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Objective: Autoimmune-mediated anti—z-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)
encephalitis is a severe but treatment-responsive disorder with prominent short-term memory loss and seizures. The
mechanisms by which patient antibodies affect synapses and neurons leading to symptoms are poorly understood.
Methods: The effects of patient antibodies on cultures of live rat hippocampal neurons were determined with immu-
nostaining, Western blot, and electrophysiological analyses.

Results: We show that patient antibodies cause a selective decrease in the total surface amount and synaptic local-
ization of GIluA1- and GluA2-containing AMPARs, regardless of receptor subunit binding specificity, through
increased internalization and degradation of surface AMPAR clusters. In contrast, patient antibodies do not alter the
density of excitatory synapses, N-methyl-D-aspartate receptor (NMDAR) clusters, or cell viability. Commercially avail-
able AMPAR antibodies directed against extracellular epitopes do not result in a loss of surface and synaptic recep-
tor clusters, suggesting specific effects of patient antibodies. Whole-cell patch clamp recordings of spontaneous
miniature postsynaptic currents show that patient antibodies decrease AMPAR-mediated currents, but not NMDAR-
mediated currents. Interestingly, several functional properties of neurons are also altered: inhibitory synaptic currents
and vesicular y-aminobutyric acid transporter (vVGAT) staining intensity decrease, whereas the intrinsic excitability of
neurons and short-interval firing increase.

Interpretation: These results establish that antibodies from patients with anti-AMPAR encephalitis selectively elimi-
nate surface and synaptic AMPARs, resulting in a homeostatic decrease in inhibitory synaptic transmission and
increased intrinsic excitability, which may contribute to the memory deficits and epilepsy that are prominent in
patients with this disorder.
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here are several recently identified paraneoplastic auto-

immune encephalitides in which patients develop
autoantibodies against cell surface and synaptic proteins,">
including N-methyl-D-aspartate receptors (NMDARs)**
and anti-o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptors (AMPARs).” Patients with anti-AMPAR
encephalitis have anti-GluAl and/or anti-GluA2 antibod-

ies in serum as well as cerebrospinal fluid (CSF). These
patients mainly present with limbic dysfunction including
confusion, agitation, seizures, and severe short-term mem-
ory deficits, which recover with interventions to reduce
antibody titer. Despite effective treatments, there is a high
rate of relapse,” and the cellular and synaptic mechanisms
that underlie these syndromes are largely unknown.
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AMPARs are heterotetramers composed of a combi-
nation of subunits, GluAl-4, that are expressed in a
region-specific manner®'® and mediate most of the fast
excitatory synaptic transmission in the brain.'" Although
AMPARs are widely expressed throughout the central
nervous system, GluA1/2 and GluA2/3 levels are excep-
tionally high in the hippocampus and other limbic
regions,'” similar to the distribution of immunoreactivity
with patient antibodies.” AMPARs are essential for basal
excitatory transmission as well as expression of long-term

13-1 . .
>715 3 process linked to memory formation.

potentiation,
Our previous studies showed that patient antibodies
resulted in a decrease in the synaptic localization of
AMPAR clusters.” However, how patient antibodies alter
synaptic and neuronal function underlying patients
symptoms is poorly understood. Moreover, genetic
manipulations eliminating individual AMPAR subunit
expression and thus function result in only limited defi-

13,14,16 - . .
ks,'>1%1¢ inconsistent with the com-

cits in memory tas
plete loss of short-term memory seen in patients. Recent
work suggests that the total surface expression of
AMPAR proteins, regardless of subunit type, is important
for long-term potentiation (LTP) expression.15 Whether
patient antibodies cause decrease of surface AMPAR pro-
tein is not known.

Here we report that patient anti-AMPAR antibod-
ies decrease surface protein level and synaptic localization
of AMPARYs, regardless of receptor subunit binding speci-
ficity, without dismantling excitatory synapses. Interest-
ingly, the loss of AMPAR-mediated synaptic transmission
results in a compensatory decrease of inhibitory synaptic
transmission and an increase in intrinsic excitability.
Together, these changes may contribute to the loss of
memory and seizures that are hallmarks of this disorder

in patients.

Materials and Methods
Cell Culture and Patient Antibody Treatment

Primary rat hippocampal neuron and astrocyte cocultures were
prepared from embryonic day 18 to 19 as previously
described.'”"'® Patient or control CSF was collected and filtered
using Millex filters (Millipore, Billerica, MA). High-titer CSF
was diluted 1:20-100 to treat neurons in vitro for 24 hours or
as stated. Immunoglobulin G (IgG) from the serum of 1
patient (02066) was collected and filtered using protein A/G
Sepharose columns as described.'® Treatment with patient IgG
(~20ug/ml) or serum (1:200 dilution) decreased synaptic
AMPAR clusters to a similar extent as treatment with CSF (see
Results), without side effects to culture health. Patient CSF was
used to treat neurons unless otherwise stated. In surface biotiny-
lation experiments, control or patient sera were used to treat
neurons (1:200 dilution). Each CSF was tested for antibody
reactivity by staining mouse or rat brain sections and human
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embryonic kidney (HEK) cells expressing GluA1/GluA2 hetero-
mers of the AMPAR as previously described.’

Patient Samples

Control patients were from a previously described tissue bank:
07-238, 09-724, 09-726.> All patients had idiopathic nonin-
flammatory neuropsychiatric symptoms, without autoantibodies
in serum and CSE

ANTI-AMPAR ENCEPHALITIS PATIENTS: 04-067, 02-066, 09-
276. Case 04-067 is Patient #1 and Case 02-066 is Patient #2
described in previously published work.” Case 04-067 is GluAl
positive, GluA2 and GluA3 negative; Case 02-066 is GluA2
positive, GluAl and GluA3 negative. Case 09-276 (not previ-
ously reported) is GluAl positive, GluA2 and GluA3 negative.
This patient is a 46-year-old woman who 4 years previously
developed a clinical picture of typical parancoplastic limbic
encephalitis associated with breast cancer. She was treated with
tumor resection, immunotherapy, and chemotherapy and had a
remarkable response to treatment. She is back to work,
although she has mild residual memory problems. Table 1
shows the usage of patient samples in experiments.

Biotinylation of Surface Proteins and Analysis
by Western Blot

Neurons were treated with patient serum with ant-GluAl or
anti-GluA2 antibodies for 1 day. Procedures for total protein,
intracellular fraction, and surface fraction collection were per-
formed as described previously.'® Briefly, neuron cultures were
washed with phosphate-buffered saline (PBS)-based rinsing
buffer and incubated for 30 minutes at 4°C with 1mg/ml
Sulfo-NHS-Biotin (Thermo Fisher Scientific, Waltham, MA) in
rinsing buffer. Neurons were then lysed in radioimmunoprecipi-
tation assay buffer (150mM NaCl, 1mM ethylenediaminetetra-
acetic acid, 100mM Tris-HCI, 1% Triton X-100,1% sodium
deoxycholate, 0.1% sodium dodecyl sulfate [SDS], pH 7.4),
supplemented with 1:500 protease inhibitor mixture III (Cal-
biochem, San Diego, CA) at 4°C for 1 hour. Lysates were
cleared of debris by centrifugation at 12,400 X g for 20
minutes. An aliquot of the supernatant was taken for the total
protein, and a second aliquot was incubated with avidin-linked
agarose beads (Immobilized Monomeric Avidin, Thermo Fisher
Scientific) overnight at 4°C to absorb surface fraction. After
centrifugation, the supernatant was removed for the intracellular
fraction. The beads were subsequently washed and eluted for
surface protein. Protein samples were separated on 4 to 15%
SDS—polyacrylamide gel electrophoresis gel and transferred to
nitrocellulose membranes. Surface fractions were probed with
antibodies against GluN1 (rabbit, 1:1,000; Chemicon, Teme-
cula, CA; AB1516; replaced by Millipore AB9864, similar
results obtained with both), GluAl (rabbit, 1:200, Millipore
AB1504), GluA2/3 (rabbit, 1:200, Chemicon AB1500), starga-
zin (rabbit, 1:500, Millipore AB9876), y-aminobutyric acid
(GABA)g; receptors (GABAg;Rs; guinea pig, 1:200, Millipore
AB2256), GABA, receptor (GABAR) f2/3 (mouse 1:200,
Millipore, 05-474), vesicular GABA transporter (vGAT; guinea
pig, 1:1,000, synaptic systems 131-004), and f-actin (chicken,
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TABLE 1. Patient Samples Used in Each Experiment and Specific Antibodies in Each Sample
Figure Experiment Treatment Patient CSF ID (specific antibodies)
1A Hippocampal neuron immunostaining 04067 (GluA1), 02066 (GluA2)
with patient antibodies in CSF
1B-E Treatment with patient CSF and 09276 (GluAl), 04067 (GluAl),
immunostaining of synaptic AMPAR clusters 02066 (GluA2)
1E G; 2B, E Treatment with patient serum and 04067 serum (GluAl),
Western analysis 02066 serum (GluA2)
2A, C, D Treatment with patient CSF and 04067 (GluA1l), 02066 (GluA2)
immunostaining of other synaptic markers
2F G Treatment with patient CSF and 02066 (GluA2)
cell death analysis
3 Treatment with patient CSF and 02066 (GluA2)
internalization assay
5 Treatment with patient CSF and 04067 (GluA1), 02066 (GluA2)
recording of AMPAR- and
NMDAR-mediated mEPSCs
6 Treatment with patient CSF and 02066 (GluA2)
GABA R-mediated mIPSC analysis
7A-D Treatment with patient CSF and 02066 (GluA2)
cell excitability
7E-G Treatment with patient CSF and cell 04067 (GluAl)
spontaneous firing
AMPAR = anti—2-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; CSF = cerebrospinal fluid; GABAAR = -
aminobutyric acid (GABA)4 receptor; mEPSC = miniature excitatory postsynaptic current; mIPSC = miniature inhibitory postsy-
naptic current; NMDAR = N—methyl—D-aspartate receptor.

1:1,000; Abcam, Cambridge, MA; ab13822). Intracellular frac-
tions were used to probe for intracellular GluAl, GluA2/3,
actin, and vGAT. Total lysate protein fractions were used to
probe for total GluAl. Microtubule associated protein 2
(MAP2), actin, and GABARs were used as loading controls
for intracellular, total, and surface fractions, respectively. Blots
were incubated with alkaline phosphatase—conjugated goat anti-
mouse or goat antirabbit secondary antibodies (1:3,000; Cell
Signaling Technology, Danvers, MA), and signals were visual-
ized using the Western-Star chemiluminescent detection system
(Applied Biosystems, Carlsbad, CA). All quantified images were
in the linear exposure range and were digitally scanned in the
ChemiDoc XRS+ system (Bio-Rad Laboratories, Hercules,
CA), and signals were quantified using Image Lab software
(Bio-Rad Laboratories).

Whole-Cell Electrophysiological Recordings

Whole-cell voltage clamp recordings were performed from 17 to
21 days in vitro hippocampal pyramidal neurons at room tem-
perature (22-25°C), using a HEKA (Bellmore, NY) EPC 10
patch clamp amplifier and PATCHMASTER multichannel data
acquisition software. Briefly, neurons were incubated in extracel-
lular physiology solution (in millimoles): for miniature excitatory

March 2015

postsynaptic currents (mEPSCs) or miniature inhibitory postsy-
naptic currents (mIPSCs), recordings were performed in 119
NaCl, 5 KCl, 2 CaCl,, 2MgCl,, 30 glucose, 10 N-2-
hydroxyethylpiperazine-N’'-2-ethanesulfonic acid (HEPES), pH
= 7.4; NMDAR-mediated mEPSC recordings were performed
with 0 MgCl, and 1 glycine; action potential recordings were
performed in 140 NaCl, 3 KCI, 0.6 MgCl,, 2.5 CaCl,, 10
HEPES, 10 glucose. Voltage-clamp recordings were made using
borosilicate glass microelectrodes (resistance = 4-6MQ) filled
with intracellular solution (in millimoles): mEPSCs recording
was performed with 100 cesium gluconate, 0.2 ethyleneglycolte-
traacetic acid (EGTA), 5 MgCl,, 2 adenosine triphosphate, 0.3
guanosine triphosphate, 40 HEPES, pH = 7.2; mIPSCs and
action potential recording were performed with 140 KCI, 2
MgCl,, 11 EGTA, 10 HEPES, 7 glucose, pH = 7.3. mEPCSs
and mIPCSs were recorded at —70mV in the presence of combi-
nations of the following drugs to isolate desired currents: tetrodo-
toxin (TTX; 1uM), picrotoxin (PTX; 10uM), DL-2-amino-5-
phosphonopentanoic acid (APV; 50uM), and 6-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX; 10uM). Action potentials were
recorded in current clamp mode. Pipette voltage offset was neu-
tralized before the formation of a gigaochm seal. Membrane resist-

ance, series resistance, and membrane capacitance were
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determined from current transients elicited by a 5mV depolariz-
ing step from a holding potential of —80mV, using the whole-
cell application of PATCHMASTER software. Criteria for cell
inclusion in the data set included a series resistance < 30MQ
and stability throughout the recording period. Currents were
amplified, and sampled at 20kHz, then miniature current record-
ing traces were digitally low-pass filtered at 2.5kHz, and events
were detected and analyzed using MiniAnalysis (Synaptosoft,

Leonia, NY).

Immunostaining for Surface AMPARs, Pre- and
Postsynaptic Components

To stain surface AMPAR clusters, control or treated neurons were
washed in NB plus B27 (Life Technologies, Grand Island, NY)
and were incubated with commercial anti-GluA1l (rabbit,1:10;
Calbiochem PC246; immunogen is a synthetic peptide
[RTSDSRDHTRVDWKR] corresponding to amino acids 271-
285 of rat GluAl) or and-GluA2 (1:500; Millipore MAB397;
immunogen is recombinant fusion protein with putative
N-terminal portion of GluA2 from AA 175-430) antibodies
directed against an extracellular epitope for 30 minutes, washed,
incubated with appropriate fluorescently conjugated secondary
antibodies for 30 minutes, and washed in PBS. Neurons were
then fixed in 4% paraformaldehyde, 4% sucrose in PBS, pH =
7.4 for 15 minutes, permeabilized with cold 0.25% Triton X-100
for 5 minutes, and blocked in 5% normal goat serum (Invitrogen,
Carlsbad, CA) for 1 hour at room temperature. Additional immu-
nostaining was performed with various combinations of primary
antibodies: anti-GluN1 (rabbit, 1:1000; Chemicon ABI1516;
replaced by Millipore AB9864, similar results obtained with
both), ant-GluAl against an intracellular epitope (rabbit, 1:200;
Millipore AB1504), anti-GluA2/3 (rabbit, 1:100; Millipore
AB1506), anti-PSD-95 (mouse, 1:500; Fisher Thermo Scientific
MAI-045), antistargazin (rabbit, 1:500; Chemicon AB9876), anti-
SV2 (mouse, 1:200; Developmental Studies Hybridoma Bank,
Iowa City, IA), and anti-VGLUT1 (guinea pig, 1:5,000; Chemi-
con AB5905). Antibodies were visualized after staining with the
appropriate fluorescently conjugated secondary antibodies (1:200;
Jackson ImmunoResearch, West Grove, PA or Invitrogen).

To pulse label surface AMPAR and chase the subsequent
internalization, neurons were incubated with commercial anti-
GluA1l (rabbit, 1:100; Calbiochem) antibodies for 2 hours. This
antibody does not induce significant reduction of surface
AMPARs. After 2 hours, unbound antibodies were washed off,
and neurons where treated with control or patient CSF for 24
hours. Remaining surface AMPARs were labeled live with conju-
gated secondary antibodies. In experiments measuring internal-
ized AMPAR clusters, remaining surface AMPAR epitopes were
preblocked by nonfluorescent antirabbit secondary antibodies
(0.2mg/ml, Jackson ImmunoResearch).” After fixation and per-
meabilization, internalized AMPARs were visualized by applying
fluorescently conjugated secondary antibodies.

Confocal Imaging, Image Analysis, and
Statistical Analysis

Randomly selected hippocampal pyramidal neurons, identified
by morphology were confocally imaged'®*° (TCS 4D system,
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Leica Microsystems, Wetzlar, Germany). Images were thresh-
olded automatically using an iterative thresholding technique,”'
and the number and area of individual immunostained pre- or
postsynaptic clusters were determined using interactive software
(custom-written Image] macros). Clusters with pixel overlap of
pre- and postsynaptic markers were considered colocalized and
thus synaptic. Cluster density was compared among conditions
using the Kruskal-Wallis nonparametric analysis of variance test
followed by Dunn pairwise multiple comparison test, unless
otherwise indicated. All values are presented as mean * stand-

ard error of the mean.

Results

Patient Anti-GIuA1 or Anti-GluA2 Antibodies
Decrease Surface AMPAR Protein and Synaptic
Localization

Previous work showed that anti-AMPAR encephalitis
patients had antibodies against GluA1l and GluA2 anti-
bodies in their CSE.”> Because some patients with auto-
immune encephalitis had antibodies against multiple
antigens,”*” we selected patients with only GluAl or
GluA2 antibodies to eliminate effects from other anti-
bodies. To further confirm the specificity of antibody
binding, we incubated patient CSF with control HEK
293 cells or cells expressing GluA1/GluA2 AMPARs to
deplete these specific antibodies. The control depleted
patient CSF still stained neuronal surface AMPAR
clusters as previously reported,” whereas patient CSF
depleted by incubation with GluA1/GluA2-expressing
HEK cells showed little immunostaining (Fig 1A).
This result confirms that patient antibodies in CSF
samples are  predominantly  ant-GluA1/GluA2
antibodies.

Previous work showed that the antibodies from a
single patient with anti-AMPAR encephalitis selectively
decreased synaptic AMPAR clusters, and after antibody
removal, AMPAR cluster density recovered back to con-
trol levels.” Patients with anti-AMPAR encephalitis could
be subdivided into 2 groups depending on the specificity
of the antibodies present in the patient’s CSF (GluAl or
GluA2). Previous studies knocking out the expression of
GluAl or GluA2 AMPAR subunits suggested that there
could be compensatory expression of the other remaining
subunits.">'*'® We investigated whether patient anti-
GluAl or anti-GluA2 antibodies had similar effects on
the localization of AMPAR subunits. Specifically, we
assessed whether anti-GluAl patient antibodies affected
only GluAl-containing AMPARs or both GluAl- and
GluA2-containing AMPARs. Hippocampal neurons were
incubated for 1 to 3 days with patient CSF containing
anti-GluAl or anti-GluA2 antibodies, followed by
immunochemical analyses of synaptic and surface GluA1l

or GluA2/3 clusters.
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Patient anti-GluAl and anti-GluA2 antibodies sig-
nificantly decreased both GluAl- and GluA2/3-contain-
ing synaptic AMPAR cluster density, for example, the
number of AMPAR clusters per 20um of dendrite (Fig
1B, C). Similar results were obtained using purified IgG
prepared from the same patient’s CSF sample (compared
to control, AMPAR cluster density in purified patient
IgG-treated neurons decreased to 11 *£ 4%, p < 0.01),
suggesting that the patient antibodies alone caused the
decrease of synaptic AMPAR cluster density. In addition,
patient antibodies also decreased the size and fluorescence
intensity of AMPAR clusters (Fig 1D), suggesting that
antibodies also cause declustering. Furthermore, surface
biotinylation followed by Western blot analysis of GluA1l
or GluA2 subunits showed a decrease of surface protein
levels of both GluAl and GluA2, treated by either anti-
GluAl or anti-GluA2 patient CSF (Fig 1E G) compared
to CSF from control patients. In addition, Western blots
from treated and control neurons showed that the
amount of intracellular AMPARs was not different and
thus the total amount of AMPARs decreased (Fig 1E, G),
consistent with degradation of internalized receptors.
However, there was neither a significant compensatory
increase in GluA2/3-containing receptors within synapses
(Fig 1B-E), nor of surface or intracellular GluA2/3

protein levels (Fig 1E G) when treated with anti-GluA1l
patient antibodies or vice versa. These data suggest that
patient antibodies directed against either subunit GluA1l
or GluA2 have similar effects on GluAl- and GluA2-
containing  AMPARs, the main subunits comprising
AMPARSs in hippocampus.®'?

Patient Antibodies Do Not Alter Glutamatergic
Synapse Density and Cell Viability
Because AMPARs interact with many other synaptic pro-
teins and are major components of mature synapses,' >
we examined whether patient anti-AMPAR antibodies
also affected excitatory synapse density and/or the density
of other postsynaptic components. Hippocampal neurons
were cultured with CSF or serum containing anti-GluAl
or anti-GluA2 antibodies for 1 to 3 days, followed by
immunostaining or Western blot analyses of synaptic
proteins, including presynaptic vesicular glutamate trans-
porter (vGlut), postsynaptic PSD-95, the AMPAR-
interacting protein stargazin,”**> the NMDAR obligate
subunit GluN1, inhibitory GABAAR, and/or GABAg,Rs.
Patient antibodies did not alter the density of exci-
tatory synapses, presynaptic vGlut clusters, postsynaptic
PSD-95, GluN1, and stargazin clusters, compared to
control CSF (Fig 2A, C, D), or the amount of surface

FIGURE 1: Patient anti-GluA1 or anti-GluA2 antibodies selectively decrease surface AMPAR clusters. (A) Hippocampal neurons
immunostained with patient antibodies in cerebrospinal fluid (CSF). Patient CSF was preincubated with control human embry-
onic kidney (HEK) cells, or HEK cells expressing GluA1/GluA2 for 45 minutes, 6 times to deplete anti-GluA1/GluA2 antibodies.
Control depleted patient CSF showed strong immunoreactivity with neuronal surface antigens; GluA1/GluA2 HEK cell-depleted
patient CSF showed little immunoreactivity (1 anti-GluA1 patient [04067], 1 anti-GluA2 patient [02066]). Scale bar =10um. (B)
Hippocampal neurons immunostained for GluA1- or GluA2-containing AMPAR clusters and postsynaptic PSD-95. Synaptic
AMPAR clusters appear yellow due to colocalization of green GluA1 or GluA2/3 subunits and red PSD-95. Anti-GluA2 (middle
panel) or anti-GluA1 (right panel) patient CSF treatment for 24 hours reduced synaptic GIluA2 as well as GluA1 cluster density
without affecting PSD-95 density (2 anti-GluA1 patients [04067, 09276], 1 anti-GluA2 patient [02066], 2 control patients
[07238, 09724]; n=18-24 neurons from 3 independent experiments). Scale bar =5um. (C) Quantification of synaptic GluA1
(left plot) or GluA2/3 (right plot) cluster density defined as the colocalization between GluA1 or GluA2/3 and PSD-95 clusters
per 20um dendrite length from neurons treated with control, anti-GluA1, or anti-GluA2 patient CSF. Asterisks indicate signifi-
cant difference (compared with control, for synaptic GluA1 clusters, anti-GluA2 patient CSF treatment =60 * 7%, anti-GluA1
patient CSF treatment = 65 = 5%, 1-way analysis of variance [ANOVA], p=0.001; for synaptic GluA2 clusters, GluA2 patient
CSF treatment =54 *= 6%, GluA1 patient CSF treatment =39 = 3%, 1-way ANOVA, p<0.0001). (D) Quantification of GluA1
(left plot) and GluA2/3 (right plot) cluster size (area of individual cluster measured in thresholded image) from neurons treated
with control, anti-GluA1, or anti-GluA2 patient CSF. Asterisks indicate significant difference (compare to control, for GluA1
clusters, anti-GluA2 patient CSF treatment =71 = 4%, anti-GluA1 patient CSF treatment =78 + 5%, 1-way ANOVA, p<0.0001;
for synaptic GluA2 clusters, GIuA2 patient CSF treatment =79 + 4%, GluA1 patient CSF treatment =84 = 7%, 1-way ANOVA,
p =0.01). (E) Quantification of GluA1 (left plot) and GIuA2/3 (right plot) cluster intensity (average pixel intensity of individual
cluster) from neurons treated with control, anti-GluA1, or anti-GluA2 patient CSF. Asterisk indicates significant difference (com-
pared to control, GluA1 clusters, anti-GluA1 patient CSF treatment = 84 = 5%, 1-way ANOVA, p = 0.03). (F) Western blot analy-
ses of surface biotinylated (upper), total (middle), and intracellular (bottom) AMPAR protein. Patient antibody treatment for 1
day reduces surface and total AMPAR subunits, but not intracellular AMPARSs. Surface y-aminobutyric acida receptor (GABAAR)
and intracellular microtubule associated protein 2 (MAP2) were used as loading control; n =3 independent experiments. (G)
Quantification of band intensity of surface, total, and intracellular AMPAR protein after treatment with serum from anti-GluA1
or anti-GluA2 patients, showing a decrease in surface GluA1 and GluA2/3 protein in both patient antibody-treated neurons
compared to control serum-treated neurons. Asterisks indicate significant difference (surface GluA1 band intensity, con-
trol =1 = 0.1, anti-GluA2 treated =0.2 = 0.05, anti-GluA1 treated =0.1 +=0.06, 1-way ANOVA, followed by Dunnett multiple
comparison test, p<0.0001; surface GluA2 band intensity, control=0.9 =0.1, anti-GluA2 treated =0.4 = 0.01, anti-GluA1
treated =0.5 = 0.08, p<0.05; total GluA1 band intensity, control=1.0+0.06, anti-GluA2 treated=0.5+*0.1, anti-GluA1
treated = 0.6 = 0.05, p<0.05); N.S. indicates no significant difference in intracellular GluA1 or GluA2/3 protein (1-way ANOVA,
followed by Dunnett multiple comparison test, p>0.1).
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GlIuN1, stargazin, or GABAg R protein (Fig 2B, E).
These data suggest that patient anti-AMPAR antibodies
do not significantly alter the major components of
synapses.

To examine whether the patient antibodies affected
neuronal viability, the density of neurons on coverslips
was assayed by staining with 4’,6-diamidino-2-phenylin-
dole and MAP2 to label nuclei and neuron dendritic
arbors, respectively. After 24 hours of treatment, the den-
sity of neurons treated with patient CSF was comparable
with the density in control or untreated conditions (Fig
2F), suggesting that patient anti-AMPAR antibodies did
not cause significant neuronal loss. Consistently, the per-
centage of terminal deoxynucleotide transferase—mediated
nick-end labeling—positive

deoxyuridine triphosphate
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apoptotic neurons was very low (<1%) in all conditions
(Fig 2G), suggesting that patient anti-AMPAR antibodies
did not induce significant neuronal apoptosis. This is
consistent with lack of significant neuronal loss and fre-
quently observed patient recovery to predisease baseline.”
Together, our data suggest that the loss of surface
and synaptic localization caused by patient antibodies
was specific to AMPARs without widespread effects on
most other synaptic components or neuronal viability.

Patient Antibodies Increase the Net
Internalization of AMPAR Clusters

The decrease of synaptic AMPARs following patient anti-
body treatment was accompanied by the appearance of
AMPAR-positive clusters that were nonsynaptic (see Fig 1A,
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green GluAl or GluA2 clusters that were not colocalized
with red PSD-95 clusters in patients antibody treatment,
compared to yellow clusters in control treatment). To deter-
mine whether the reduction of surface AMPARs resulted
from receptor internalization, surface AMPARSs were labeled
by a commercial ant-GluAl antibody (comGluAl), fol-
lowed by treatment with control or patient CSF for 1, 4,
and 24 hours.

Control treated neurons showed a decrease of sur-
face GluAl AMPARs by 24 hours (Fig 3A, C; 40.5%
decrease by 24 hours). This suggested that under basal
conditions, GluAl-containing AMPARs undergo a rela-
tively slow rate of turnover. In contrast, neurons treated
with patient CSF showed a significantly decreased surface
cluster density by 24 hours (Fig 3A, C; 88.6% decrease,
Mann-Whitney U test, compared to control treated at
24 hours, p = 0.002). This suggests that patient anti-
AMPAR antibodies cause a rapid internalization of sur-
face AMPAR:s.

To specifically quantify internalized AMPARs,
neurons were pretreated with an excess of unconjugated
secondary antibodies to block the binding of fluores-
cently conjugated secondary antibodies to comGluAl
antibodies in the immunostaining procedure (Fig 3A,
bottom image shows effectiveness preblockade). The
total number of internal GluAl-containing AMPARs
decreased in control treated neurons over time, but
were increased in neurons treated with patient antibod-
ies at 1 hour and 4 hours, consistent with induced
internalization of AMPARs (Fig 3B, D; Mann—Whitney
U test, 1 hour p = 0.03, 4 hours p = 0.003, 24 hours
p = 0.007). By 24 hours, internal GluAl clusters were
low in both conditions (Fig 3B, D), indicating that
prelabeled AMPARs underwent degradation rapidly.

These data suggest that patient anti-AMPAR antibodies
increase the net AMPAR internalization rate, and this
loss of surface AMPARs is accompanied by transient
accumulation of internalized AMPARSs.

Previous studies suggest internalized AMPARs are
targeted to the early endosome, then either recycled back
to the surface, or transferred to late endosome and lyso-
some for degradation.'” To examine the compartmentali-
zation of AMPAR clusters internalized by patient
antibodies, neurons were treated with patient antibodies
for 4 hours, a time point when internalized AMPARs
were ample, then stained for intracellular patient antibod-
ies as well as early endosome (EEAL1), late endosome/lyso-
some (Lampl), or recycling endosome (transferrin
receptor [TrfR]) markers (Fig 3E, green indicates intracel-
lular AMPARs labeled by patient antibodies, red indicates
cell compartment marker). A small percentage of intracel-
lular patient antibody-bound AMPARs (Fig 3E, F;
around 10% or less) were colocalized with the early endo-
some marker EEA1 or recycling endosome marker TrfR
in dendrites and cell bodies. In contrast, in the cell body,
42 £ 5% of these intracellular AMPAR clusters were
colocalized with the lysosome marker Lampl. A similar
colocalization of intracellular AMPAR clusters with
Lampl was observed in cells treated with control CSF
(not significantly different; p = 0.18; data not shown).

These results suggest that the patient antibodies
increase net internalization rate of surface AMPARs and
that internalized AMPARs are degraded in lysosomes.

Commercial Anti-AMPAR Antibodies Do Not
Result in Receptor Internalization

We next examined whether commercially available anti-
AMPAR antibodies have similar effects on synaptic

FIGURE 2: Patient anti-GluA1 or anti-GluA2 antibodies do not alter other synaptic proteins. (A) Hippocampal neurons immuno-
stained for the presynaptic marker vesicular glutamate transporter (vGlut) or the postsynaptic markers PSD-95, GluN1, or star-
gazin. Anti-GluA2 patient CSF treatment for 24 hours does not reduce vGlut, PSD-95, GIuN1, and stargazin cluster density (1
anti-GluA1 patient [02066], 1 anti-GluA2 patient [04067], 2 control patients [07238, 09724], n = 12-36 neurons from 2-3 inde-
pendent experiments). Scale bar = 10um. (B) Western blot analyses of surface biotinylated stargazin, GABAgR, and GluN1
protein (n = 3-6 experiments). (C) Quantification excitatory synapse density defined as the colocalization between postsynap-
tic PSD-95 and presynaptic vGlut density per 20um dendrite length from neurons treated with control or patient CSF (control
= 16 = 1, patient = 13%= 2, Mann-Whitney U test, p = 0.1). (D) Quantification of PSD-95 cluster density (control = 17 * 1,
patient = 15 = 1, Mann-Whitney U test, p = 0.16), vGlut cluster density (control = 10 = 1, patient = 9 = 1, Mann-Whitney U
test, p = 0.16), GluN1 cluster density (control = 17 + 1, patient = 16 = 1, Mann-Whitney U test, p = 0.57), and stargazin clus-
ter density (control = 18 = 1, patient = 20 *= 1.8, Mann-Whitney U test, p = 0.33) per 20um dendrite length from neurons
treated with control or patient CSF. (E) Quantification of surface GIuN1, GABAgR, and stargazin protein after treatment with
serum from anti-GluA1 or anti-GluA2 patients, showing no significant changes in these surface proteins (1-way ANOVA, p >
0.1 for all tests). (F) Quantification of the density of dissociated hippocampal cells in vitro after 1 day of treatment with control
or patient CSF (untreated = 21 * 2, control [Con.] treated = 20 + 2, patient [Pt.] treated = 20 *+ 2, neurons per 750um?, con-
trol 10501, patient 02066, n = 12 fields from 2 independent experiments; Kruskal-Wallis test, p = 0.9). (G) Quantification of
the percent of terminal deoxynucleotide transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL)-positive
neurons in vitro (apoptotic cells). These measures were not significantly different among untreated, control, or patient CSF
treatment (untreated = 0.005 + 0.005, control treated = 0.01 + 0.01, patient treated = 0.005 + 0.005, neurons per 750um?,
n = 12 fields [750um?], 1 patient sample [02066] and 1 control sample [10501], 2 independent experiments; Kruskal-Wallis
test, p = 0.7).
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FIGURE 3.
AMPAR clusters. After 1 day of treatment with a com- wide range of antibody concentrations. When the GluA1l
mercial anti-GluAl antibody (Calbiochem) or anti- antibody concentration was high (dilution = 1:20, 1:50),
GluA2 antibody (Millipore), the synaptic localization of AMPAR cluster staining increased, most likely due to an
AMPAR clusters was unchanged (Fig 4A, B), across a increased association of commercial antibodies with
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surface receptors in the absence of increased internaliza-
ton (Fig 4C; treatment with GluAl at 1:50 dilution
does not increase AMPAR internalization). Interestingly,
when a secondary antibody was included to crosslink the
primary antibody in neurons treated with anti-GluA2
antibodies, a significant decrease of synaptic AMPAR
cluster density was observed (Fig 4A, B).

To further confirm that treatment with commercial
GluA2 antibodies plus secondary antibodies increased net
internalization of AMPARs while decreasing synaptic
AMPAREs, as observed with patient antibodies, we exam-
ined the amount of internalized AMPARs. Neurons prela-
beled with GIluA1l antibodies were treated with commercial
GluAl antibodies, GluA2 antibodies with or without sec-
ondary antibody, or with patdent CSF (Fig 4C). The
patient CSF-treated neurons had the highest density of
internalized AMAPR clusters; neurons treated with com-
mercial GluA2 plus secondary antibody also had a signifi-
candy higher density of internalized AMPARs compared to
baseline levels. Neurons treated with commercial GluAl or
GluA2 antibodies alone did not show increased accumula-
tion of internalized AMPARSs over 4 hours. These results
suggest that some commercially available primary-plus-
secondary antibody complexes have a similar but less
potent effect on internalization of surface AMPARs as
patient antibodies, whereas commercial anti-GluA antibod-
ies alone do not alter surface receptor localization.

Patient Antibodies Decrease AMPAR- but Not
NMDAR-Mediated Synaptic Transmission
To determine whether antibodies

patient reduce

mediated mEPSCs were measured using whole-cell volt-
age clamp recordings from neurons treated with patient
(anti-GluAl or anti-GluA2) or control CSF for 24
hours. Recordings were carried out in the presence of
TTX, PTX, and APV to block action potentials,
GABAR-mediated inhibitory currents, and NMDAR-
mediated currents, respectively.

In neurons treated with control CSE frequent
AMPAR-mediated mEPSCs were observed, with average
amplitude of 15 = 1 pA and average frequency of 8 =
1Hz (Fig 5A, C, D). In contrast, the AMPAR-mediated
mEPSCs in neurons treated with anti-GluA2 patient
CSF were significantly smaller and less frequent, with an
amplitude of 10 £ 1 pA (Fig 5A, C) and a frequency of
2 *= 1 Hz (Fig 5A, D). Thus, the anti-GluA2 patient
antibodies caused a significant decrease in mEPSC ampli-
tude and frequency compared to controls, and this was
consistent with another recent report.”® This decrease
was also evident by 4 hours after treatment (Fig 5C, D),
consistent with immunostaining data demonstrating sig-
nificant antibody-mediated receptor internalization at
this time point. Similar results were observed for neurons
treated with anti-GluA1l patient antibody (n = 5), with
a 58 £ 1% decrease in mEPSC amplitude and a 21 *
12% decrease in frequency compared to control treat-
ment after 24 hours. These results suggest that patient
anti-GluAl and anti-GluA2 antibodies decrease the
amplitude and frequency of AMPAR-mediated mEPSCs
in hippocampal neurons.

To determine whether the effect of patient antibod-

AMPAR-mediated  synaptic  transmission, AMPAR- ies on synaptic currents is specific to AMDPARs,

FIGURE 3: Patient antibodies increase the internalization of AMPAR clusters. Hippocampal neurons were labeled live for surface
AMPARSs using commercial anti-GluA1 (comGluA1) for 1 hour, then treated with control (09724) or patient (02066) CSF for 1, 4 or 24
hours, followed by immunostaining for the remaining surface comGluA1 in live neurons. In experiments examining internalized com-
GluA1, before fixation, neurons were pretreated with an excess of unconjugated secondary antibodies, then fixed, permeabilized, and
immunostained for internal comGluA1 (n = 23 neurons from 3 separate experiments). (A) Top and middle panels: Representative den-
drites from neurons treated with control or patient CSF respectively for 1, 4, or 24 hours and stained for surface comGluA1. Patient
CSF treatment caused a greater decrease in surface GluA1 over a 24-hour time period than control. Bottom image: dendrites pre-
blocked with excessive nonfluorescent secondary antibodies and then stained with fluorescent secondary antibody against comGluA1,
showing complete elimination of surface staining signal. Scale bar = 10um. (B) Representative dendrites from neurons treated with con-
trol (top) or patient CSF (bottom) for 1, 4, or 24 hours and stained for intracellular comGluA1. Patient CSF treatment increased intracel-
lular comGluA1 at 1 and 4 hours compared to controls. Scale bar = 10um. (C) Quantification of surface comGIuA1 clusters from
neurons treated with patient CSF for 1 hour compared with control neurons (per 20um dendrite length, control treated 1 hour = 20 *
1, 4 hours = 20 + 1, 24 hours = 12 =+ 1; patient CSF treated 1 hour = 20 = 1, 4 hours = 14 * 2, 24 hour = 2 = 1; Mann-Whitney U
test, 1 hour p = 0.3, 4 hours p = 0.04, 24 hours p = 0.002). (D) Quantification of the density of intracellular comGIuA1 clusters from
neurons treated with control or patient CSF. Control treated 1 hour =7 = 1, 4 hours = 5 = 0.4; 24 hours = 3 = 0.3; patient CSF treated
1 hour =11 = 1, 4 hours = 14 = 2, 24 hours = 4 = 0.2; Mann-Whitney U test, 1 hour p = 0.03, 4 hours p = 0.0003, 24 hours p =
0.007. * indicates p < 0.05, ** p < 0.01, *** p < 0.001. (E) Hippocampal neurons were treated with patient CSF for 4 hours, then surface
patient antibodies were pretreated by nonfluorescent secondary antibodies, and then stained for intracellular patient antibodies
(green) and the following cell compartment markers (red): EEA for early endosome, Lamp1 for lysosome, or TrfR for recycling endo-
some. The upper panels show representative images of dendrites, the bottom panels show images of cell bodies (n = 6-7 neurons for
each condition). Scale bar = 10um. (F) Quantification of the percentage of internalized patient antibody clusters colocalized with each
cell organelle marker in dendrites (EEA = 7 = 1%, Lamp1 = 8 = 2%, TrfR = 13 = 2%). (G) Quantification of percentage of internalized
patient antibody clusters colocalized with each cell organelle marker in cell bodies (EEA = 5 = 1%, Lamp1 = 42 + 5%, TrfR = 9 = 3%).
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FIGURE 4: Commercial antibodies do not have the same effects as patient antibodies. (A) Neurons were treated with
phosphate-buffered saline (PBS), commercial (comm.) anti-GluA2, or anti-GluA1 antibodies directed against extracellular epi-
topes, with and without secondary antibodies to crosslink the primary antibodies, or secondary antibodies alone for 24 hours.
Neurons were immunostained with an anti-GluA1 antibody against an intracellular epitope (if treated with anti-GluA2 antibody)
or directly with fluorescent secondary (if treated with anti-GluA1) and for the presynaptic marker synapsin. Commercial anti-
GluA2 antibodies with secondary antibody treatment for 24 hours decrease synaptic GluA1 cluster density (the colocalized yel-
low puncta are green labeled GluA1 clusters colocalized with red synapsin clusters, indicating synaptic GluA1). Scale bar =
10um (n = 6-13 neurons from 3 experiments). (B) Quantification of the percentage of synaptic AMPAR cluster density per
20um dendrite length from neurons treated with commercial GluA1 antibody or commercial GluA2 antibody compared to neu-
rons treated with PBS (compared to PBS control, GluA1 1:20 = 225 + 11%, GluA1 1:50 = 238 *+ 26%, GluA1 1:100 = 112 =+
12%, GluA1 1:500 = 138 *= 15%, GluA2 1:100 = 78 *= 5%, GIluA2 1:500 = 80 * 6%, GluA2 1:100 + 2nd = 61 = 5%, GluA2
1:500 + 2nd 1:500 = 44 * 3%, 2nd only 1:500 = 91 *= 13%, analysis of variance followed by Dunn multiple comparison test,
p < 0.0001; *significant decrease, #significant increase). (C) Quantification of internalization of GluA1 clusters prelabeled with
a commercial antibody per 20um dendrite from neurons also treated with a commercial GluA1 antibody, a commercial GluA2
antibody, or patient antibodies (n = 11-13 neurons from 3 experiments, 0 hours = 1 *= 0.3, GluA1 1:100 = 2 = 0.4, GluA1
1:50 = 2 = 0.5, GluA2 1:500 4 hours = 4 * 0.4, GIuA2 + 2nd 1:500 = 9 =+ 0.8, patient CSF = 17 * 1; Kruskal-Wallis test, p <
0.0001, *significant difference).

NMDAR-mediated currents were also measured. To
of AMPAR-mediated
mEPSCs, recordings were carried out in the presence of
TTX, PTX, CNQX (an AMPAR blocker), and glycine
to reveal all functional NMDARs.?” The amplitude, fre-
quency and decay time of NMDAR-mediated currents,

measure these independently

March 2015

which can be blocked by APV (Fig 5B, bottom trace),
were not significantly different in neurons treated with
control or patient CSF (Fig 5B, E-G). This result sug-
gests that the patient antibodies specifically eliminate
AMPAR function. Because excitatory synapse density
along dendrites assayed by immunostaining was not
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FIGURE 5: Patient antibodies decrease AMPAR but not NMDAR-mediated synaptic transmission. (A) Miniature excitatory post-
synaptic currents (mEPSCs) recorded in physiological saline with TTX, picrotoxin (PTX), and APV to isolate synaptic AMPAR-
mediated currents (upper trace); n = 9 neurons treated with control cerebrospinal fluid (CSF), 4 to 7 neurons treated with
patient CSF for 1, 4, or 24 hours. Two patient (02066, 04067) and 2 control (09724, 09726) samples were used. Left: Under
the same recording conditions, treatment of hippocampal neurons with patient CSF (bottom traces) for 1 day dramatically
reduces synaptic AMPAR-mediated currents. Right: Representative average mEPSCs from neurons treated for 1 day with con-
trol CSF (left) or patient CSF (right). Neurons treated with patient CSF have smaller AMPAR-mediated synaptic current than
neurons treated with control CSF. (B) mEPSCs recorded in physiological saline with TTX, PTX, and CNQX, to isolate synaptic
NMDAR-mediated currents, and coagonist glycine. Left: Treatment of hippocampal neurons with control (upper trace) and
patient CSF (bottom traces) for 1 day have comparable synaptic NMDAR-mediated currents. Right: Representative average
mEPSCs from neurons treated for 1 day with control CSF (left) or patient CSF (right), show comparable synaptic NMDAR-
mediated currents; n = 10 neurons treated with control CSF (09724), 9 neurons treated with patient CSF (02066). (C) Effect of
patient antibodies on AMPAR-mediated synaptic current amplitude (in picoamperes, control [Con.] = 15 * 1, patient [Pt.] CSF
treated 1 hour = 12 * 2, patient CSF treated 4 hours = 10 * 1, patient CSF treated 24 hours = 10 *+ 1; *significant differ-
ence, 1-way analysis of variance [ANOVA] test, p = 0.01). (D) Effect of patient antibodies on AMPAR-mediated synaptic current
frequency (in hertz, control = 8 = 1, patient CSF treated 1 hour = 5 = 2, patient CSF treated 4 hours = 2 * 0.4, patient CSF
treated 24 hours = 2 * 0.8; *significant difference, 1-way ANOVA test, p = 0.0017). (E) Effect of patient antibodies on
NMDAR-mediated synaptic current amplitudes (in picoamperes, control = 16 * 1, patient CSF treated = 18 = 2; Student t
test, p = 0.2). (F) Effect of patient antibodies on NMDAR-mediated synaptic current frequency (in hertz, control = 0.7 = 0.1,
patient CSF treated = 1 = 0.3; Student t test, p = 0.44). (G) Effect of patient antibodies on NMDAR-mediated synaptic current
decay time (in milliseconds, control = 66 * 9, patient CSF treated = 88 = 8; Student t test, p = 0.09).

altered, the proportion of silent synapses without internalization is a weakening of glutamatergic synaptic
AMPARs was increased. In addition, the observation that transmission.
the frequency of NMDAR-mediated currents was not

affected also suggests that glutamatergic presynaptic Compensatory Decrease in Inhibition in

release probability is unlikely to be altered by patient Neurons Treated with Patient Antibodies

antibodies. Previous studies showed that chronic pharmacological
These results show that patient antibodies specifi- blockade of AMPAR-mediated transmission led to a

cally decrease synaptic AMPAR-mediated currents and homeostatic decrease of inhibitory synapse strength such

not NMDAR-mediated currents, consistent with the spe- that neurons maintain their firing rate.”*>> To examine

cific loss of surface, synaptically localized AMPAR clus- whether similar compensatory changes occurred following

ters. The functional effect of antibody-mediated AMPAR the decrease in AMPAR-mediated transmission induced
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FIGURE 6: Homeostatic decrease of GABAsR-mediated synaptic transmission. (A) Miniature inhibitory postsynaptic currents
(mIPSCs) recorded in physiological saline with TTX, CNQX, and APV to isolate synaptic GABA R-mediated currents. Hippocam-
pal neurons treated with patient CSF (bottom left trace) for 1 day have fewer mIPSCs compared to control (upper left trace).
The average amplitude of GABAAR-mediated mIPSCs in neurons treated with patient CSF (bottom right trace) was similar to
control (bottom left trace); n = 8 control CSF-treated neurons, 6 patient CSF-treated neurons, 1 patient 02066, 2 control sam-
ples (09724, 09726). (B) Effect of patient antibodies on GABA,R-mediated mIPSC frequency (in hertz, control [Con.] = 1.6 =
0.5, patient [Pt.] CSF treated = 0.4 = 0.2; *significantly different from (B); Student t test, p = 0.03). (C) Effect of patient anti-
bodies on GABAAR-mediated mIPSC amplitudes (in picoamperes, control = 37 * 2, patient CSF treated = 35 + 3; Student t
test, p = 0.7). (D) Hippocampal neurons immunostained for the inhibitory presynaptic marker vGAT (red) and the postsynaptic
marker GABAAR (green). Inhibitory synapses are defined as the colocalization between vVGAT and GABA,R staining. Patient
CSF or CNQX treatment for 24 hours reduces vGAT staining intensity, whereas patient CSF + KCI (25mM) increases vGAT
intensity, compared to neurons treated with control CSF (15-24 neurons from 3 independent experiments). Scale bar = 10um.
(E) Quantification of inhibitory synapse density. Numbers of immunofluorescence labeled puncta per 20um dendrite were nor-
malized to controls for each trial. Neurons were treated with control CSF, patient CSF, CNQX, patient CSF + KCI (25mM), or
KCI (25mM). The density of inhibitory synapses was comparable among conditions (Mann-Whitney U test, p = 0.5). (F) Cumula-
tive distribution of VGAT intensity on neurons treated with control CSF (black solid line), patient CSF (red solid line), CNQX
(green solid line), patient CSF + KCI (red dotted line), or KCI (black dotted line). Patient CSF- or CNQX-treated neurons have
decreased vGAT staining intensity compared to the control (Kolmogorov-Smirnov test, p < 0.0001), whereas KCI alone or KCI
+ patient CSF-treated neurons have increased vGAT staining (Kolmogorov-Smirnov test, p < 0.0001).

by patient antibodies, mIPSCs were recorded in the pres-
ence of TTX, APV, and CNQX. Measurements were
done 48 hours after patient CSF treatment, and the
decrease of synaptic AMPARs assayed by immunostain-
ing was comparable to 24-hour treatment. The frequency
of mIPSCs decreased significantly (Fig 6A-C, Student #
test, p = 0.03), whereas the amplitude was comparable

March 2015

between control and patient antibody-treated conditions.
To examine the effects of patient antibodies on inhibitory
synapses, neurons were immunostained with an inhibi-
tory presynaptic marker, vGAT, and the postsynaptic
GABA4R f2/3 (Fig 6D). Patient CSF or CNQX treat-
ment for 48 hours reduced vGAT staining intensity (Fig
6D, F), whereas the density of inhibitory synapses
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FIGURE 7: Homeostatic increase of neuronal excitability and patient antibody effects on spontaneous firing. (A) Representative
traces of action potential firing during current injection (upper traces, OpA, 40pA, 100pA, 200pA) in control treated neurons
(middle traces), and patient CSF-treated neurons (bottom traces). The recording was done in the presence of APV, CNQX, and
picrotoxin to block synaptic transmission; n = 7 control neurons, 6 patient CSF-treated neurons, 1 patient sample (02066) and
1 control sample (09726). (B) Quantification of action potential firing versus current injection, showing significant increase of
neuronal excitability in patient CSF-treated neurons (Mann-Whitney U test, p < 0.05 for 0, 40, 60, 80,100, 120, 140, 180, and
200pA). (C) Average input resistance was higher in patient CSF-treated neurons than in controls (in megaohms, control = 294
+ 29, patient CSF-treated = 448 = 51, *significant difference, Student t test, p = 0.04). (D) Representative traces of spontane-
ous action potential firing in control (upper trace) or patient CSF-treated neurons (bottom trace) without synaptic transmission
blockers. The boxed segments are shown on a slower time scale on the right; n = 5 control neurons, 6 patient CSF-treated
neurons, 1 patient sample (04067) and 1 control sample (09724). (E) Average action potential firing frequency was not signifi-
cantly different in control or patient CSF-treated neurons (in hertz, control = 1.6 = 0.3, patient CSF treated = 1.7 = 0.5, Stu-
dent t test, p = 0.9). (F) Cumulative distribution of action potential interspike intervals of neurons treated with control CSF
(dotted line) or patient CSF (solid line). *Two distributions are significantly different (Kolmogorov-Smirnov test, p < 0.0001).
(G) Comparison of percentage of short-interval spikes (with <10-millisecond intervals) in control treated or patient CSF-treated

neurons (control treated = 1.3 = 0.7%, patient treated = 11 = 5%, *significant difference, Student t test, p = 0.02).

defined by colocalization of vGAT and GABAAR clusters
was comparable among conditions. To confirm that the
change of vGAT staining intensity was not a direct result
of patient’s antibodies but rather a reflection of decreased
neuronal excitation, coverslips were treated with KCI to
depolarize neurons, increasing their activity, with or with-
out patient CSE In conditions with KCI alone or KCl
plus patient CSE presynaptic vGAT cluster intensity was
increased significantly (Fig 6D, F), suggesting that
changes in inhibitory tone were determined by the level
of neuronal excitation. Together these results suggest that
neurons homeostatically decrease inhibitory synaptic
strength in response to the reduction in AMPAR-

mediated synaptic transmission.

Patient Antibodies Cause Homeostatic Increase
of Intrinsic Excitability and Altered Action
Potential Firing

Previous work showed that neural intrinsic properties are
also affected by homeostatic scaling.3 3 Thus, we exam-
ined the effect of patient anti-AMPAR antibodies on
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intrinsic neuronal excitability in the presence of APV,
CNQX, and PTX to block synaptic transmission. Neu-
rons rarely spontaneously fire action potentials under
such conditions (Fig 7A, control = 0pA), because all
synaptic inputs were blocked, but fire upon current injec-
tion (Fig 7A). Neuronal excitability was greatly increased
after 48 hours of treatment with patient CSE Neurons
fired more action potentials in response to the same
amplitude of current injection (Fig 7A, B), and also fired
action potentials spontaneously (Fig 7B, current injection
1.7 = 0.8 spikes per 400-
millisecond duration). After treatment with patient anti-

= 0 pA, average =

bodies, input resistance was increased, whereas resting
potential was not significantly altered (control average =
—59 * 3mV, patient CSF-treated = —52 * 1mV, Stu-
dent # test, p = 0.15). These results suggest that after
treatment with patient anti-AMPAR antibodies, neurons
are more excitable, and tend to fire spontaneously with-
out excitatory input.

In the absence of synaptic blockers, neurons treated
with patient antibodies had a similar average firing rate
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as control neurons. The maintenance of firing frequency
was consistent with previous observations that average fir-
ing frequency was usually maintained after blocking exci-

3735 However, although

tatory synaptic transmission.
average firing rate was unaffected by patient antibodies,
the pattern of firing was substantially altered. The inter-
spike intervals of neurons treated with patient CSF were
significantly different from control neurons (Fig 7D, F).
Specifically, the percentage of spikes with extremely short
interspike intervals (<10 milliseconds) was significantly
increased in patient antibody-treated neurons compared
to controls (Fig 7G). These results suggest that patient
antibody-mediated reduction of surface AMPARs results
in significant changes in patterns of action potential fir-
ing in hippocampal pyramidal neurons.

Discussion

We examined the effects of autoantibodies from anti-
AMPAR encephalitis patients on hippocampal neurons.
Patient AMPAR antibodies cause a selective decrease in
the surface amount and synaptic localization of
AMPARs, due to increased internalization of AMPARs.
Consistent with this, patient antibodies caused a decrease
in AMPAR- but not NMDAR-mediated excitatory post-
synaptic currents. Whereas the average action potential
firing frequency was unaffected, loss of surface AMPARs
resulted in significant changes in the pattern of action
potential firing, likely a result of reduced inhibitory syn-
aptic transmission and an increase in intrinsic neuronal
excitability. These results demonstrate patient antibody—
induced synaptic and neuronal changes that may contrib-
ute to the short-term memory loss and seizures observed
in patients with anti-AMPAR encephalitis.

Loss of Surface AMPARs and Deficits in
Hippocampal Short-Term Memory

The phenotypes observed in mice lacking expression of
individual AMPAR subunits are not conjugate with
symptoms observed in patients with anti-AMPAR
encephalitis. Spatial learning and memory are largely
unaffected in GluAl knockout mice."”® GluA2 knockout
mice show reduced exploration, impaired motor coordi-
nation, and abnormal spatial and nonspatial learning but
enhanced LTP.'®%® These studies suggest that compensa-
tory mechanisms, including expression of other AMPAR
subunits, may blunt the synaptic, circuit, and behavioral
effects of loss of a particular receptor subunit. A recent
study demonstrated that the surface pool of AMPARs is
the critical determinant of LTT regardless of subunit
types.'” This implies that if the total surface AMPAR
pool is decreased, memory problems would result. Our
observation that the total surface AMPAR pool is
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decreased in anti-AMPAR encephalitis regardless of the
antibody specificity, along with the loss of short-term
memory in patients, provides strong support for this
hypothesis. Our data show that patient antibodies against
either GluAl or GluA2 have similar effects on the den-
sity of both GluAl and GluA2 subunits, without obvious
compensation from the unaffected subunit. This is prob-
ably due to hippocampal AMPARs mainly being GluA1/
GluA2 heteromers.® Once the patient antibodies bind to
either subunit, they would initiate endocytosis of the
entirce: AMPAR heteromer. Thus, this form of autoim-
mune encephalitis provides a unique human model, and
informs development of potential animal models, for
understanding the role of AMPARs in learning and
memory.

Another interesting aspect of anti-AMPAR encepha-
litis is the recovery process. Patient short-term memory
can recover after therapeutic intervention to reduce anti-
body titer. We previously showed that after removal of
patient antibodies, normal synaptic AMPAR cluster den-
sity is restored within a few days in cultured neurons.’
Our current study showed that inhibitory synaptic trans-
mission and neural intrinsic properties were also altered
after AMPAR-mediated
reduced by treatment with patient antibodies. A number

synaptic  transmission — was
of interesting questions remain about whether and how
synapses and neuronal and circuit properties return to
their original function during and after recovery. These
questions could be explored in longitudinal studies of
animal models as well as human subjects before and after

treatment to reduce antibody titer.

Internalization of AMPAR Triggered by Patient
Antibodies

Antibodies trigger crosslinking and internalization of cell
surface protein/antigen in single-cell pathogens,37 blood

40
3940 and neu-

cells,”® muscle cells in myasthenia gravis,
anti-NMDAR

antibody-induced internalization relies on specific epi-

rons in encephalitis.'®  Pathogenic
topes on antigens. Antibodies from several subgroups of
patients with anti-NMDAR encephalitis recognize a com-
mon epitope region based on the tertiary structure of
amino acid residues that are remote in primary
sequence.”’ Antibodies from patients with myasthenia
gravis also recognize a small immunogenic region of nic-
otinic acetylcholine receptors.*> Our results show that, in
contrast to patient antibodies, 2 commercially available
antibodies against the extracellular region in the amino-
terminal domain (ATD)* of AMPAR subunits do not
induce internalization of surface AMPARs. One hypothe-
sis is that patient antibodies recognize a specific epitope

region, which is not recognized by commercial
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antibodies. Consistent with this hypothesis, anti-AMPAR
encephalitis patient antibodies mainly recognize the bot-
tom lobe of ATD,?® similar to antibodies against the
NR1 subunit of the NMDAR in anti-NMDAR encepha-
litis.”! In contrast, the peptide sequences used to generate
the commercial anti-AMPAR antibodies reside in the top
lobe of ATD for anti-GluAl antibody (Calbiochem) and
in both lobes for anti-GluA2 antibody (Millipore). In
our experiments, the commercial anti-GluAl did not
increase AMPAR internalization, and previous studies,
which have used this antibody extensively for surface
labeling of AMPARSs, have not reported effects on inter-
nalization. Interestingly, the addition of a secondary anti-
body (as a crosslinking agent) during ant-GluA2
treatment caused greater receptor internalization and syn-
aptic localization. These results suggest that enhanced
crosslinking of the commercial primary antibody caused
increased aggregation of the AMPAR-antibody complex,
resulting in receptor internalization. It is tempting to
speculate that the differendial effects of the commercial
antibodies from patient antibodies may be a result of the
location of their epitopes on the AMPAR. Future studies
will focus on examining whether specific amino acid resi-
dues in the bottom lobe of ATD of ionotropic glutamate
receptors may be critical for autoimmunity. It also
remains possible that different antibody isotypes*® give
rise to the difference in AMPAR internalization, because
the patient antibodies are mainly but not exclusively
IgG, commercial anti-GluAl is polyclonal IgG, and com-
mercial anti-GluA2 is monoclonal IgG2a. Our experi-
ments cannot rule out this possibility. Due to the limited
number and amount of available high-titer patient CSF
and serum samples (2 high-titer anti-AMPAR patient
samples sufficient for Fab fragments preparation, many
fewer than ant-NMDAR patient samples available for
experiments), we were unable to directly assess the cross-
linking mediated by patient antibodies as in the previous
work.'® Preparing Fab fragments exhausts a large amount
of patient samples due to protein loss in digestion and
purification steps. When additional high-titer patient
samples are identified, patient antibody crosslinking of
AMPARSs can be tested directly.

AMPARs are constantly cycling between the cell
membrane and intracellular compartments in normal
neurons. Surface AMPARs are internalized, entering early
endosomes and sorting to recycling endosomes or late
endosomes/lysosomes over a time course of minutes,
depending on previous neuronal activity.'”** These proc-
esses also contribute to long-term potentiation and long-

. 464
term depression, 647

which are thought to be critical in
memory formation. Our results showed that surface

AMPAR loss was significant after 4 hours, consistent
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with a significant decrease of AMPAR-mediated currents
observed around the same time. One hour of patient
CSF treatment did not show a significant decrease in sur-
face AMPAR clusters but did show a significant increase
of internalized AMPAR cluster density, probably due to a
remaining large pool of surface AMPAR (high noise
compared to signal) but low background from internal-
ized AMPAR clusters (low noise compared to signal) for
analysis. Our results do not suggest that the ant-
AMPAR patient antibodies slow normal AMPAR recy-
cling, which occurs on a scale of minutes. It is likely that
individual AMPARs can be internalized minutes after
binding with patient antibodies. It is also likely that
some of them recycle back to the surface because about
10% of them colocalize with the recycling endosome
marker TrfR. Thus, the initial imbalance between inter-
nalization and reinsertion is small. In addition, the bind-
ing of patient antibodies with AMPARSs does not saturate
within minutes, but likely over hours, so the antibodies’
effects within the first hour may not be maximal.
Together, our results specifically suggest that the balance
of internalization and reinsertion is disrupted in the pres-
ence of patient antibodies, culminating in the accumula-
internalized ~AMPARs,
functionally significant after several hours. Our results

tion of which  becomes
demonstrate that internalized AMPAR—patient antibody
complexes are localized to early endosomes, recycling
endosomes, and lysosomes, especially lysosomes in cell
bodies; these are the cellular compartments that normally
contain constitutively internalized AMPARs.'>*> The
observations reported here were made after pretreatment
of a population of surface AMPAR for over 2 hours, and
examining the distribution of these receptors after 4
hours, and thus represent a significantly greater period of
time than previous studies assaying activity-dependent
AMPAR cycling.'”*> Our data may reflect a steady-state
distribution associated with the extended presence of
patient antibodies.

Homeostatic Plasticity Associated with Surface
AMPAR Loss Caused by Patient Antibodies

It is a paradox that a decrease of AMPAR-mediated exci-
tatory transmission could lead to seizures as a prominent
symptom in patients. Seizures usually result from an
imbalance between excitation and inhibition, either via
an increase in excitation such as that caused by mutations
in voltage-gated sodium channels, or a decrease in inhibi-
tion such as that caused by GABAAR dysfunction.®>?
An exception involving a decrease of AMPAR synaptic
transmission is the stargazer mutant mouse, which devel-
ops absence epilepsy due to reduced AMPAR-mediated

synaptic transmission in inhibitory thalamic reticular
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nucleus neurons, but not in excitatory relay neurons.’?

None of these previously reported mechanisms can fully
explain the seizures in patients with anti-AMPAR
encephalitis. The work we report here suggests that the
decrease of excitatory synaptic transmission caused by
patient antibodies results in a decrease in inhibitory syn-
aptic transmission and an increase in intrinsic excitability.
These compensatory changes are consistent with numer-
ous observations that pyramidal neurons tend to homeo-
statically maintain firing rate in response to chronic

33-35 anti-

inactivity. Neurons treated with patient
AMPAR antibodies maintained a similar overall firing
rate as the control treated neurons, consistent with
homeostatic compensation. However, at this new balance
point, a neuron might receive less synaptic input from
other neurons and fire at a higher intrinsic rate, generat-
ing epileptic activity. Patient anti-AMPAR antibodies
selectively eliminate surface and synaptic AMPAREs,
resulting in a homeostatic decrease in inhibitory synaptic
transmission and increased intrinsic excitability, which

may trigger seizures in patients with this disorder.
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