitrogen (Carlsbad, CA). Cover-

slips were mounted and imaged on a confocal microscope

(Leica, Wetzlar, Germany; TCS SP5) and analyzed using inter-

active software (custom-written ImageJ macros).19

To selectively label internalized NMDARs, surface

NMDARs were bound by incubation with patient CSF (1:20).

After treatment, coverslips were incubated with unconjugated

goat anti-human secondary antibody at 1:10. Then, neurons

were fixed, permeabilized, and stained with fluorescently conju-

gated goat anti-human secondary antibody, which only labeled

internalized receptors due to the saturation of surface receptors

by unlabeled antibody.

To label surface and internal receptors, after incubation

with patient antibodies, the remaining surface antibody-bound

receptors were labeled with a fluorescent secondary antibody.

Neurons were fixed, permeabilized, and stained with a different

secondary antibody against human IgG to label the internalized

antibody-bound receptors, as well as anti-GluN1 to label the

total population of NMDARs. To induce NMDAR internaliza-

tion pharmacologically, we used 2 different treatment protocols.

The first was a 24-hour incubation with picrotoxin, which

blocks inhibitory GABAAR-mediated synaptic transmission,

causing a homeostatic decrease of NMDARs.21 The second was

a 15-minute exposure to NMDA plus glycine, which activates

the NMDAR and causes rapid internalization.22

Electrophysiology
Electrophysiology protocols have been described in detail else-

where.19 Whole cell voltage clamp recordings were made from

DIV17–21 neurons that had been treated for 30 minutes with

patient or control CSF, or 24 hours with patient F(ab) frag-

ments. Extracellular physiological solution was (in millimolars):

119 NaCl, 5 KCl, 2 CaCl2, 30 glucose, 10 HEPES, pH 5 7.4.

For excitatory currents, intracellular pipet solution was (in

millimolars): 100 cesium gluconate, 0.2 ethyleneglycoltetraacetic
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acid (EGTA), 5 MgCl2, 2 adenosine triphosphate, 0.3 guano-

sine triphosphate, 40 HEPES, pH 5 7.2. For inhibitory cur-

rents, intracellular solution was (in millimolars): 140 KCl, 2

MgCl2, 11 EGTA, 10 HEPES, 7 glucose, pH 5 7.3. Tetrodo-

toxin (TTX) (1lM) was used to block action potentials, picro-

toxin (10lM) was used to block GABAAR-mediated miniature

inhibitory postsynaptic currents (mIPSCs), cyano-

nitroquinoxaline-dione (CNQX) (10lM) was used to block

AMPAR-mediated miniature excitatory postsynaptic currents

(mEPSCs), and APV (50lM) was used to block NMDAR-

mediated mEPSCs. Spontaneous miniature postsynaptic cur-

rents were detected and analyzed using MiniAnalysis (Synapto-

soft, Leonia, NY). NMDAR and AMPAR components of

mEPSCs were separated temporally by their distinct kinetics.

The amplitude of the NMDAR-mediated current was deter-

mined in a window between 15 and 25 milliseconds after the

peak of the averaged AMPAR-mediated component, which has

a fast, <1-millisecond rise time.19

F(ab) Fragment Preparation
F(ab) fragments were prepared from patients’ serum whole IgG

using a kit according to the manufacturer’s directions (Pierce

Fab Micro Preparation Kit; Thermo Scientific, Waltham, MA).

Immunodepletion
Patient CSF was incubated on 50:50 Protein A and rProtein G

agarose column (Invitrogen) equilibrated in binding buffer

(0.01M sodium phosphate, pH 7.0, 0.15M sodium chloride).

The column was rocked for 1 hour at room temperature, and

CSF was collected and stored at 220�C until use.

Statistical Analysis
Data sets were analyzed using a Mann-Whitney U test or 1-way

analysis of variance test.

Results

Patient and Commercial GluN1 Antibodies
Were Similarly Distributed after Immunostaining
Patient antibodies stained rat hippocampus in sections

more intensely than other brain regions, such as cortex,

striatum, and hindbrain.6 To determine whether this pat-

tern was due to a modification of the epitope specific to

the hippocampus, or due to a higher expression of

NMDARs within the hippocampus, we asked whether

the staining pattern of patient antibodies was the same as

that of 2 commercially available antibodies that recognize

epitopes within the intracellular, C-terminal domain of

GluN1.

Staining with commercial antibodies produced the

same enrichment in hippocampal immunoreactivity as

patient CSF (Fig 1A). Patient and commercial antibodies

both stained cortex, striatum, and cerebellum as well as

hippocampus, although less intensely. The difference in

overall staining intensity between the sample on the left

(Patient 1) and on the right (Patient 2) is due to a differ-

ence in the patients’ antibody titers. Double labeling

with patient and commercial antibodies shows their con-

siderable colocalization in the dendritic layers of the den-

tate gyrus (see Fig 1B). These results suggest that the

observed preferential hippocampal staining of patient

antibodies was due to a higher density of NMDARs

within the hippocampus compared with other regions.

Patient Antibodies Decreased Surface NMDARs
on Excitatory and Inhibitory Hippocampal
Neurons
We asked whether the effects of patient antibody treat-

ment differed between excitatory and inhibitory neurons,

potentially disrupting the excitatory–inhibitory balance,

as occurs following administration of some NMDAR

antagonists that cause symptoms similar to anti-NMDAR

encephalitis.11,23 Cultured hippocampal neurons were

treated with control or patient CSF, then stained for sur-

face NMDARs, total GluN1, and GAD6 to label inhibi-

tory neurons. Inhibitory neurons were identified by

strong immunoreactivity of GAD6 in cell bodies.

In excitatory, GAD-negative neurons, patient CSF

treatment caused a significant decrease in surface

NMDAR cluster density compared with control CSF

(Fig 2). A similar result was seen in inhibitory, GAD-

positive neurons. Patient antibodies also caused a

decrease in the intensity of surface NMDAR clusters.

There was no difference in the density of surface

NMDAR clusters recognized by patient antibodies in

these 2 populations of neurons in control conditions.

Thus, there is a lack of regional or neuronal subtype

specificity in the binding and effects of patient antibod-

ies, suggesting broad actions of anti-NMDAR antibodies

on cell types across brain regions.

Patient Antibodies Increased the Rate of
NMDAR Internalization in a Time-Dependent
and Activity-Independent Manner
We next wanted to study the time course and dynamics

of NMDAR internalization. Hippocampal neurons were

treated with patient antibodies or patient F(ab) fragments

(previously shown not to decrease surface NMDAR clus-

ters19) for 15 minutes to 48 hours.

Surface NMDAR cluster density was significantly

decreased compared with F(ab) treatment after 12 hours

of exposure to patient antibodies (Fig 3A, B). There was

no further reduction with longer treatment. The accumu-

lation of internalized NMDAR clusters followed the

same time course, also reaching a maximum following 12

hours of treatment.

We next examined whether internalization was

stimulated by any mechanism other than antibody-

mediated crosslinking. For example, activation of
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glutamate receptors can prime them for internalization.22

Agonism by patient antibodies could decrease surface

NMDAR levels by similar mechanisms. This could

change our understanding of the effects of patient anti-

bodies on NMDARs, and point to new options for

patient care. To test this possibility, hippocampal neurons

were treated with control or patient CSF with or without

APV, an NMDAR blocker, then stained for surface

NMDARs, bassoon (for presynaptic terminals), and total

GluN1.

As expected, patient CSF caused a significant

decrease in synaptic NMDAR clusters (see Fig 3C, D).

This effect was not mitigated by the presence of APV,

demonstrating that antibody-mediated internalization was

independent of NMDAR activity and did not occur as a

compensatory response to agonism of the receptor.

Therefore, the mechanism of internalization was likely

due primarily to the effects of NMDAR crosslinking by

patient antibodies.

Patient Antibody-Bound Receptors Trafficked
through Recycling Endosomes and Lysosomes
In anti-NMDAR encephalitis, NMDARs are bound by

immunoglobulins during endocytosis, a scenario that

would not occur under physiological conditions of recep-

tor internalization. To examine whether intracellular

NMDAR trafficking was influenced by this unique situa-

tion, we compared patient antibody treatment with 2

pharmacological manipulations that caused NMDAR

internalization, picrotoxin (a GABAAR blocker) and

NMDA/glycine.

Hippocampal neurons were treated with 1 of the

following: patient CSF for 24 hours, patient F(ab) frag-

ments for 24 hours, F(ab) fragments plus picrotoxin for

24 hours, or F(ab) fragments for 24 hours plus NMDA/

glycine for 15 minutes (see Materials and Methods).

F(ab) fragments allowed us to track NMDAR internaliza-

tion induced by pharmacological treatment, without the

complication of full patient IgG further stimulating

FIGURE 1: Patient and commercial GluN1 antibodies were similarly distributed after immunostaining. (A) Sagittal mouse brain
sections immunostained for GluN1 with 2 patient cerebrospinal fluid (CSF) samples (top) or 2 commercial anti-GluN1 antibodies
against C-terminal epitopes (bottom). The pattern of N-methyl-D-aspartate receptor (NMDAR) localization is similar, with the
greatest intensity of immunoreactivity in the hippocampus and less in cortex, striatum, and cerebellum. Scale bar 5 1mm. (B)
Cellular localization in hippocampal dentate gyrus neurons stained with patient CSF (left, green in overlay) or commercial anti-
GluN1 (middle, red in overlay), demonstrating colabeling of NMDAR clusters throughout the neuropil. Scale bar 5 20lm.
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endocytosis (see Fig 3A, B). Following treatment, neu-

rons were stained for internalized NMDARs, and Rab11

and Lamp1, markers for recycling endosomes and lyso-

somes, respectively.

Patient CSF, picrotoxin, and NMDA/glycine all

caused a significant increase in NMDAR internalization

compared with F(ab) fragments alone (Fig 4). Between

the 3 conditions that promoted internalization, there was

no significant change in the proportion of internalized

NMDARs that localized to recycling endosomes or lyso-

somes. Additionally, for all 3 conditions, a greater per-

centage of internalized receptors colocalized with

recycling endosomes than lysosomes. These data suggest

that the postendocytic trafficking of NMDARs is not

affected by IgG binding the receptor.

Patient CSF Caused NMDAR Hypofunction
through Immunoglobulin-Induced Receptor
Internalization
Patient antibodies could potentially modulate receptor

function independently of their ability to internalize

NMDARs because the epitope is within the N-terminus

of GluN1,24 a region that also contains the ligand-

binding domain. To test this possibility, we first per-

formed whole cell patch clamp recordings of mEPSCs

from hippocampal neurons on DIV17–21 that had been

treated with control or patient CSF for 30 minutes, a

time point before significant internalization of NMDARs

has occurred (see Fig 3A, B). NMDAR-mediated current

amplitudes from neurons treated for only 30 minutes

with patient CSF were not significantly different from

current amplitudes in neurons treated with control CSF

(Fig 5; p> 0.05). Consistent with this finding, we also

observed that exposure for 24 hours to F(ab) fragments,

which were incapable of triggering receptor internaliza-

tion (see Fig 3A, B), did not result in a significant

decrease in NMDAR-mediated current amplitude. Both

of these findings were in contrast to the large reduction

in NMDAR-mediated mEPSC amplitude that resulted

from 24 hours of treatment with patient CSF,19 and pro-

vide physiological evidence to support the notion that

antibody-mediated NMDAR hypofunction results from

receptor internationalization and not an acute antago-

nism of receptor function.

We next asked whether other factors within patient

CSF, such as cytokines or complement components, were

FIGURE 2: Patient antibodies decreased surface N-methyl-D-aspartate receptors (NMDARs) on excitatory and inhibitory hippo-
campal neurons. (A, B) Hippocampal neurons immunostained for surface GluN1, total GluN1, and glutamic acid decarboxylase
6 (GAD6) after treatment for 24 hours with control or patient cerebrospinal fluid (CSF) and imaged with confocal microscopy.
(A) GAD2, excitatory neurons; (B) GAD1, inhibitory neurons. Surface NMDARs were defined as the colocalization of nonper-
meabilized patient antibody staining, which recognized an extracellular epitope, and permeabilized commercial GluN1 staining,
which recognized an intracellular epitope. Scale bar 5 5lm. (C) Quantification of surface NMDAR density on excitatory, GAD2

neurons, and inhibitory, GAD1 neurons (n 5 12–28 cells per condition, 3 independent experiments). Treatment with patient
CSF caused a similar, significant reduction in surface NMDAR clusters on both excitatory and inhibitory neurons compared to
control CSF treatment (excitatory, 27.97 6 2.67 vs 13.71 6 2.51; inhibitory, 26.38 6 1.96 vs 15.6 6 1.83). *p < 0.05, 1-way analy-
sis of variance.
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necessary for NMDAR internalization. We previously

demonstrated that IgGs from patient serum and CSF

were sufficient to decrease NMDAR cluster density,19

but whether they were also necessary to do so remained

unknown. Hippocampal neurons were stained with IgG-

depleted patient CSF to confirm complete depletion,

then treated with control CSF, patient CSF, or IgG-

depleted CSF, and stained for surface and total

NMDARs and bassoon.

Depleted CSF did not retain immunoreactivity on

hippocampal neurons, indicating that IgGs were success-

fully depleted from the samples (Fig 6). Unlike patient

CSF, treatment with depleted CSF did not reduce

NMDAR cluster density, demonstrating that in the

FIGURE 3: Patient antibodies increased the rate of N-methyl-D-aspartate receptor (NMDAR) internalization in a time-
dependent and activity-independent manner. (A) Hippocampal neurons were treated for various lengths of time with patient
cerebrospinal fluid (CSF) or F(ab) fragments and then immunostained for surface antibody-bound GluN1, internalized antibody-
bound GluN1, and total GluN1. F(ab) fragments were used to monitor the constitutive, antibody-independent turnover of
NMDARs. Coverslips were imaged, and NMDAR cluster density was analyzed. Scale bar 5 5lm. (B) Quantification of surface
and internalized NMDARs following treatment (n 5 17–55 cells per condition). Surface NMDAR density was significantly
decreased after 12 hours of patient CSF treatment compared with patient antibody-derived F(ab) fragments (86.02 6 7.46% vs
140.2 6 8.68%), after which surface levels reached a plateau. This was paralleled by an increase over time in the density of
internalized NMDARs (by 12 hours, 72.01 6 9.67% vs 17.83 6 4.26%). *p < 0.05, 1-way analysis of variance (ANOVA). (C) Hippo-
campal neurons were treated for 24 hours with control or patient CSF with or without amino-phosphonovaleric acid (APV),
then immunostained for surface GluN1, total GluN1, and presynaptic terminal marker bassoon. Scale bar 5 5lm. (D) Quantifica-
tion of synaptic NMDAR density (n 5 12–18 cells per condition, 3 independent experiments). Patient CSF caused a significant
reduction in NMDAR density in both the presence (46.86 6 4.17% of control CSF) and absence (52.18 6 6.19% of control CSF)
of APV. *p < 0.05, 1-way ANOVA.
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FIGURE 4: Patient antibody-bound N-methyl-D-aspartate receptors (NMDARs) trafficked through recycling endosomes and
lysosomes. (A) Hippocampal neurons were treated with 1 of the following: F(ab) fragments generated from patient antibodies,
patient cerebrospinal fluid (CSF; full immunoglobulin G), F(ab) plus NMDA and glycine, or F(ab) plus picrotoxin. Neurons were
then immunostained for internalized antibody-bound GluN1, Rab11 (to mark recycling endosomes), and Lamp1 (to mark lyso-
somes). Scale bar 5 5lm. (B) Quantification of intracellular trafficking of NMDARs following treatment (n 5 15–19 cells per con-
dition, 3 independent experiments). Left panel shows quantification of internalized NMDAR clusters following treatment;
middle panel shows quantification of internalized NMDAR clusters colocalized with recycling endosome marker Rab11; right
panel shows quantification of internalized NMDAR clusters colocalized with lysosome marker Lamp1. After 24 hours, there was
a significant increase in internalized NMDAR cluster density following treatment with patient CSF, F(ab) plus NMDA, and F(ab)
plus picrotoxin (ptx) compared with F(ab) fragments alone (5.26 6 0.45, 5.40 6 1.31, 6.15 6 1.03 vs 0.68 6 0.17). *p < 0.05, 1-
way analysis of variance (ANOVA). There were no significant differences in the intracellular localization of NMDARs between
the 3 treatments used to induce internalization (recycling endosomes: 29.56 6 4.54%, 32.46 6 4.37%, 47.83 6 6.01%; lyso-
somes: 12.03 6 2.80%, 10.16 6 2.25%, 17.21 6 8.12%); 1-way ANOVA, p > 0.05.

FIGURE 5: Patient antibodies do not acutely antagonize the N-methyl-D-aspartate receptor (NMDAR). (A) Representative traces
of a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor (AMPAR)-mediated and NMDAR-mediated miniature excita-
tory postsynaptic currents (mEPSCs) from whole cell patch clamp recordings of hippocampal neurons following treatment with
control or patient cerebrospinal fluid (CSF) for 30 minutes or F(ab) fragments for 24 hours. Recordings were made in the pres-
ence of tetrodotoxin, picrotoxin, and 0mM Mg21 to isolate dual glutamatergic currents. In the lower traces, amino-
phosphonovaleric acid (APV) was added to block the NMDAR-mediated portion of the mEPSC. (B) Representative averaged
NMDAR-mediated mEPSCs recorded from neurons in different treatment conditions. The difference between the 0mM Mg21

condition and the 0mM Mg21 plus APV condition is plotted, showing the NMDAR current. (C) Quantification of NMDAR cur-
rent amplitude following treatment (n 5 5–10 cells per condition). Amplitude was not significantly different: 2.14 6 0.62pA, con-
trol CSF; 1.26 6 0.34pA, patient CSF; 1.79 6 0.55pA, F(ab) fragments; 1-way analysis of variance, p > 0.05.
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absence of IgG, patient CSF no longer caused NMDAR

internalization.

These data showed that the removal of patient anti-

bodies from CSF abrogated both neuronal staining and

the effects of patient CSF on surface NMDAR density.

Together with previous experiments using purified IgG

from patient CSF,19 these results demonstrated that

immunoglobulins within patient CSF were both neces-

sary and sufficient to cause the loss of surface NMDARs.

Patient Antibodies Caused Homeostatic
Plasticity of Inhibitory Synapse Density but Not
Gene Expression
We next assessed whether homeostatic plasticity mecha-

nisms were engaged after patient antibody-induced

NMDAR internalization. We verified that we were able

to detect homeostatic plasticity in our hippocampal cul-

tures using a pharmacological blocker of NMDARs,

APV, which had previously been shown to elicit an

increase in surface NMDAR levels.25 Hippocampal neu-

rons were treated for 24 hours with APV, then stained

for surface and total NMDARs and bassoon.

In contrast to patient CSF, which caused a signifi-

cant decrease in synaptic NMDAR cluster density (Fig

7A, C), APV treatment resulted in a significant increase.

This confirmed that homeostatic plasticity was detectable

in our experimental system.

Similar to APV treatment, neurons may attempt to

increase NMDAR insertion in response to patient anti-

bodies. This would be undetectable due to antibody-

mediated internalization of any newly inserted receptors.

Alternatively, neurons may upregulate NMDAR tran-

scription after internalization. Many genes are transcrip-

tionally regulated by activity,26 and some forms of

FIGURE 6: Patient antibodies are directly pathogenic. (A) Immunoglobulin G (IgG) was removed from patient cerebrospinal
fluid (CSF) with protein A and protein G agarose beads. Hippocampal neurons were immunostained with control CSF, patient
CSF, or IgG-depleted CSF. Similar to control CSF, depleted CSF did not stain neurons. Scale bar 5 20lm. (B) Hippocampal neu-
rons were treated for 24 hours with control CSF, patient CSF, or depleted CSF, then immunostained for surface GluN1, total
GluN1, and bassoon. Scale bar 5 5lm. (C) Quantification of synaptic N-methyl-D-aspartate receptor (NMDAR) density following
treatment (n 5 19–21 cells per condition, 3 independent experiments). Depletion of IgG from patient CSF abrogated the reduc-
tion in synaptic NMDAR cluster density (depleted CSF, 99.15 6 6.47% of control CSF; patient CSF, 57.70 6 7.10% of control
CSF). *p < 0.05, 1-way analysis of variance.
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homeostatic plasticity are transcription-dependent.27 To

evaluate this possibility, quantitative polymerase chain

reaction was performed to determine the levels of

NMDAR subunit mRNA following patient antibody or

APV treatment for 24 hours, but no changes were

detected in GluN1, GluN2A, or GluN2B, or in any of

the GluN1 C-terminal splice variants (data not shown).

We also measured transcriptional changes in these splice

variants after 7 days of treatment, but mRNA levels were

still unchanged (data not shown).

We next assayed whether inhibitory synapses dis-

played homeostatic plasticity in response to the NMDAR

hypofunction caused by patient antibodies. Evidence sug-

gests a link between NMDAR dysregulation and impair-

ments in inhibition,28,29 for example, the frequent

occurrence of seizures in encephalitis patients that is

indicative of defects in inhibitory tone. Hippocampal

neurons were treated on DIV17–20 with control or

patient CSF for 24 hours, then whole cell patch clamp

recordings of mIPSCs were made. Neither the amplitude

nor the interevent interval of mIPSCs was changed by

patient CSF treatment (see Fig 7C, D; p> 0.05). Gene

expression of GAD1 and GAD2, enzymes responsible for

GABA production in inhibitory neurons, was also

unchanged (data not shown).

Finally, we treated hippocampal neurons on DIV14

with control or patient CSF for 24 hours, then fixed and

stained for the inhibitory GABAAR and inhibitory pre-

synaptic marker vGAT. We found that patient antibody

treatment caused a significant decrease in inhibitory

FIGURE 7: Patient antibodies cause a homeostatic decrease of inhibitory synapse density. (A) Hippocampal neurons were
treated for 24 hours with control cerebrospinal fluid (CSF), patient CSF, or amino-phosphonovaleric acid (APV), then immuno-
stained for surface GluN1, total GluN1, and bassoon. Scale bar 5 5lm. (B) Quantification of synaptic N-methyl-D-aspartate
receptor (NMDAR) density following treatment (n 5 18–20 cell per condition, 3 independent experiments). Patient CSF caused
a significant decrease in cluster density (43.27 6 4.48% of control CSF), whereas APV caused a significant increase
(160.4 6 12.69% of control CSF). *p < 0.05, 1-way analysis of variance. (C) Representative traces of c-aminobutyric acid receptor
(GABAAR)-mediated miniature inhibitory postsynaptic currents (mIPSCs) from whole cell patch clamp recordings of hippocam-
pal neurons following treatment with control or patient CSF for 24 hours. Recordings were made in the presence of tetrodo-
toxin, cyano-nitroquinoxaline-dione (CNQX), and APV. (D) Quantification of mIPSC amplitude and interevent interval following
treatment (n 5 5–6 cells per condition). Amplitude (45.49 6 6.97pA, control CSF; 40.74 6 3.43, patient CSF) and interevent
interval (1,734 6 474.1 milliseconds, control CSF; 1,139 6 154.3 milliseconds, patient CSF) were not significantly different.
Mann–Whitney test, p > 0.05. (E) Hippocampal neurons were treated with control or patient CSF for 24 hours, then immuno-
stained for GABAAR and vesicular c-aminobutyric acid transporter (vGAT). Scale bar 5 5lm. (F) Quantification of inhibitory syn-
apse density onto excitatory neurons following treatment (n 5 30 cells per condition, 3 independent experiments). Patient CSF
caused a significant decrease in inhibitory synapse density (87.52 6 3.00% of control treatment). *p < 0.05, Mann–Whitney test.
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synapse density (see Fig 7B, D) onto excitatory neurons,

which were identified by a lack of vGAT staining within

the cell body. Together, our data showed that although

loss of NMDARs did not stimulate transcriptional

changes of NMDAR subunits or splice variants, neurons

were able to partly adjust their inhibitory tone in a com-

pensatory direction.

Discussion

This study revealed several novel findings related to the

effects of antibodies from patients with anti-NMDAR

encephalitis, including the lack of neuron subtype speci-

ficity, time course of the effects, fate of internalized

receptors, and homeostatic responses to NMDAR loss. In

addition, the results confirmed that the major mecha-

nism of dysfunction was loss of NMDARs due to IgG-

mediated internalization, which likely occurs throughout

the brain. The process of internalization plateaued after

12 hours, reaching a steady state that persisted through-

out the duration of treatment. This may reflect the pres-

ence of a population of NMDARs unaffected by

antibodies, or represent a state of equilibrium between

the rate of internalization and the rate of receptor inser-

tion into the plasma membrane.

Internalization of NMDARs can be promoted by

receptor activity.22,30 We were unable to block patient

antibody-mediated NMDAR internalization with APV,

suggesting that patient antibodies did not exert activity-

dependent effects. Electrophysiological analyses also

excluded direct blockade as a prominent mechanism of

antibody-mediated NMDAR hypofunction. These

results, along with the finding that patient F(ab) frag-

ments did not cause internalization and that patient IgG

was necessary and sufficient for internalization, suggested

that antibody-mediated NMDAR internalization was

solely due to crosslinking of the receptors. A similar

mechanism had been demonstrated for myasthenia gravis

and Lambert–Eaton syndrome.31 Moreover, human

autopsy studies of anti-NMDAR encephalitis patients

showed deposits of IgG and decreased NMDARs, with-

out evidence of cytotoxic T-cell mechanisms, all support-

ing an antibody-mediated pathogenesis.5,32

NMDARs dynamically traffic into and out of the

synapse during physiological processes, such as synapse

maturation and synaptic plasticity.1 This cycling is largely

governed by regulatory signals within the C-terminal

portions of the receptor complexes that mediate clathrin-

dependent endocytosis.33–35 We showed that internalized,

antibody-bound receptors entered a recycling and a deg-

radation pathway, although the proportion of internalized

receptors in recycling compartments consistently

exceeded that within lysosomes. Even with different

manipulations to induce NMDAR internalization, the

trajectory of postendocytic trafficking was unchanged,

excluding an immunoglobulin-specific effect.

Homeostatic plasticity is important for maintaining

the stability of neuronal network activity in the face of

potentially destabilizing changes in the strengths of indi-

vidual synapses.36 The NMDAR hypofunction in anti-

NMDAR encephalitis led us to the question of whether

patient antibody treatment can induce homeostatic

changes in cultured neurons. We did not detect gene

expression changes in any NMDAR subunits with either

APV or patient antibody treatment, concluding that tran-

scriptional regulation was not a major locus of homeo-

static plasticity in this system.

We noted the similarity in some symptoms between

anti-NMDAR encephalitis and schizophrenia. Several

lines of evidence in animal models and humans had led

to the hypothesis that NMDAR hypofunction in inhibi-

tory interneurons led to disinhibition in corticolimbic

regions, underpinning core symptom domains in schizo-

phrenia.16,37 We examined whether patient antibodies

may have had disparate effects on excitatory and inhibi-

tory neurons, but these populations of neurons were

indistinguishable by our analyses.

Inhibitory neurons exert complex control over exci-

tatory cell firing, both because of their exuberant connec-

tivity (in cortex, a single interneuron can contact more

than half of the local pyramidal neurons) and because of

the diverse effects they have on neuronal spiking,

depending on the location of the synaptic connections

(axon initial segment, distal dendrites, soma, etc).38

Therefore, even a small change in the magnitude of con-

nectivity could have profound effects on network excit-

ability and precision. We found that although neither

expression of the GABA synthesizing enzymes, GAD1

and GAD2, nor amplitude and interevent interval of

mIPSCs was changed by patient CSF treatment,

GABAergic synapse density onto excitatory neurons was

decreased. We suspect this difference in results between

the electrophysiology and staining experiments was due

to the increased power of immunostaining experiments,

which sampled �30 neurons per condition, as opposed

to the physiology experiments, which measured mIPSCs

from 6 neurons per condition.

This was consistent with literature showing that

genetic or pharmacological NMDAR dysfunction can

lead to a loss of inhibitory tone, but indicated a distinct

mechanism that may contribute in this disease. Although

a loss of glutamatergic drive to inhibitory interneurons is

often considered the pathogenic event leading to disinhi-

bition in NMDAR hypofunction models, our data sug-

gested that an additional phenomenon could be the
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homeostatic downregulation of inhibitory synapses onto

excitatory neurons.

It will be important to extend these findings to an

in vivo context to establish the pathophysiological mech-

anisms leading to dysfunction in patients. However, it is

interesting to consider the implications of engaging

homeostatic plasticity mechanisms in the presence of

anti-NMDAR antibodies. Examples of homeostatic

responses to altered levels of activity have been found or

hypothesized to occur in several neurological disorders,

including epilepsy, myasthenia gravis, Alzheimer disease,

and schizophrenia.39 In schizophrenia, and NMDA

hypofunction models, loss of inhibition may contribute

to symptom profile and disease progression. Understand-

ing the mechanisms that drive circuit-level changes

underlying the behavioral and neurological symptoms of

the disorder will be important to link the pathophysio-

logic events of anti-NMDAR encephalitis with those of

other disorders with similar neuropsychiatric

manifestations.
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