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Neurobiology of Disease

Positive Allosteric Modulation as a Potential Therapeutic
Strategy in Anti-NMDA Receptor Encephalitis

Natasha Warikoo,' Samuel J. Brunwasser,> Ann Benz,! Hong-Jin Shu,' ©“Steven M. Paul,'*%” “Michael Lewis,°
James Doherty,® Michael Quirk,® Laura Piccio,> ““Charles F. Zorumski,"->* ““Gregory S. Day,>* and

Steven Mennerick!->*
Departments of 'Psychiatry, 2Neurology, *Neuroscience, 4Taylor Family Institute for Innovative Psychiatric Research, >Medical Scientist Training
Program, Washington University School of Medicine, St. Louis, Missouri 63110, °Sage Therapeutics, Cambridge, Massachusetts 02142, 7Voyager
Therapeutics, Cambridge, Massachusetts 02139, and $Knight Alzheimer Disease Research Center, Washington University School of Medicine, St.
Louis, Missouri 63108

N-methyl-p-aspartate receptors (NMDARs) are ionotropic glutamate receptors important for synaptic plasticity, memory, and neuro-
psychiatric health. NMDAR hypofunction contributes to multiple disorders, including anti-NMDAR encephalitis (NMDARE), an auto-
immune disease of the CNS associated with GluN1 antibody-mediated NMDAR internalization. Here we characterize the functional/
pharmacological consequences of exposure to CSF from female human NMDARE patients on NMDAR function, and we characterize the
effects of intervention with recently described positive allosteric modulators (PAMs) of NMDARs. Incubation (48 h) of rat hippocampal
neurons of both sexes in confirmed NMDARE patient CSF, but not control CSF, attenuated NMDA-induced current. Residual NMDAR
function was characterized by lack of change in channel open probability, indiscriminate loss of synaptic and extrasynaptic NMDARs,
and indiscriminate loss of GluN2B-containing and GluN2B-lacking NMDARs. NMDARs tagged with N-terminal pHluorin fluorescence
demonstrated loss of surface receptors. Thus, function of residual NMDARs following CSF exposure was indistinguishable from baseline,
and deficits appear wholly accounted for by receptor loss. Coapplication of CSF and PAMs of NMDARs (SGE-301 or SGE-550, oxysterol-
mimetic) for 24 h restored NMDAR function following 24 h incubation in patient CSF. Curiously, restoration of NMDAR function was
observed despite washout of PAMs before electrophysiological recordings. Subsequent experiments suggested that residual allosteric
potentiation of NMDAR function explained the persistent rescue. Further studies of the pathogenesis of NMDARE and intervention with
PAMs may inform new treatments for NMDARE and other disorders associated with NMDAR hypofunction.
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Significance Statement

Anti-N-methyl-p-aspartate receptor encephalitis (NMDARE) is increasingly recognized as an important cause of sudden-onset
psychosis and other neuropsychiatric symptoms. Current treatment leaves unmet medical need. Here we demonstrate cellular
evidence that newly identified positive allosteric modulators of NMDAR function may be a viable therapeutic strategy.

al., 2017). In fact, NMDARE is now reported as the most com-
mon cause of autoimmune encephalitis, with comparable inci-
dence and prevalence to infectious encephalitis (Gable et al.,
2012; Dubey et al., 2018). Indicated treatment for NMDARE in-
cludes immunosuppressive therapies. With current treatment,
~80% of patients improve, whereas relapses are reported in 14—
25% of cases (Gabilondo et al., 2011; Titulaer et al., 2013). Al-
though reassuring, documented improvement may take place

Introduction

Anti-N-methyl-D-aspartate receptor encephalitis (NMDARE) is
increasingly recognized as a cause of sudden-onset psychosis and
other neuropsychiatric symptoms (Fischer et al., 2016; Dalmau et
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over protracted periods (Titulaer et al., 2013), with persistent
psychiatric and cognitive sequelae of disease increasingly recog-
nized (Finke et al., 2016). These findings emphasize the need for
complementary approaches to treatment (Panzer and Lynch,
2013), including interventions capable of mitigating symptoms
during the acute phase of disease, and strategies that promote
receptor recovery and improve longer-term outcomes.

At the cellular level, binding of NMDAR antibodies leads to
capping and crosslinking of NMDARs, resulting in receptor
dimerization and internalization (Hughes et al., 2010). Other
results suggest that human NMDAR antibodies may alter surface
NMDAR retention at synapses (Mikasova et al., 2012). The com-
bined effects are thought to be responsible for the unique mani-
festations of signs and symptoms that characterize patients with
NMDARE, a hypothesis reinforced by the observation that sev-
eral clinical features are reproduced with pharmacological block-
ade of NMDARs (Krystal et al., 2002; Anticevic et al., 2012;
Zorumski et al., 2016). Although loss of surface receptors is key to
antibody effects, whether remaining surface receptors exhibit al-
tered function because of antibody binding is unclear.

We examined additional effects of NMDAR antibody expo-
sure by challenging primary cultures of rodent hippocampal neu-
rons through incubation with CSF from NMDARE patients. We
found no evidence of altered function of remaining surface
NMDARSs following 24—-48 h of CSF exposure, nor preferential
loss of synaptic versus extrasynaptic NMDARS or GIuN2A versus
GluN2B-containing NMDARs. We provide proof-of-concept, in
vitro evidence that a class of oxysterol mimetics, selective positive
allosteric modulators (PAMs) of NMDAR function (Paul et al.,
2013), rescue the effect of patient CSF when administered mid-
course of a 48 h incubation. The results implicate a novel drug
class for rapid intervention in NMDARE.

Materials and Methods

Hippocampal cell culture. Rat hippocampal neuron-astrocyte cocultures
were created and maintained as previously described (Mennerick et al.,
1995; Moulder et al., 2007; Emnett et al., 2013). Briefly, hippocampi and
cortical (astrocyte) tissue were dissected from postnatal day 03 rats of
either sex using protocols approved by the Institutional Animal Care and
Use Committee. Cells were seeded in modified Eagle’s medium (Life
Technologies) containing 5% horse serum, 5% fetal calf serum, 17 mm
D-glucose, 400 mum glutamine, 50 U/ml penicillin, and 50 mg/ml strepto-
mycin. Mass cultures were plated at 650 cells/mm onto 25 mm cover
glasses coated with 5 mg/ml collagen or 0.1 mg/ml poly-p-lysine with 1
mg/ml laminin. Micro-island cultures were seeded on microdots of col-
lagen on 0.15% agarose background as described previously (Mennerick
etal., 1995; Moulder et al., 2007; Emnett et al., 2013). Experiments were
performed at 7-11 DIV.

Patient material. CSF was collected from patients admitted to Barnes-
Jewish Hospital (Washington University in St. Louis; Saint Louis, Mis-
souri) with definite autoimmune encephalitis, including symptoms and
signs consistent with NMDARE (Titulaer et al., 2013), and antibodies
against the GluN1 subunit of the NMDAR (clinical testing performed by
the Mayo Clinic, Rochester, MN). The clinical assay for NMDARE is a
cell-based assay using specific anti-IgG immunofluorescence detection
methods on transfected cells (EUROIMMUN). We confirmed with anti-
human IgG staining of tissue, as described below. Patient A also pre-
sented with ovarian teratoma, a classic comorbidity for NMDARE. CSF
samples were obtained before induction of appropriate immunotherapy.
Antibody titers were 1:4 for Patient A, 1:10 for Patient B, and 1:32 for
Patient C. Additional CSF samples were obtained from female patients
between 29 and 33 years of age with multiple sclerosis (MS), a chronic
neuroinflammatory/autoimmune disease (Polman etal., 2011), as well as
from neurologically normal volunteers. Patients were enrolled in ongo-
ing prospective observational research studies at Washington University
in St. Louis. Neurologically normal volunteers were recruited from the
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local community, and CSF was obtained following a brief interview (to
establish status as controls) and neurological examination. Study proto-
cols were approved by the Washington University School of Medicine
Human Research Protections Office. Written informed consent was ob-
tained from patients (or their delegates) and neurologically normal vol-
unteers, permitting collection, storage, and use of CSF in appropriate
clinical research studies. CSF was stored at —70°C until use.

In electrophysiological recording and immunohistochemistry experi-
ments, cells were incubated in 1:12 or 1:24 dilutions of patient CSF,
neurologically normal CSF, or artificial CSF (aCSF) containing the fol-
lowing (in mm): 138 NaCl, 4 KCl, 2 CaCl,, 10 glucose, 10 HEPES 2 CaCl,,
1 MgCl,, and 10 glucose. Glutamate receptor antagonists D-APV (10 um)
and NBQX (1 um) were included to prevent excitotoxicity. Due to lim-
ited CSF sample, aliquots were harvested following experiments and re-
used up to four times; controls and experimental samples were matched
for number of uses.

N2a cell transfection. Murine neuro-2a (N2a; ATCC, CCL-131) cells
were cultured in DMEM supplemented with 10% (v/v) FBS, 2 mwm glu-
tamine plus 100 U/ml penicillin, and 0.1 mg/ml streptomycin in an at-
mosphere of 5% CO, and 95% air. Cells were maintained at subconfluent
densities and transiently transfected with GluN1 (0.34 ug) and GluN2B-
SEP (2 pg) subunit DNA. GluN1a in pcDNA3 plasmid was a gift kindly
provided by Dr. Elias Aizenman (Department of Neurobiology, Univer-
sity of Pittsburgh School of Medicine, Pittsburgh, PA) The pCI-
SEP_NR2B subunit was a gift from Roberto Malinow (Addgene plasmid
#23998; Kopec et al., 2006). The transfection protocol consisted of 4 h
incubation at 37°C in serum-free medium containing plasmids and Li-
pofectamine 2000 reagent (Invitrogen). Following the incubation, the
medium was exchanged for serum-containing medium including 100
M ketamine to prevent receptor-mediated cell death (Boeckman and
Aizenman, 1996).

Slice staining. Rodent brain tissue was fixed, permeabilized, and incu-
bated in a 1:20 dilution of patient CSF, followed by application of anti-
human IgG secondary antibody conjugated to AlexaFluor 555. Images
were taken of hippocampus using a 4X objective under epifluorescence
illumination.

Electrophysiology. Whole-cell recording pipettes were pulled from
borosilicate glass capillary tubes (World Precision Instruments) and
exhibited 2—6 M) final open-tip resistances. Unless otherwise stated,
neurons were voltage-clamped to —70 mV. Electrophysiological extra-
cellular recording solution typically contained the following: 138 mm
NaCl, 4 mm KCl, 2 mm CaCl,, 10 mum glucose, 10 HEPES, 20 um D-serine,
15 uMm gabazine, 1 um NBQX, and 0.2 uM tetrodotoxin, pH 7.25. Extra-
cellular Mg>" was excluded during electrophysiological evaluation of
NMDAR function. The whole-cell pipette internal solution contained
the following (in mm): 140 cesium methanesulfonate, 5 NaCl, 0.5 CaCl,,
5 EGTA, and 10 HEPES, pH 7.25. NMDA receptor function was probed
by applying 10 um NMDA for 5 s.

Evoked EPSCs were obtained from solitary neurons in microcultures
with a 1.5 ms depolarization to 0 mV to elicit a breakaway action poten-
tial in the cell’s axon. For these experiments potassium gluconate re-
placed cesium methanesulfonate in the pipette solution. Tetrodotoxin
was excluded from bath solution, and NBQX was added or excluded as
indicated. Access resistance was compensated to 90-95% for evoked
autaptic PSC recordings. Some synaptic recordings were obtained in
presence of 1 um NBQX as indicated.

Fluorescence imaging and anti-GFP immunostaining. To assess surface
receptor presence, we performed acid quenching of superecliptic
pHluorin (SEP)-tagged receptor subunits in live cells during time-
lapse imaging. Imaging was performed 2448 h post-transfection. Cells
were perfused with electrophysiological extracellular saline containing
2 mm CaCl, 1 mm MgCl, 10 mm glucose, and 10 um p-APV. 2-[N-
morpholino] ethane sulfonic acid (MES) was then applied by replacing
HEPES in the standard saline and setting the pH to 5.5 with HC. Fluo-
rescence images were acquired with conventional epifluorescence on a
Nikon TE2000 inverted microscope and a CCD camera (Roper Scien-
tific) and analyzed using Fiji/Image]. For MES-application experiments,
fluorescence intensity was measured in a fixed region-of-interest (ROI)
near the membrane over the entirety of perfusion (22.5 s). Baseline flu-
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Figure 1.

aCSF MS-A MS-B NN-A NN-B

Depression of NMDA current in hippocampal neurons following patient CSF incubation. A, NMDARE-A CSF (1:20 dilution) labels mouse hippocampus in a pattern typical of NMDAR

distribution. Human antibody binding to the tissue section was visualized with anti-human secondary antibody conjugated to AlexaFluor 555. B, CSF from an age- and sex-matched MS patient (1:20
dilution), failed to exhibit an NMDAR-like pattern of labeling. Scale bar: 500 wm. ¢, NMDA (10 wum) -elicited current from a hippocampal neuron following 48 h incubation with either aCSF (1:12;
black trace) or NMDARE-A CSF (1:12; red trace). D, Summary of NMDA current density from cells treated as in € (5 = 6.951, *p = 1.08e—8; n = 21 for control and 27 for NWDARE-A). E,
Comparison of effects of two dilutions of NMDARE-A CSF, 24 h in either 1:12 dilution (n = 10) or 1:24 dilution (n = 10) in sibling cultures. A one-way ANOVA showed a significant NMDARE-A
(SF-mediated current depression (F, ;) = 14.1,*p = 6.6e —5). Asterisks denote p << 0.05 versus aCSF, determined with Student’s unpaired t test, Bonferroni corrected for multiple comparisons.
F, Representative traces from an experiment examining NMDA (10 wm) -elicited current from a hippocampal neuron following 48 h incubation of hippocampal cultures in aCSF (1:12; black trace; n
= 15) or CSF from MS-A (1:12; gray trace; n = 10). G, Control CSF from age- and sex-matched MS patients (MS-A, MS-B) and neurologically normal controls (NN-A, NN-B). There was no significant

difference between any treated group and control; p > 0.05 uncorrected ¢ tests.

orescence was calculated as the average of pre-MES and post-MES fluo-
rescence to account for time-dependent decreases. This absolute baseline
was compared with that at the final image during MES challenge to
measure the MES-induced fluorescence change.

For anti-GFP labeling of SEP-tagged surface receptors, transfected
N2a cells were incubated in control or patient CSF 24 h post-transfection.
After 24 or 48 h of treatment, cultures were fixed for 5 min in 4% para-
formaldehyde in PBS. Cells were blocked with 10% normal goat serum
and incubated with rabbit anti-GFP antibody (Life Technologies, catalog
#A6455) for 3 h at a 1:1000 dilution. Cells were incubated in secondary
antibody conjugated to AlexaFluor 568 for 30 min, and mounted onto
coverslips for visualization. Cells were imaged on a Nikon TE2000 mi-
croscope equipped with a C1 laser scanning confocal module. Single
confocal sections through the middle of the cell were analyzed with Fiji/
Image]. To ensure objectivity, cells were selected for analysis based on
SEP fluorescence, without reference to anti-GFP labeling. To assess anti-
GFP surface labeling, ROI lines at 30 pixel thickness were drawn through
the cell excluding the nucleus. Fluorescence intensity was assessed
along the line, using cell exterior as background. Peak fluorescence
value within the first 50 pixels was taken as membrane fluorescence,
whereas mean center values (middle 50 points) corresponded to in-
tracellular fluorescence.

Experimental design and statistical analysis. Summary values are
mean *= SEM. For all experiments, we used a “yoked” design to guard
against ancillary causes of NMDAR alteration. Each set of experimental
conditions was performed in parallel on sibling cultures. Each replicate
experiment contributed a similar number of cells per experimental con-
dition to overall pooled results.

Electrophysiology data acquisition and analyses were performed using
PCLAMP 10 software (Molecular Devices). Image processing and mea-
surement of fluorescence intensity was acquired in Fiji/ImageJ. Data
were processed and plotted using Excel 2011 (Microsoft), and Prism 7
(GraphPad). Statistical significance was determined using Student’s t
tests, one-way ANOVA, or two-way ANOVA as indicated in text and
figure legends and as dictated by experimental design. Unless otherwise
noted, post hoc two-tailed Student’s paired or unpaired ¢ tests with Bon-

ferroni correction were used for multiple comparisons of only those
comparisons important for testing a priori hypotheses. Significance was
defined as a corrected p value equivalent to <0.05. NMDARE-A CSF-
induced depression of NMDA current relative to control was demon-
strated in the first figure in two independent replications. In subsequent
figures, this statistical comparison was not repeated to reduce the possi-
bility of type IT errors in testing of additional hypotheses.

Least-squares minimization algorithms performed in GraphPad
Prism or Clampex were used to estimate rate constants using single ex-
ponential functions (Emnett et al., 2013).

Results

Characterization of receptor changes with patient

CSF exposure

CSF from NMDARE Patient A (32 year-old female, NMDARE-A)
yielded staining of rat brain reminiscent of NMDAR expression
(Fig. 1A), in contrast with staining using CSF from age- and
sex-matched MS Patient A (Fig. 1B; MS-A). These results parallel
those of previous studies (Moscato et al., 2014; Dalmau et al,,
2017). We next confirmed that 48 h incubation of hippocampal
cultures in NMDARE-A CSF (1:12 dilution in conditioned cul-
ture medium) depressed NMDAR responsiveness compared with a
CSF control (Fig. 1C,D). Strong depression of NMDAR current was
observed with dilutions as low as 1:24, and with incubations as brief
as 24 h (Fig. 1E). By contrast 1:12 dilution of CSF from neurologi-
cally normal volunteers (NN-A, NN-B) or from MS patients (MS-A,
MS-B) produced no decrease in NMDAR function relative to aCSF
(48 hincubation; Fig. 1 F, G). Subsequently, aCSF was used as a com-
parator for most experiments.

Although surface NMDAR internalization is associated with
depression of NMDAR current induced by purified patient anti-
bodies or by NMDARE patient CSF (Hughes et al., 2010; Gleich-
man et al., 2012; Castillo-Gémez et al., 2017), altered function of
remaining surface NMDARs could influence clinical expression
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Lack of change in key functional properties of residual NMDARs. A, B, Evoked autaptic EPSCs from a hippocampal neuron incubated with aCSF (4) or NMDARE-A CSF (B). Dual-component

AMPAR and NMDAR EPSCs (light traces) and pharmacologically isolated NMDAR EPSCs (dark traces) are shown. ¢, Summary of ratio of NMDAR to AMPAR peak EPSC (t,, = 4.2, *p = 1e—9,
Student’s unpaired t test). D, Summary of weighted time constant values (7,,) obtained from a biexponential fit to the decay phase of the NMDAR EPSCs (¢ ;) = 1.15, p = 0.27, Student’s unpaired
ttest). E, F, The rapid onset/offset open-channel blocker memantine was used to probe changes in NMDAR channel open probability. G, H, Summary of the memantine onset and offset kinetics
(obtained from exponential fits) revealed no change following NMDARE-A CSF-mediated depression; (G, t;, = 1.15,p = 0.29; H, t 45, = 1.33, p = 0.21, respectively, Student's unpaired t tests).

of disease or response to therapy. To investigate the function of
residual receptors, we examined the effect of patient CSF incuba-
tion on NMDAR EPSCs, including decay kinetics recorded from
solitary cultured neurons. Because of the brief presence of gluta-
mate in the synaptic cleft, EPSC decay renders a good estimate for
the elementary lifetime of NMDAR channels when bound by
transmitter (Lester et al., 1990). We found that NMDARE-A CSF
incubation selectively decreased the NMDAR component of
evoked EPSCs (Fig. 2A—C). However, decay kinetics of residual
EPSCs were indistinguishable from control (Fig. 2D). Thus, it
appears that channel lifetime in response to brief glutamate ex-
posure is not altered by incubation with patient CSF.

We also evaluated channel open probability of the total
NMDAR population by examining onset and offset kinetics of me-
mantine, an uncompetitive open-channel blocker of NMDARSs,
during application of exogenous NMDA after 24 h incubation in
CSF (Fig. 2E,F). In this protocol, decreased P, of channels
results in slower onset/offset kinetics for memantine (Emnett et
al., 2015). However, antibody-depressed NMDAR function did
not mediate a change in kinetics of memantine block/unblock
(Fig. 2G,H). This finding further suggests that residual surface
NMDARSs exhibit no substantial change in functionality.

Synaptic NMDAR activation is generally considered trophic,
while extrasynaptic NMDAR activation is thought to mediate
excitotoxic death (Hardingham and Bading, 2010; but see Wroge
etal.,,2012). Patient-derived NMDAR autoantibodies may differ-
entially affect trafficking of synaptic versus extrasynaptic receptor
populations (Mikasova et al., 2012). To determine whether al-
tered balance between synaptic and extrasynaptic receptors
might contribute to dysfunction associated with NMDARE, we
estimated the contribution of synaptic NMDARSs to the total pop-
ulation of NMDARSs following incubation with patient CSF. To
do so, we used the very slowly dissociating NMDAR open-

channel blocker MK-801 to enrich for extrasynaptic receptors
(Rosenmund et al., 1995). MK-801 requires channel opening for
binding and once bound is nearly irreversible (Huettner and
Bean, 1988). Thus, when applied during ongoing synaptic activ-
ity, MK-801 preferentially blocks synaptic NMDARs. Upon MK-
801 removal, NMDA-elicited current thus arises mainly from the
extrasynaptic NMDAR population. Synaptic activity was elevated
during MK-801 application (10 uM, 15 min) with coincubation
in the GABA, receptor antagonist bicuculline (15 uMm), ensuring
that subsequent agonist-elicited responses would come nearly
exclusively from extrasynaptic receptors (Rosenmund et al,
1995; Hardingham et al., 2002; Wroge et al., 2012). MK-801
treatment was preceded by 24 h incubation with control aCSF or
NMDARE Patient A CSF. Following MK-801 removal, our eval-
uation of NMDA current revealed no difference in the fraction of
pharmacologically isolated extrasynaptic receptors in NMDARE-A
CSF versus control-incubated cells (Fig. 3A-D). Thus, patient
CSF exposure does not induce preferential loss of synaptic recep-
tors or extrasynaptic receptors.

Two major GluN2 subunits, GluN2A and GluN2B, contribute
to hippocampal NMDAR responses. The two classes localize and
function differently (Chen et al., 1999; Tovar and Westbrook,
1999; Izumi et al., 2005). To determine whether one class is pref-
erentially lost with patient CSF incubation, we used pharmaco-
logical isolation with the GluN2B-selective antagonist ifenprodil
(10 wMm). NMDARE-A CSF incubation caused no change in the
ifenprodil sensitivity (Fig. 3E-H ), suggesting that the fractional
contribution of GluN2A/GluN2B NMDARs does not change as a
result of patient CSF incubation. In summary, our evidence sup-
ports no preferential loss of NMDARs associated with localiza-
tion or with particular GluN2 subunit presence.

Our data suggest that residual NMDAR behavior remains un-
perturbed, and therefore functionally intact following exposure
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current density of the respective —MK-801 condition (right). Analysis of normalized data also revealed no change in the proportion of MK-801-insensitive current following NMDARE-A CSF
incubation (£, = 0.93, p>0.36, Student’s unpaired t test). E, F, Representative examples of ifenprodil (10 um) sensitivity of NMDA-elicited current. G, Summary of raw NMDA current density in
baseline and ifenprodil conditions. There was no statistical interaction between condition (aCSF/NMDARE-A CSF) and treatment (= ifenprodil; F; 45 = 0.7209, p = 0.4, two-way ANOVA, p >
0.05). H, Summary of ifenprodil effect, normalized to the respective baseline current density. Analysis of normalized data also revealed no change in the proportion of ifenprodil-sensitive current

following NMDARE-A CSF incubation; (t(,) = 0.74, p=0.47, Student’s unpaired ¢ test).

to patient CSF. We would expect from previous work that
NMDAR surface expression is diminished to account for the
downregulation of NMDAR responses observed (Hughes et al.,
2010; Moscato et al., 2014). To test surface expression in live cells,
we used a biological assay with N2a cells transfected with hetero-
meric NMDA receptors composed of GluN1 and SEP-tagged
GIuN2B subunits. The SEP-tag is a pH-sensitive GFP variant
located at the N-terminus. To test functionality of the SEP-tagged
subunit, we tested N2a cells in whole-cell, patch-clamp studies.
GFP-transfected NMDARs yielded no response to NMDA appli-
cation, whereas cells transfected with wild-type GluN1 and
GluN2B-SEP exhibited robust current in response to NMDA ap-
plication (219 = 23 pA, n = 6 control and 6 GluN-transfected
cells; £,9) = 8.9, p = < le—4, Student’s unpaired ¢ test).

In live cells, fluorescence is quenched by the acidity of intra-
cellular organelles but is brighter in surface receptors where the
tag is exposed to the neutral pH of the extracellular space (Kopec
et al., 2006). Live transfected cells showed robust fluorescence
that was quenched by MES, a membrane impermeant acid (Ko-
pec et al.,, 2006; Fig. 4A). The baseline fluorescence of SEP-
transfected cells was weaker in transfected cells incubated in
NMDARE-A CSF, and MES quenching was reduced accordingly
(Fig. 4B). These results implicate a robust loss of surface receptors
with patient CSF treatment.

As an additional check on surface NMDAR presence in
GluN1/GluN2B-SEP transfected N2a cells, we used anti-GFP an-
tibody labeling in fixed, non-permeabilized cells (Fig. 4C-J).
Cells transfected with GluN1/GluN2B-SEP exhibited signifi-

cantly higher membrane-associated anti-GFP labeling than con-
trol cells transfected with cytosolic GFP (Fig. 4C-G). In GluN1/
GluN2B-SEP-transfected cells incubated in NMDARE-A and
MS-A CSF, anti-GFP surface labeling was strongly reduced (Fig.
4H-J). Thus, both live-cell imaging and immunocytochemistry
results support loss of surface receptors following incubation
with NMDARE patient CSF.

Effects of oxysterol-like PAMs on receptor function following

patient CSF exposure.

The above results demonstrate that exposure to NMDARE pa-
tient CSF mediates broad loss of surface NMDARSs, regardless of
synaptic localization or subunit composition. It follows, there-
fore, that treatment with a broad spectrum NMDAR PAM may
be a rational approach to enhancing function of remaining sur-
face NMDARs. The major brain cholesterol metabolite 24S-
hydroxycholesterol and several synthetic analogues represent a
new class of broad-spectrum PAMs (Sun et al., 2016). Subse-
quently, we evaluated the ability of SGE-301, a previously char-
acterized synthetic oxysterol analog (Paul et al., 2013), and
SGE-550, a similar but previously unreported synthetic PAM, to
rescue NMDAR function following exposure to patient CSF.

As expected, the acute (30 s) application of either SGE-301 or
SGE-550 (2 uM) potentiated responses to 10 um NMDA (Fig.
5A—C). We explored effects of PAM incubation as an interven-
tion during patient CSF exposure. Following 24 h incubation of
cultured hippocampal cells in NMDARE-A CSF, we intervened
with a coapplication of one of the PAMs for an additional 24 h.
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NMDARSs on the plasma membrane. Transient wash with cell-impermeant MES quenched fluorescence in control cells. Scale bar, 10 wm. B, Comparison of MES quenching in control cells and cells
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Following the full 48 h challenge, we removed the culture me-
dium containing CSF and PAM and placed cells in recording
saline free of PAM. Despite the absence of PAM in recording
solutions, NMDA responses in both aCSF control conditions and
NMDARE-A CSF conditions were significantly augmented (Fig.
5D, E). Statistically, there was no interaction between CSF incu-
bation status and PAM treatment status (Fig. 5D, E), indicating
that PAMs may not interfere directly with the mechanisms of
depressed NMDA current amplitude, including receptor inter-
nalization. We followed-up this observation with experimental
tests of the mechanism of persistently potentiated NMDA cur-
rents following prolonged PAM incubation.

We have previously shown that oxysterols are resistant to
washout, potentially explaining the persistent effects of PAMs
(Paul etal., 2013; Linsenbardt et al., 2014). However, we found no
correlation between time of recording following PAM removal
and the size of NMDA current in our dataset (data not shown).
Therefore, we entertained the possibility that oxysterol analogues
induce a permanent change in NMDAR function (e.g., by foster-
ing receptor insertion or inhibiting internalization in control and
antibody-treated conditions). We used the open-channel blocker
memantine to test whether persistently increased NMDA current
following PAM incubation is associated with increased channel
open probability, as expected of PAM action (Emnett et al,
2015). Indeed, cells incubated 24 h with SGE-301 or with SGE-
550, but recorded in the absence of PAM, exhibited faster onset
and offset memantine kinetics (Fig. 6A—D). We further evaluated
whether the potentiation of NMDA current results from acute

drug presence by briefly incubating cells with the steroid scaven-
ger y-cyclodextrin (y-CDX; 500 uM, 2 min; Akk et al., 2005; Shu
etal., 2007; Paul et al., 2013). Although y-CDX incubation alone
appeared to have a mild potentiating effect, the scavenger effec-
tively reversed the persisting PAM potentiation (Fig. 6E-G). The
rapid reduction produced by the scavenger causes us to conclude
that persisting potentiation is most readily explained by lingering
compound, likely retained within the membrane, and/or seques-
tered intracellularly.

As a final test of whether PAMs interfere directly with the
mechanisms of NMDAR removal, we returned to N2a cells trans-
fected with SEP-tagged GluN subunits to visualize surface recep-
tors. We imposed the same CSF challenge and PAM intervention
as in Figure 4 on cells to assess surface receptor presence. Cells
were incubated for 48 h in NMDARE-A or MS-A CSF with SGE-
301 intervention initiated at 24 h. Following the treatment, cells
were fixed and labeled with anti-GFP antibody (Fig. 7A-D). We
again observed significant depression of surface receptor pres-
ence in cells treated with NMDARE Patient A CSF. SGE-301 did
not affect membrane or intracellular labeling, nor was there a
statistically significant interaction between CSF condition and
SGE-301 treatment (Fig. 7E, F). This suggests that PAMs do not
alter surface receptor presence, and the observed PAM-associated
persisting NMDAR potentiation is most likely a result of SGE-
301’s direct interaction with NMDARs.

To extend the proof-of-principle for the PAM therapeutic
approach, we examined the effect of SGE-301 on CSF incubation
from two additional NMDARE patients (NMDARE-B, -C; Fig.
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removal of CSF and PAM in the culture medium.

8). Incubation in NMDARE-B and NMDARE-C CSF (23- and
50-year-old females, respectively; 1:12 dilution for 48 h) decreased
responses to NMDA, and the depression was circumvented by incu-
bation in SGE-301, similar to results with NMDARE-A CSF (Fig.
8E). These results suggest that the PAM approach may be broadly
applicable in patients with NMDARE.

Discussion

Our proof of concept studies support the use of NMDAR PAMs
as adjunct or complementary treatments for NMDARE and pos-
sibly for other disorders associated with NMDAR hypofunction,
including schizophrenia (Olney and Farber, 1995; Krystal et al.,
2002; Lin et al., 2012; Cioffi, 2013). Using CSF obtained from a
patient with a confirmed clinical diagnosis of NMDARE, we func-
tionally characterized NMDARSs in cultured rat hippocampal cells
following incubation with patient CSF, and we quantified character-
istics of rescue with two allosteric modulators of NMDAR function.
Persistent effects of compounds restore NMDAR function through
allosteric potentiation of residual NMDARs and suggest that signs
and symptoms of NMDARE may be ameliorated by this therapeutic
approach. These cellular studies set a course for future in vivo tests of
the therapeutic approach.

Our study relied primarily on CSF from a single NMDARE pa-
tient for which we had sufficient CSF to permit multiple studies. This
patient presented with classic features of NMDARE (see Materials
and Methods). Nevertheless, we designed several experiments to test
that CSF from NMDARE Patient A possesses features characteristic
of NMDARE. Features confirmed in our studies included CSF label-
ing (using IgG-specific secondary antibody) of rodent brain tissue in

a pattern expected of NMDAR distribution, functional selective de-
pression of NMDAR current, and loss of surface NMDARs. We
replicated key results in two additional patients with IgG against
NMDARSs, confirmed by testing in commercial clinical laboratories
and by our own staining (Fig. 8).

In addition, our experiments characterized several new fea-
tures of NMDAR suppression studied using NMDARE Patient A
sample. In contrast with some recent studies (Mikasova et al.,
2012), our results suggest that both synaptic and extrasynaptic
receptors are equally targeted for loss. Although the dimensions
and molecular complexity of the synaptic cleft might reduce an-
tibody access, direct access of various antibodies to the synapse
has been demonstrated in numerous previous studies (Ehlers,
2000; Martens et al., 2008; Mikasova et al., 2012). Thus, it seems
likely that both populations of NMDARs are directly targeted by
human GluN antibody. Alternatively, interchange between syn-
aptic and extrasynaptic populations (Tovar and Westbrook,
2002) may allow indirect antibody access to synaptic receptors by
targeting the extrasynaptic pool. Future time course studies may
distinguish these possibilities.

Other previous studies have suggested that antibody may alter
the function of remaining surface NMDARs. For instance, within
minutes following patient CSF exposure, increased channel open
duration was detected (Gleichman et al., 2012). Our studies re-
vealed no evidence for increased or decreased open probability of
NMDAR channels following prolonged patient CSF exposure,
using an open-channel blocker as a probe of channel open prob-
ability in whole-cell recordings (Huettner and Bean, 1988). Dis-
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crepancies with previous work may reflect differences in the time Together, our findings suggest that treatment with PAMs may
at which measurements were made or heterogeneity in the clini-  represent a potential strategy to rescue NMDAR hypofunction,
cal population. These hypotheses can be tested as additional pa-  with no detectable direct effect on the mechanisms of NMDAR
tient material becomes available. internalization that characterize the cellular pathophysiology. A
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more direct approach to maintain or restore NMDAR function
would be to target the cell biological mechanisms responsible for
receptor endocytosis and insertion; however, at this time, phar-
macological interventions targeting these mechanisms are not
practical. Therefore, we made use of emerging understanding of a
class of positive regulators of NMDAR function that has resulted

from study of the endogenous cholesterol metabolite, 24S-
hydroxycholesterol (Sun et al., 2016).

SGE-301 and SGE-550 represent synthetic analogues of
24S-hydroxycholesterol with selective NMDAR effects in the
sub-to-low micromolar concentration range (Paul et al., 2013;
Linsenbardt et al., 2014). These compounds appear to bind to a
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site independent of other known allosteric modulators of
NMDAR function (Paul et al., 2013; Wilding et al., 2016) and
increase channel open probability. Results with chimeric GluN-
GluK subunits suggest that GluN transmembrane domains are
critical for oxysterol modulation (Wilding et al., 2016). A trans-
membrane interaction site would be consistent with the lipo-
philic nature of these modulators and with their sensitivity to
cyclodextrin extraction (Shu et al., 2007). Interaction of oxys-
terols with NMDARSs results in a slight reduction in the EC5, of
agonists and increased agonist efficacy (Linsenbardt et al., 2014).
Here we show that several dilutions of NMDARE patient CSF
result in similar presumed steady-state NMDAR reductions (Fig.
1). The mechanisms responsible for a fixed steady-state level of
functional receptors despite varied antibody concentration are
unclear. We found that low micromolar concentrations of allo-

steric modulators restored the activity of NMDARs from this
steady-state to near or above baseline levels (Figs. 5, 6, 8).

A puzzling observation initially was that potentiated NMDAR
function persisted beyond the period of direct exposure to com-
pounds in all cells incubated in SGE-301 or SGE-550. We found
that the enhanced function was associated with increased channel
open probability, was sensitive to a scavenger of lipophilic com-
pounds, and was not associated with increased surface NMDARSs.
Thus, we attribute the persistence to the strong lipophilicity of the
modulators. We have previously shown evidence of modulator
persistence for at least tens of seconds (Paul et al., 2013). The
present studies confirm that some oxysterol-like compounds can
persist for many minutes beyond removal, presumably by adher-
ing to cells or accumulating intracellularly, potentiating NMDAR
responses despite constant local perfusion with compound-free
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saline. This persistence of drug binding becomes relevant when
assessing therapeutic viability, recognizing that strong lipophilic-
ity may be advantageous to dosing schedules. However, drug
exposure in a clinical setting would presumably last beyond the
24 h incubation period used herein and could result in other
changes not appreciated here. Additional in vivo studies are re-
quired to clarify the time-dependent effects, and effect of dosing
regimen on NMDAR function.

Our work focused on the restorative actions of NMDAR
modulators following exposure to CSF from NMDARE pa-
tients. The idea that NMDAR hypofunction accounts for
the broad spectrum of clinical symptomatology described in
NMDARE is supported by two primary lines of evidence. First,
pharmacologically-induced NMDAR hypofunction produces
psychotomimetic symptoms, not unlike those observed in
NMDARE. Second, intrathecal injection of recombinant anti-
bodies can recapitulate key aspects of the disorder in rodents
(Malviya et al., 2017). We acknowledge, however, that additional
pathogenic processes downstream of NMDAR internalization, or
other CSF constituents (e.g., other disease-associated antibodies
or inflammatory mediators; Kreye et al., 2016) may affect neuro-
nal function and contribute to symptomatology. Some of these
may account for apparent differences in the degree of suppres-
sion of NMDAR function (e.g., the stronger suppression ob-
served in NMDARE Patient A vs Patients B and C). Others may
be unrelated to NMDAR function ant thus not modulated by
NMDAR PAMs. Furthermore, sample quantities limited culture
studies to relatively brief periods of exposure, unlike the clinical
situation where antibody is constantly renewed, resulting in pro-
longed exposure. For these reasons, it will be important to adopt
robust animal models and follow-up the cellular level studies
herein with circuit-level and in vivo tests of the therapeutic po-
tential of NMDAR PAMs in NMDARE (Planaguma et al., 2015;
Malviya et al., 2017).

Our work shows that indiscriminate loss of NMDARs occurs
following exposure to NMDARE patient CSF, and suggests that
PAMs may be developed as a potential therapeutic strategy. Res-
toration of NMDAR function was achieved with application of
oxysterol analogues, which are potent, selective, but broad spec-
trum PAMs of NMDAR function. The restorative effects were
fully accounted for by the acute pharmacological effects of the
compounds.
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