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ABSTRACT (word limit 400, now 400) 

Anti-N-Methyl-D-Aspartate Receptor (NMDAR) encephalitis is an immune-mediated disease 

characterized by a complex neuropsychiatric syndrome in association with an antibody-mediated 

decrease of NMDAR. About 85% of patients respond to immunotherapy (and removal of an 

associated tumor if it applies), but it often takes several months or more than 1 year for patients to 

recover. There are no complementary treatments, beyond immunotherapy, to accelerate this 

recovery. Previous studies showed that SGE-301, a synthetic analog of 24(S)-hydroxycholesterol, 

which is a potent, and selective positive allosteric modulator of NMDAR, reverted the memory 

deficit caused by phencyclidine (a non-competitive antagonist of NMDAR), and prevented the 

NMDAR dysfunction caused by patients’ NMDAR antibodies in cultured neurons. An advantage 

of SGE-301 is that it is optimized for systemic delivery such that plasma and brain exposures are 

sufficient to modulate NMDAR activity. Here, we used SGE-301 to confirm that in cultured 

neurons it prevented the antibody-mediated reduction of receptors, and then we applied it to a 

previously reported mouse model of passive cerebroventricular transfer of patients’ CSF 

antibodies. Four groups were established: mice receiving continuous (14-day) infusion of patients’ 

or controls’ CSF, treated with daily subcutaneous administration of SGE-301 or vehicle (no drug). 

The effects on memory were examined with the novel object location (NOL) test at different time 

points, and the effects on synaptic levels of NMDAR (assessed with confocal microscopy) and 

plasticity (long-term potentiation [LTP]) were examined in the hippocampus on day 18, which in 

this model corresponds to the last day of maximal clinical and synaptic alterations. As expected, 
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mice infused with patients’ CSF antibodies, but not those infused with controls’ CSF, and treated 

with vehicle developed severe memory deficit without locomotor alteration, accompanied by a 

decrease of NMDAR clusters and impairment of LTP. All antibody-mediated pathogenic effects 

(memory, synaptic NMDAR, LTP) were prevented in the animals that were treated with SGE-301, 

despite that this compound did not antagonize antibody binding. Additional investigations on the 

potential mechanisms related to these SGE-301 effects showed that (1) in cultured neurons SGE-

301 prolonged the decay time of NMDAR-dependent spontaneous excitatory postsynaptic currents 

suggesting a prolonged open time of the channel, and (2) it significantly decreased the 

internalization of antibody-bound receptors suggesting that additional, yet unclear mechanisms, 

contribute in keeping unchanged the surface NMDAR density. Overall, these findings suggest that 

SGE-301, or similar modulators of NMDAR, could potentially serve as complementary treatment 

for anti-NMDAR encephalitis and deserve future investigations.  

 

Abbreviations: anti-NMDA receptor (NMDAR), blood-brain-barrier (BBB), long-term 

potentiation (LTP), Δ5,6-3β-oxy-nor-cholenyl-dimethylcarbinol (SGE-301), novel object location 

(NOL) 

 

INTRODUCTION 

Anti-NMDA receptor (NMDAR) encephalitis is an immune-mediated disease characterized by a 

complex neuropsychiatric syndrome and the presence of CSF antibodies against the GluN1 subunit 

of NMDARs (Dalmau et al., 2008). The disorder can be triggered by systemic tumors, usually a 

teratoma of the ovary, and less frequently by herpes simplex encephalitis (Armangue et al., 2018), 

but in many cases no trigger is identified. At disease onset patients develop psychosis, insomnia, 

abnormal movements, seizures, decreased level of consciousness, dysautonomia, or coma, which 
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in about 85% of cases respond to immunotherapy and removal of the tumor when it applies 

(Titulaer et al., 2013; Viaccoz et al., 2014). However, it often takes several months or more than 

1 year for patients to return to most of their activities. During the process of recovery the clinical 

features are different from those of the acute stage, including impairment of attention, memory, 

executive functions, or behavior (Dalmau et al., 2011; Finke et al., 2012; Peer et al., 2017). The 

reasons for this slow clinical recovery are unclear but may include a persisting immune activation 

against NMDAR within the CNS, a severe impairment of synaptic function and long-term 

plasticity, a limited blood-brain barrier (BBB) penetration of current immunotherapies, or a 

combination of these factors. Studies examining the effects of patients NMDAR antibodies in 

cultured neurons (Hughes et al., 2010; Mikasova et al., 2012) or mice (Planaguma et al., 2015; 

Planaguma et al., 2016) have shown that they mediate a broad loss of surface NMDARs, regardless 

of synaptic localization or subunit composition (Warikoo et al., 2018), leading to impairment of 

synaptic plasticity and memory (Planaguma et al., 2015; Planaguma et al., 2016). 

 In some respects, the treatment paradigm of anti-NMDAR encephalitis resembles that of 

antibody-mediated diseases of the neuromuscular junction, such as myasthenia gravis or the 

Lambert-Eaton myasthenic syndrome (LEMS), where despite evidence that several 

immunotherapies are effective, most patients need additional treatment for a faster or sustained 

improvement. These treatments are addressed to compensate or overcome the mechanisms altered 

by the autoantibodies, for example, acetylcholinesterase inhibitors (pyridostigmine) in myasthenia 

gravis, or the presynaptic potassium channel blocker (3,4-diaminopyridine) in the LEMS 

(Newsom-Davis, 2003; Wirtz et al., 2010). In studies using cultured neurons (Mikasova et al., 

2012; Planaguma et al., 2016) or passive transfer of patients’ CSF NMDAR antibodies to mice 

(Planaguma et al., 2016), a soluble form of ephrin-B2 (an agonist of the ephrin-B2 receptor which 

clusters and retains NMDARs at the synapse) was able to antagonize all antibody-mediated effects 

including NMDAR internalization and impairments of long-term plasticity and visuospatial 
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memory. As a proof of principle, this finding showed that interfering with the antibody-mediated 

mechanisms could potentially be used as a complementary treatment with immunotherapy 

(Mikasova et al., 2012); however, ephrin-B2 was administered intraventricularly and there are no 

available ephrin-B2 agonists that cross the BBB. 

 There is evidence that a major brain-derived cholesterol metabolite, 24(S)-hydroxycholesterol 

(24(S)-HC), is a very potent, direct, and selective positive allosteric modulator (PAM) of 

NMDARs (Paul et al., 2013). In hippocampal slices, application of 24(S)-HC enhanced the ability 

of subthreshold stimuli to induce long-term potentiation (LTP), and reversed the LTP deficits 

caused by the NMDAR channel blocker, ketamine. Several synthetic analogues of 24(S)-HC such 

as D5,6-3b-oxy-nor-cholenyl-dimethylcarbinol (or SGE-201) or SGE-301 shared similar 

mechanisms of action (Paul et al., 2013). In rats, the administration of SGE-301 reverted the 

memory deficit caused by phencyclidine, a non-competitive NMDAR antagonist (Paul et al., 

2013). Moreover, application of SGE-301 to cultures of neurons exposed to CSF antibodies from 

patients with anti-NMDAR encephalitis prevented the antibody-mediated dysfunction of 

NMDARs (Warikoo et al., 2018). An advantage of this compound is that it is optimized for 

systemic delivery such that plasma and brain exposures are sufficient to modulate activity in pre-

clinical models of NMDAR hypofunction (Paul et al., 2013). These findings led us to determine 

whether SGE-301 was able to prevent the antibody-mediated reduction of NMDARs and 

impairment of memory observed in a reported model of cerebroventricular transfer of patients’ 

CSF antibodies. 

 

MATERIALS AND METHODS 

 

Animals, surgery, and patients’ CSF   
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 Seventy-six male C57BL/6J mice (Charles River), 8-10 weeks old (25-30 g) were used for the 

studies including, memory and locomotor activity (47 mice), confocal immunohistochemistry 

assessment of levels of NMDAR and other synaptic proteins, and electrophysiological studies (29 

mice). Animal care, anesthesia, insertion of bilateral ventricular catheters (PlasticsOne, model 

3280PD-2.0; coordinates: 0.2 mm posterior and ± 1.00 mm lateral from bregma, depth 2.2 mm), 

and connection of each catheter to a subcutaneous osmotic pump for continuous infusion of CSF 

(Alzet, Cupertino, CA, US; volume 100 µl, flow rate 0.25 µl/h for 14 days) have been reported 

(Planaguma et al., 2015).  The CSF infused was pooled from samples of 10 patients with high titer 

IgG GluN1 antibodies (all > 1:320), and 10 patients with normal pressure hydrocephalus without 

NMDAR antibodies (control samples). 

 The presence of NMDAR antibodies in patients’ CSF (and absence in controls’ CSF) was 

examined with three different techniques, brain tissue immunohistochemistry, HEK293T cells 

expressing NMDAR, and cultured neurons, as reported (Ances et al., 2005; Dalmau et al., 2008). 

Patients’ and controls’ CSF were then pooled in two different samples and filtered (Amicon 

Ultracel 30K, Sigma-Aldrich, St Louis , MI, US), dialyzed against phosphate-buffered saline 

(PBS), and normalized to a physiologic concentration of 2 mg IgG/dL (Planaguma et al., 2016). 

The absence of other antibodies in pooled patients’ CSF was confirmed using an aliquot 

immunoabsorbed with HEK293T expressing GluN1, showing: (1) abrogation of reactivity with 

mouse brain and HEK293T cells expressing NMDARs, and (2) abrogation of NMDAR 

internalization (Supplementary Fig. 1). 

 Written informed consent was obtained from all patients. The study was approved by the local 

institutional review board (Hospital Clínic, HCB/2018/0192), and animal studies were approved 

by the Local Ethical Committee of the University of Barcelona following European (2010/63/UE) 

and Spanish (RD 53/2013) regulations about the use and care of experimental animals. 
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Preparation and treatment with SGE-301   

 SGE-301 is a potent allosteric modulator of the NMDA receptor that has been characterized 

previously (Paul et al., 2013). For the current studies, we adopted a subcutaneous administration 

paradigm (vs. intraperitoneal) to minimize interaction with the centrally fixed osmotic minipumps. 

Therefore, we ran plasma and brain pharmacokinetic studies to measure exposures of SGE-301 

present at the time of in vivo testing. The method of determination of plasma and brain 

concentration of SGE-301 is described in supplementary information. At 1 hour, we achieved 1954 

± 157 ng/ml plasma and 523 ± 86 ng/g brain exposures. At 4 hours, we achieved 985 ± 173 ng/ml 

plasma and 1350 ± 120 ng/g brain exposures (Supplementary Fig. 2). These exposures are similar 

to those reported after intraperitoneal administration (Paul et al., 2013). 

 For studies with cultured neurons, lyophilized SGE-301 was weighted and dissolved in 

dimethyl sulfoxide (DMSO) to a stock concentration of 10 mM; the solution was then sonicated 

for 1 hour at 40°C and used at a working concentration of 10 µM. For studies using mice, 

lyophilized SGE-301 was weighted and dissolved in a solution of 30% 2-hydroxypropyl-β-

cyclodextrin (HPBCD, Sigma-Aldrich) in distilled water. The solution was then vortexed for 5 

minutes, sonicated for 40 minutes, and stirred for 2 hours at 50°C. After adjusting the pH to 5.5-

7.0, working aliquotes were prepared and kept frozen at -20°C. A similar solution of 30% HPBCD 

in distilled water, but without drug, served as control (vehicle). Aliquots with or without drug were 

thawed and vortexed for 2 minutes before use. 

 

Experimental design 

  Four experimental groups were established including mice infused with patients’ or controls’ 

CSF along with subcutaneous administration of SGE-301 (10 mg/kg) or vehicle (Fig. 1A). The 

administration of SGE-301 started on day 1 (coinciding with day 1 of infusion of CSF) until day 
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18 (four days after the infusion of CSF had stopped) which is the last day with maximal memory 

deficits and reduction of NMDAR synaptic clusters observed in this model (Planaguma et al., 

2015). The selected animal tasks (novel object location; locomotor activity) and the timing of the 

tasks (Fig. 1B) were based on previous experience with this model, showing that patients’ CSF 

NMDAR antibodies caused a progressive decrease of visuospatial memory until day 18, 

subsequently followed by progressive recovery several days after the antibody infusion stopped 

(Planaguma et al., 2015). In contrast, patients’ antibodies did not significantly alter the locomotor 

activity (included here as control, and to ensure that animals did not have motor limitations in 

exploring the objects). All tasks were performed by researchers blinded to experimental 

conditions. 

 

Immunohistochemistry and confocal microscopy 

 Techniques related to immunolabeling of live cultures of dissociated rodent hippocampal 

neurons,2 immunoabsorption of patients’ samples with GluN1-expressing HEK cells, brain tissue 

processing, and quantitative brain tissue immunoperoxidase staining, have been previously 

reported (Planaguma et al., 2015). To determine the effects of patients’ antibodies in cultured rat 

hippocampal neurons, 17-day in vitro cultures were exposed to patients’ or controls’ CSF (diluted 

1:100) along with 10 µM SGE-301 or vehicle for 24 hours, and the cell surface clusters of 

NMDAR, PSD95, and their colocalization (representing synaptic NMDAR) were quantified with 

specific biomarkers and confocal microscopy (Supplementary information). The effect of 48-hour 

exposure to SGE-301 on the surface clusters of NMDAR and levels of phosphorylated PSD95 

(phospho-S295-PSD95) in cultured neurons was determined using a similar immunocytochemical 

technique and specific phospho-S295-PSD95 antibodies (Supplementary information). 

Determination of antibody-bound internalized NMDAR was performed as reported (Moscato et 

al., 2014) (Supplementary information).    
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 To determine the effects of patients’ antibodies on the number of clusters of NMDAR and 

PSD95, non-permeabilized 5 µm-thick brain sections (obtained at day 18, Fig. 1B) were blocked 

with 5% goat serum, and serially incubated with a human CSF NMDAR-antibody sample (1:20, 

used as primary antibody) for 2 hours at room temperature (RT) and the secondary Alexa Fluor 

488 goat anti-human IgG (1:1000, A-11013, ThermoFisher, Waltham, MA, US) for 1 hour at RT. 

Tissue sections were then permeabilized with 0.3% Triton X-100 for 10 minutes at RT, and serially 

incubated with rabbit polyclonal anti-PSD95 (1:250, ab18258 Abcam, Cambridge , UK) overnight 

at 4°C, and the corresponding secondary Alexa Fluor 594 goat anti-rabbit IgG (1:1000, A-11012, 

ThermoFisher) for 1 hour at RT. Slides were then mounted with ProLong Gold antifade reagent 

for 4 minutes, containing 6-diamidino-2-phenylindole dihydrochloride (DAPI, P36935; 

ThermoFisher) and results scanned with Zeiss LSM710 confocal microscope (Carl Zeiss, Jena, 

Germany) with EC-Plan NEOFLUAR CS 100×/1.3 NA oil objective. For each animal, five 

identical image stacks in three hippocampal areas (CA1, CA3 and dentate gyrus; total 15 image 

stacks) were acquired as reported (Planaguma et al., 2015). Each z-stack comprised 50 optical 

images that were deconvolved with AutoQuantX3 (Bitplane, Oxford Instruments, Abingdon, UK). 

The mean density of clusters of NMDAR or PSD95 was obtained using a spot detection algorithm 

from Imaris suite 7.6.4 (Bitplane), and the cluster density expressed as spots/mm3. The clusters of 

NMDAR that colocalized with PSD95 were defined as synaptic. For each experimental group, the 

mean cluster densities of NMDAR or PSD95 were normalized with the corresponding values in 

control animals (infused with controls’ CSF and treated with vehicle). 

 To determine the levels of synaptic phospho-S295-PSD95 in brain tissue, 5 µm-thick brain 

sections permeabilized as above and blocked with 5% goat serum and 1% bovine serum albumin 

(BSA) were incubated with rabbit anti-phospho-S295-PSD95 (1:200, ab76108, Abcam) and 

mouse anti-PSD95 (diluted 1:200, 124 011, Synaptic Systems, Goettingen, Germany) for 1 hour. 

Slides were then washed and incubated with Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 
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594 goat anti-mouse IgG (both diluted 1:500, A-11034, A-11032, ThermoFisher). Results were 

scanned as above, and the cluster density of phospho-S295-PSD95 and PSD95 was determined 

with Imaris (Bitplane) software. 

 

Electrophysiological studies 

 Preparation of acute hippocampal slices on day 18 (Fig. 1B) and field potential recordings and 

analysis were performed as reported (Planaguma et al., 2016) (Supplementary information). 

 To determine the effects of chronic exposure to SGE-301 on NMDAR currents we treated 18 

d.i.v. cultures of hippocampal neurons with controls’ CSF (diluted 1:100) or controls’ CSF + 

SGE-301 (10mM) for 48h prior to whole-cell patch clamp recordings of spontaneous NMDAR-

mediated excitatory postsynaptic currents (sEPSCs) (Supplementary information).  

 

Memory and locomotor activity tasks 

 Visuospatial memory was assessed with the novel object location (NOL) discrimination index, 

and the locomotor activity was automatically determined using locomotor activity boxes 

(11x21x18 cm, Imetronic, Passac, France) for 1 hour (Planaguma et al., 2015) (Supplementary 

information).   

   

Statistical analysis 

 Data from behavioral studies (novel object location and locomotor activity) were analyzed using 

repeated-measures two-way ANOVA. Human IgG intensities from different brain regions and 

confocal clusters densities of NMDAR and PSD95 on cultured neurons and brain tissue were 

analyzed using one-way ANOVA. Density levels of phospho-S295-PSD95 in cultured neurons 

and brain tissue were assessed with unpaired t-test. The electrophysiological data was assessed by 

one-way ANOVA (long-term potentiation and paired-pulse facilitation: PP2/PP1 ratios) and 
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unpaired t-test (paired-pulse facilitation: analysis of increase of PP2 slope compared with PP1 in 

each of the experimental groups independent of each other). A p value < 0.05 was considered 

significant. All ANOVA tests included post-hoc analyses with Bonferroni correction for multiple 

testing. Analysis of NMDAR-mediated sEPSC in cultures of neurons chronically exposed to SGE-

301 was performed with Student’s t-tests. Statistical analyses were performed with GraphPad 

Prism v.6 (La Jolla, CA, US). 

 

RESULTS 

Treatment with SGE-301 prevents the pathogenic effects of antibodies in cultured 

neurons 

 We and others previously reported that patients’ NMDAR antibodies cause a reduction of the 

clusters of synaptic and extrasynaptic NMDARs in cultured neurons (Hughes et al., 2010; 

Mikasova et al., 2012), and in an animal model of cerebroventricular infusion of patients’ CSF 

(Planaguma et al., 2015). Here, we first used cultured neurons to determine whether the antibody 

effects were prevented by SGE-301. As expected, neurons treated with patients’ CSF and vehicle 

showed a significant decrease of total cell surface and synaptic NMDAR clusters compared with 

neurons treated with controls’ CSF and vehicle; however, neurons treated with the same patients’ 

CSF antibodies along with SGE-301, instead of vehicle, showed no significant change of the levels 

of total cell surface or synaptic NMDARs (Fig. 2). To determine whether this was due to 

abrogation of receptor internalization, we quantified the clusters of antibody-bound internalized 

NMDAR (Moscato et al., 2014) showing that treatment with SGE-301 significantly reduced the 

levels of internalized antibody-bound receptors, but did not completely abolished the 

internalization (supplementary Fig 3). These findings show that in neurons exposed to patients’ 

antibodies, treatment with SGE-301 prevents the reduction of cell-surface NMDAR. Current data 
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suggest that this treatment effect results from a reduction of antibody-mediated internalization of 

receptors and additional, yet unclear mechanisms, which overall keep the clusters of surface 

receptors similar to control levels. 

 Neurons treated for 24 hours with controls’ CSF and SGE-301 showed a mild decrease of 

synaptic NMDAR clusters. To further explore the cause of this decrease of synaptic NMDAR we 

examined the effects of a longer (48-hours) neuronal exposure to SGE-301, which demonstrated a 

decrease of synaptic and extrasynaptic NMDAR clusters (supplementary Fig 4A). Considering 

that phosphorylation of ser-295 enhances the accumulation of PSD95 and that ser-295 

phosphorylation is suppressed by chronic NMDAR activation (Kim et al., 2007), we determined 

whether SGE-301 changed the levels of phospho-S295-PSD95. This experiment showed a 

reduction of phospho-S295-PSD95 without significant decrease total PSD95 (supplementary Fig 

4B). A similar reduction of phospho-S295-PSD95 was obtained when cultured neurons were 

incubated with bicuculline, as reported (Kim et al., 2007), and used here as control (Supplementary 

Fig. 4C). These findings indicate that prolonged neuronal exposure to SGE-301 leads to a 

reduction of NMDARs accompanied by a decrease of phospho-S295-PSD95 suggesting the 

presence of compensatory changes to the positive modulation of NMDAR.    

 To determine the effects of chronic exposure to SGE-301 on NMDAR currents we treated 

hippocampal neuronal cultures with controls’ CSF (diluted 1:100) or controls’ CSF + SGE-301 

(10mM) for 48 hours prior to whole-cell patch clamp recordings of spontaneous NMDAR-

mediated sEPSCs. Recordings revealed that SGE-301 did not modify the amplitude or frequency 

of sEPSC (Supplementary Figure 5) but significantly slowed the decay phase of the sEPSC, as 

shown by a longer decay time constant (262.0±37.3 ms vs. 368.6±49.8 ms; p<0.05; Supplementary 

Fig 5B). These findings suggest that SGE-301 enhances NMDAR-mediated EPSCs by slowing 

their decay phase, most probably by increasing the channel’s open time and thus decreasing 

NMDAR’s deactivation time. 
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Treatment with SGE-301 prevents the antibody-mediated reduction of NMDAR in 

mice 

 We next assessed whether SGE-301 antagonized the antibody effects in the hippocampus of 

mice infused with patients’ CSF antibodies. Fifteen hippocampal areas with 50 optical z-sections 

per area, representing 750 optical sections per animal (five animals per experimental group), were 

investigated (Fig. 3A). Animals infused with patients’ CSF and treated with vehicle showed a 

significant decrease of the density of total and synaptic NMDAR clusters compared with animals 

infused with controls’ CSF and treated with vehicle or SGE-301. Similarly as observed with 

cultured neurons, the pathogenic effect of patients’ CSF antibodies was prevented in the group of 

animals that received the same patients’ CSF but were treated with SGE-301 instead of vehicle 

(Fig. 3B, C). To assess whether the treatment effect of SGE-301 was due to a direct interference 

with patients’ antibody binding to NMDARs, we determined the intensity of human IgG bound to 

hippocampus in mice representative of the four experimental groups. This study showed that SGE-

301 did not modify the intensity of patients’ CSF IgG present in hippocampus suggesting that the 

drug did not block the binding of the antibody to NMDARs (Supplementary Fig. 6). 

 An additional finding of these studies was that in control conditions (e.g., animals not infused 

with antibodies) chronic administration of SGE-301 caused a decrease of total cell surface and 

synaptic NMDAR clusters as well as a decrease of PSD95, as shown comparing the groups of 

animals treated with controls’ CSF with or without SGE-301 (Fig. 3C). Moreover, the 

hippocampus of mice infused with controls’ CSF and chronically treated with SGE-301 had a 

significant decrease of ser-295 phosphorylated PSD95 and total PSD95 compared with animals 

not treated with SGE-301 (Supplementary Fig. 7). Overall, these studies showed that subcutaneous 

administration of SGE-301 abolished the antibody-mediated reduction of synaptic and 

extrasynaptic clusters of NMDARs, and that in control conditions (animals not infused with 
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NMDAR antibodies) SGE-301 led to a decrease of levels of NMDAR and PSD95 suggesting, as 

with the experiments with neurons, the presence of compensatory mechanisms to the positive 

modulatory effect of SGE-301 on NMDARs. 

 

Treatment with SGE-301 prevents the impairment of LTP caused by patients’ 

NMDAR antibodies 

Acute brain slices from mice infused with patients’ or controls’ CSF treated with SGE-301 or 

vehicle, were used to record field excitatory postsynaptic potentials (fEPSPs) in the CA1 region 

of the hippocampus (Fig. 4A). Animals infused with patients’ CSF showed a significant reduction 

of long-term potentiation (LTP) compared with animals infused with controls’ CSF, as shown by 

analysis of fEPSP slope change (Fig. 4B, C). Quantitative analysis showing median changes in 

slope values during the stable period post-theta-burst stimulation (TBS) (from minutes 15 to 60, 

of 60 minutes after TBS) showed a reduced potentiation of fEPSP in mice infused with patients’ 

CSF compared with those infused with controls’ CSF (Fig. 4D). Treatment with SGE-301 

prevented patients’ CSF antibody-mediated impairment of LTP (Fig. 4C, D). Compared with these 

findings, animals infused with controls’ CSF, with or without treatment with SGE-301, did not 

show impairment of LTP, although the control group treated with SGE-301 showed a non-

significant reduction of fEPSP slope change (Fig. 4C). This finding probably reflects the decreased 

density of NMDAR clusters noted in the confocal analysis of effects of SGE-301 in animals 

infused with controls’ CSF (Fig. 3C). 

 In contrast to the severe reduction of hippocampal LTP, short-term plasticity was not affected 

in animals infused with patients’ CSF antibodies, as expected from the experience with previous 

studies (Planaguma et al., 2016). Indeed, fEPSP recordings following a standard paired pulse 
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protocol showed significant facilitation consistent with increased presynaptic release probability 

(Supplementary Fig. 8A,B). This effect was similar in the four experimental groups 

(Supplementary Fig. 8C). Overall, these studies showed a severe impairment of postsynaptic, but 

not presynaptic, plasticity after TBS in animals infused with patients’ CSF, but not in animals 

infused with the same patients’ CSF and simultaneously treated with SGE-301. 

 

Treatment with SGE-301 prevents memory loss caused by patients’ NMDAR 

antibodies 

Mice infused with patients’ CSF and treated with daily subcutaneous administration of vehicle 

developed a progressive decrease of the NOL index, with maximal deficit on days 10 and 18 (four 

days after stopping the antibody infusion), followed by progressive memory improvement until 

reaching the baseline pre-infusion level on day 25 (pink line in Fig. 5) (Planaguma et al., 2015). 

In contrast, mice infused with the same patients’ CSF but treated with daily subcutaneous 

injections of SGE-301 instead of vehicle, showed no alteration of the NOL index (blue line, Fig. 

5); these findings were similar to those of mice infused with controls’ CSF treated with SGE-301 

or vehicle (light and dark green lines, Fig. 5). The total time of exploration of the two objects (not 

moved + novel location) was similar in animals of the four experimental groups (Supplementary 

Fig. 9A). The locomotor activity was also similar in the four groups of animals (Supplementary 

Fig. 9B-D). Overall, these findings showed that daily subcutaneous administration of SGE-301 

prevented the hippocampal memory impairment caused by patients’ NMDAR antibodies in this 

animal model. 

 

DISCUSSION 
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 In this proof of concept study we show that a synthetic analogue (SGE-301) of the brain-

derived cholesterol metabolite 24(S)-HC prevented the pathogenic effects of antibodies from 

patients with anti-NMDAR encephalitis in hippocampal neuronal cultures and in a previously 

reported model of cerebroventricular transfer of antibodies (Planaguma et al., 2015; Planaguma et 

al., 2016). These findings and the good brain concentration after subcutaneous dosing suggest that 

oxysterol-based NMDAR PAMs could serve as potential treatments for anti-NMDAR 

encephalitis. 

 Like steroids, oxysterols are well-recognized signaling molecules that interact with membrane-

bound as well as soluble intracellular receptors (Radhakrishnan et al., 2007). In particular, 24-

hydroxylated oxysterol, such as 24 (S)-HC and the synthetic analogues, SGE-201 and SGE-301, 

are known for a striking selectivity for NMDARs (Paul et al., 2013; Linsenbardt et al., 2014). The 

enzyme involved in synthesis of 24(S)-HC (cholesterol 24-hydroxylase; CYP46A1) is expressed 

predominantly in the endoplasmic reticulum of neurons and dendrites (Ramirez et al., 2008) and 

its deficiency causes severe impairment of hippocampal LTP and memory in mice (Kotti et al., 

2006). Using slices of hippocampus of rats, previous studies showed that application of 24(S)-HC 

or synthetic oxysterols (SGE-201 or SGE-301) reversed the LTP inhibition caused by ketamine (a 

non-competitive antagonist of NMDAR) (Paul et al., 2013). In rats, the impairment of memory 

and active social interactions caused by phencyclidine (PCP), a non-competitive antagonist of 

NMDARs, were significantly improved by SGE-301 (Paul et al., 2013). These findings, together 

with results from our studies, suggest that SGE-301 prevents the NMDAR hypofunction caused 

by pharmacological antagonists as well as by immune-mediated mechanisms. 

 Studies with chimeric GluN-GluK subunits suggest that GluN transmembrane domains are 

critical for oxysterol modulation (Wilding et al., 2016) which would be consistent with the 

lipophilic nature of these modulators. SGE-301 increases channel open probability, potentiating 

NMDAR function, and appears to bind to a site independent of other allosteric modulators of 
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NMDAR function (Paul et al., 2013; Wilding et al., 2016). In a previous study in which cultured 

rat hippocampal neurons were exposed for 48 hours to patients’ CSF NMDAR antibodies or 

controls’ CSF and during the last 24 hours each condition was treated with SGE-301 or vehicle, 

those that were treated with SGE-301 showed increased NMDAR function compared with those 

treated with vehicle (Warikoo et al., 2018). Similar to our observed prolonged sEPSCs duration 

after SGE-301 (Fig S5), an increase of NMDAR function was reported also in the neurons exposed 

to controls’ CSF and treated with SGE-301, which has been attributed to an increase in open 

probability of the NMDA receptor (Warikoo et al, 2018). This lead the authors to suggest that this 

compound does not interfere directly with patients’ antibody-mediated internalization of 

NMDARs (Warikoo et al., 2018). This interpretation was limited by the fact that the authors did 

not consider that the maximal antibody-mediated reduction of NMDARs in cultured neurons 

occurs within the first 12-24 hours-incubation (before SGE-301 was applied); afterwards, the 

clusters of NMDARs remain decreased for as long as the antibodies are present in the media 

(Moscato et al., 2014; Ladepeche et al., 2018). Our current data show that when patients’ CSF 

antibodies were co-applied with SGE-301 to cultures of neurons, the expected antibody-mediated 

effects were abolished, and the clusters of NMDAR were not decreased. Similar findings occurred 

in the animal model, showing that the density of total cell surface and synaptic NMDARs clusters 

in mice infused with patients’ CSF and treated with SGE-301 was not significantly different from 

that of control mice (infused with controls’ CSF and treated with vehicle). In contrast, animals 

infused with patients’ CSF but not treated with SGE-301 showed the expected significant 

reduction of NMDARs. This reduction of NMDAR was associated with severe impairment of LTP 

and visuospatial memory, which were prevented when animals were simultaneously treated with 

SGE-301.  

 We noted that mice infused with control CSF and treated with SGE-301 compared with mice 

infused with the same control CSF and treated with vehicle, showed a decrease of total cell surface 
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and synaptic NMDAR clusters. A similar effect was noted in neuronal cultures treated for 48 hours 

with controls’ CSF and SGE-301. We postulated that this finding represents a compensatory 

mechanism to the chronic PAM activity of SGE-301. Studies have shown that phosphorylation of 

ser-295 enhances the accumulation of PSD95 and that phospho-S295-PSD95 is suppressed by 

chronic NMDAR activation (Kim et al., 2007). In line with these studies, we found that mice 

infused with controls’ CSF and chronically treated with SGE-301 had lower amounts of phospho-

S295-PSD95 and PSD95 compared with mice treated with vehicle. Neuronal cultures treated for 

48 hours with SGE-301 showed an effect in the same direction, including a reduction of phospho-

S295-PSD95 that was more intense than that of total PSD95. Similar mechanisms induced by the 

chronic PAM effect of SGE-301 may be involved in the change, although not significant, in fEPSP 

slope after induction of LTP in control animals treated with SGE-301 compared with those treated 

with vehicle.  

 Data from this and a previous study (Planaguma et al., 2016) show that patients’ antibodies do 

not affect paired-pulse facilitation, suggesting that presynaptic neurotransmitter release is 

unaffected in all experimental groups and that post-synaptic mechanisms are responsible for the 

decrease of LTP in animals treated with patients’ CSF. In another report using hippocampal 

neuronal cultures, patients’ antibodies specifically decreased NMDAR-mediated currents without 

affecting AMPA receptor-mediated currents (Hughes et al., 2010). These studies along with the 

selective SGE-301 PAM effect on NMDAR (Paul et al., 2013) suggest that the impairment of LTP 

(and its prevention by SGE-301) in animals infused with patients’ CSF is via modulation of 

NMDAR.   

 The exact molecular mechanisms by which SGE-301 prevents the effects of patients’ 

antibodies are unknown. We found that SGE-301 does not block the binding of patients’ antibodies 

to hippocampus, suggesting several alternative mechanisms such as interference with antibody-

induced internalization of receptors, increase of recruitment of NMDARs, or both. In preliminary 
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studies with cultured neurons treated with patients’ antibodies, we found that SGE-301 

significantly decreased (without fully abrogating) antibody-mediated NMDAR internalization, 

suggesting that in this setting a recruitment of NMDARs to the cell surface and synapse may be 

facilitated by the drug. 

 Our study design does not allow assessing whether SGE-301 reverses the antibody-mediated 

decrease of NMDAR and associated memory deficit because animals infused with patients’ 

antibodies were simultaneously treated with SGE-301, and they did not develop any of those 

alterations. Although previous studies showed that application of SGE-301 to neuronal cultures 

exposed to patients’ antibodies for 24 hours accelerated the recovery from the antibody effects 

(Warikoo et al., 2018), it is unclear if SGE-301 would fully reverse symptoms already established 

and if so, how long it would take to recovery. It is also unclear whether SGE-301 would be 

effective for symptoms other than memory impairment; animal models reproducing the entire 

repertoire of symptoms in the acute and chronic stage of the disease would facilitate these studies. 

Finally, there is evidence that SGE-301 and similar PAMs potentiate the NMDAR responses for 

many minutes beyond their presence in the media, a feature attributed to their strong lipophilicity 

or potential intracellular accumulation (Paul et al., 2013; Warikoo et al., 2018). Therefore, a dosing 

less frequent than that used in our model (e.g., every other day instead of daily dosing) may result 

in the same beneficial effects.  

 The experience with current treatment approaches to anti-NMDAR encephalitis and the 

outcome of most patients emphasize the importance of our findings. During the acute stage of anti-

NMDAR encephalitis patients often require intensive immunotherapy, antiepileptics, 

psychoactive medications, and intensive care support, along with tumor removal if this applies 

(Titulaer et al., 2013). This stage is usually followed by a protracted process of recovery in which 

symptoms of the acute phase (psychosis, seizures, abnormal movements, decreased level of 

consciousness) are no longer present, and the patient is at home or in a rehabilitation center 
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showing other symptoms such as deficit of memory, attention, cognition, abnormal behavior, or 

executive dysfunction (Finke et al., 2012; Finke et al., 2013; Titulaer et al., 2013). Our model, in 

which the local transfer of human NMDAR antibodies into mice cerebroventricular system 

predominantly affects hippocampal NMDAR (Planaguma et al., 2015), provides a proof of 

principle that targeting the antibody-related mechanisms as complementary treatment for anti-

NMDAR encephalitis, may mitigate or shorten the process of recovery. In preliminary studies, 

SAGE-718 (a PAM closely related to SGE-301 designed for oral bioavailability and once daily 

dosing) showed a good tolerability profile in healthy volunteers in a double-blind, placebo-

controlled phase 1 single ascending dose study (Koenig et al., 2019) and is currently being used 

in a trial for Huntington disease (which at early stages appears to associate with reduced NMDAR 

function). The tasks for the future are to better understand the underlying mechanisms by which 

SGE-301 prevents patients’ antibody effects, assess the ability of this compound to reverse 

established symptoms, and determine its optimal dosing and frequency of treatment. 
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LEGENDS TO FIGURES 

FIG. 1: Experimental design 

A) Four experimental groups of mice were used, including mice treated with continuous 

cerebroventricular infusion of controls’ or patients’ CSF for 14 days along with daily subcutaneous 

injection of vehicle (30% HPBCD) or SGE-301 (10 mg/kg diluted in vehicle) for 18 days. 

B) Timing of memory and locomotor tasks. Novel object location (NOL) and locomotor 

activity (LA) tests were started before the surgical implantation of ventricular catheters and 

osmotic pumps. The same tests were applied on days 3-4, 10-11, 18-19 and 25-26 after surgery. 

The effects of patients’ antibodies on the levels of NMDARs and synaptic plasticity were 

examined on subsets of mice sacrificed on day 18, which is the date of maximal effects reported 

in this model (Planaguma et al., 2015). 
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FIG. 2: Treatment with SGE-301 prevents the reduction of NMDARs caused by 

patients’ antibodies in cultured neurons 

Panel A: Representative dendrites of hippocampal neurons immunostained for surface NMDAR 

(green) and PSD95 (red) after 24 hour-treatment with patients’ CSF or controls’ CSF, each with 

either vehicle or SGE-301. Synaptic NMDARs are defined as those that colocalize with PSD95 

(white channel). Scale bars= 10 μm. 

Panel B: Quantification of the density of surface and synaptic NMDAR. Cultures co-treated with 

patients’ CSF antibodies and vehicle showed a significant decrease of total cell surface and 

synaptic NMDARs without affecting the density of PSD95. In contrast, cultures co-treated with 

the same patients’ CSF and SGE-301 did not show reduction of NMDARs. No effects on total cell 

surface NMDARs were noted in neurons treated with controls’ CSF with vehicle or SGE-301, 

although the presence of SGE-301 associated with a mild reduction of synaptic NMDARs. The 

density of PSD95 was not affected by any of these conditions. N= 15 dendrites per condition, three 

independent experiments. Box plots show the median, and 25th and 75th percentiles; whiskers 

indicate the minimum and maximum values. Significance of treatment effect was assessed by one-

way ANOVA (p < 0.0001 for NMDAR, synaptic NMDAR) with Bonferroni post-hoc correction: 

*p < 0.05; ***p < 0.001; ****p < 0.0001. 

 

FIG. 3: Treatment with SGE-301 prevents the reduction of NMDARs caused by 

patients’ antibodies in hippocampus  

Panel A: Hippocampus of mouse immunolabeled for NMDAR and PSD95. Images were merged 

(synaptic NMDAR, yellow color) and post-processed to demonstrate colocalizing clusters. White 
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squares indicate the analyzed areas in CA1, CA3, and dentate gyrus. Each square is a three-

dimensional (3D) stack of 50 sections. Scale bar= 500 μm. 

Panel B: 3D projection and analysis of the density of total cell surface NMDAR clusters, PSD95, 

and synaptic NMDAR clusters (defined as those that colocalized with PSD95). Each 3D projection 

is a representative CA1 square region (as those shown in panel A) of an animal representative of 

each experimental condition infused with controls’ or patients’ CSF along with SGE-301 or 

vehicle. Merged images (merge: PSD95 [red]/NMDAR [green]) were post-processed and used to 

calculate the density of clusters (density= spots/μm3). Scale bar= 2 μm. 

Panel C: Quantification of the density of total (left) and synaptic (right) NMDAR clusters, and 

total PSD95 at day 18 in a pooled analysis of hippocampal areas (CA1, CA3, and dentate gyrus). 

Mean density of clusters in animals treated with controls’ CSF + vehicle was defined as 100%. 

For each condition, five animals were examined (15 hippocampal areas per animal). Box plots 

show the median, and 25th and 75th percentile; whiskers indicate the minimum or maximum values. 

Significance of treatment effect was assessed by one-way ANOVA analysis of variance (p= 

0.0001) and post-hoc analysis with Bonferroni correction; ***p < 0.001; ****p < 0.0001. 

 

FIG. 4: Treatment with SGE-301 prevents the impairment of LTP caused by patients’ 

NMDAR antibodies 

Panel A: The Schaffer collateral pathway (SC, red) was stimulated (Stim) and field potentials were 

recorded (Rec) in the CA1 region of the hippocampus. Long-term potentiation (LTP) was induced 

by theta-burst stimulation (TBS); DG= dentate gyrus; CA= Cornu Ammonis. 

Panel B: Example traces of individual recordings showing baseline fEPSPs before LTP induction 

(black traces) and after LTP (red traces). Slope and peak amplitude of fEPSPs are increased after 

TBS in mice infused with controls’ CSF and treated with vehicle or SGE-301, and are strongly 
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impaired in animals infused with patients’ CSF and treated with vehicle. In mice infused with 

patients’ CSF and treated with SGE-301 the increase of slope is improved. Note that initial peak 

amplitude of fEPSP may vary within individual recordings. 

Panel C: Time course of fEPSP recordings demonstrating robust changes in fEPSP slope in the 

animals infused with controls’ CSF treated with vehicle (n = eight recordings from seven animals, 

light green), or treated with SGE-301 (n = 10 recordings from seven animals, dark green) which 

is stable throughout the recording period after TBS (arrow). In animals infused with patients’ CSF 

and treated with vehicle (n = six recordings from five animals, pink) the induction of LTP is 

markedly impaired. In contrast, animals infused with the same patients’ CSF and treated with SGE-

301 (n= seven recordings from six animals, blue) show resolved effects on synaptic plasticity after 

LTP induction. The fEPSP values of all animals for each of the groups are presented as mean ± 

SEM. 

Panel D: Quantification of fEPSP slope change showing a significant reduction of fEPSP slope in 

animals infused with patients’ CSF and treated with vehicle compared with the other groups of 

animals. Note that animals infused with patients’ CSF and treated with SGE-301 did not show 

reduction of fEPSP slope. The number of recordings and animals used are the same as those 

indicated in panel C. Box plots show the median, 25th and 75th percentiles; whiskers indicate 

minimum and maximum values. Significance was assessed by one-way ANOVA (p < 0.01) and 

Bonferroni post-hoc correction test was applied: *p < 0.05; **p < 0.01. 

 

FIG. 5: SGE-301 prevented the visuospatial memory deficits caused by patients’ 

NMDAR antibodies 

Mice infused with patients’ CSF antibodies and treated with vehicle (pink line) showed a 

significant reduction of the NOL index. This memory deficit was prevented in the group of mice 
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infused with the same patients’ CSF antibodies but treated with SGE-301 (blue line). No 

significant memory changes were noted in the groups of mice infused with controls’ CSF and 

treated with vehicle (light green line) or SGE-301 (dark green line). Number of animals: controls’ 

CSF + vehicle = 11; patients’ CSF + vehicle = 10; controls’ CSF + SGE-301 = 12; patients’ CSF 

+ SGE-301 = 10. A higher index represents better visuospatial memory. Data are presented as 

mean ± SEM. Significance of assessment was performed by repeated-measures two-way analysis 

of variance (ANOVA; p < 0.0001) with Bonferroni post-hoc correction. Patients’ CSF + vehicle 

versus controls’ CSF + vehicle: ****p < 0.0001, ***p < 0.001. Patients’ CSF + vehicle versus 

patients’ CSF + SGE-301: $$$p < 0.001. 
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