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ABSTRACT 

Background: Anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis is a neuronal 

antibody-mediated disease that associates with prominent neuropsychiatric symptoms and 

predominantly affects women of childbearing age. Animal models of this disease have enabled 

the demonstration that patients’ antibodies are pathogenic as they bind to NMDARs and cause 

their internalization, resulting in a decrease of synaptic levels of these receptors, impairment 

of synaptic plasticity, memory deficits, and depressive-like and psychotic-like behaviors. These 

antibodies are class G immunoglobulins (IgG); thus, they can be transferred across the 

placenta in pregnant patients with anti-NMDAR encephalitis and potentially be detrimental for 

the fetus/newborn. On the other hand, novel therapeutic strategies to accelerate patients’ 

recovery are of interest. 

Objectives: 1) Report the effects of anti-NMDAR encephalitis in pregnant patients and their 

babies, 2) develop an animal model of placental transfer of IgG antibodies from patients with 

anti-NMDAR encephalitis to determine their potential pathogenic effects in the fetus and 

offspring, 3) investigate whether treatment with a neonatal Fc receptor (FcRn) inhibitor 

prevents the placental transfer of patients’ IgG and abrogates the antibody-mediated 

alterations in the previously developed mouse model, and 4) study the potential therapeutic 

use of a positive allosteric modulator  (PAM) of NMDAR (i.e., SGE-301) in a reported mouse 

model of cerebroventricular infusion of patients’ cerebrospinal fluid (CSF) antibodies. 

Methods: Clinical data of patients with anti-NMDAR encephalitis during pregnancy was 

retrospectively collected from consultations to our group and reviewed from the English 

literature between 2010 and 2019. To develop the animal model, pregnant C57BL/6J mice 

were administered via tail vein patients' or controls' IgG from serum on days 14, 15 and 16 of 

gestation, when the placenta is able to transport IgG and the immature fetal blood-brain 

barrier is less restrictive to IgG crossing. Using this model, an antibody able to block FcRn-IgG 

binding required for placental IgG transcytosis was administered via tail vein six hours prior to 

patients’ or controls’ IgG injections on days 14-16 of gestation to determine whether it could 

prevent antibody-mediated effects in fetus/offspring. To assess the potential therapeutic 

effect of SGE-301, adult mice receiving cerebroventricular infusion of patients’ CSF through 

mini-osmotic pumps during 14 days were treated with a daily subcutaneous administration of 

this NMDAR PAM. An extensive combination of techniques was used for these studies, 

including immunocytochemistry with HEK cells or dissociated rat hippocampal neurons, brain 

immunohistochemical staining, confocal microscopy, electrophysiology on acute hippocampal 
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sections, and comprehensive panels of standardized developmental and behavioral tasks. All 

studies were conducted with sets of mice at different time points during fetal or postnatal 

development into adulthood, or during and after antibody infusion.  

Results: (1) Up to 90% of newborns from patients who develop anti-NMDAR encephalitis 

during pregnancy or become pregnant during recovery are healthy at birth, and only 3 of 16 

infants had transient neurologic or respiratory symptoms. All of the babies who had assessable 

follow-up (7–96 months) had normal development. 

(2) IgG antibodies from patients with anti-NMDAR encephalitis intravenously injected to 

pregnant mice are transferred across the placenta, reach fetal brain and cause a decrease in 

NMDAR clusters and in cortical plate thickness, along with a reduction of cell-surface and 

synaptic NMDAR levels, increased dendritic arborization, a decrease of mature (mushroom-

shaped) spine density, microglial activation, thinning of brain cortical layers II–IV with cellular 

compaction, a delay in innate reflexes and eye opening, depressive-like behavior, deficits in 

nest building, poor motor coordination, and impaired social-spatial memory and hippocampal 

plasticity after birth. Remarkably, all these paradigms progressively improved (becoming 

similar to those of controls) during follow-up without further implications in mature 

adulthood. 

(3) In pregnant mice that receive patients’ IgG, treatment with FcRn antibody prevents the IgG 

from reaching the fetal brain, abrogating the decrease of NMDAR clusters and the reduction of 

cortical plate thickness that were observed in fetuses from untreated pregnant mice. 

Moreover, among the offspring exposed in utero to patients’ IgG, those whose mothers are 

treated with FcRn antibody do not develop the alterations that occur in offspring of untreated 

mothers, including impairment in hippocampal plasticity, delay in innate reflexes, and 

visuospatial memory deficits. 

(4) In mice infused with patients’ CSF, daily subcutaneous administration of SGE-301 prevents 

the hippocampal memory impairment and synaptic alterations caused by NMDAR antibodies 

from patients with anti-NMDAR encephalitis.  

Conclusions: My studies have contributed to gain insight into the outcome of babies from 

pregnant patients with anti-NMDAR encephalitis and to unravel the antibody-mediated 

synaptic alterations underlying the transient developmental and behavioral impairment using 

a mouse model of placental transfer of patients’ IgG. Overall, these findings have provided 

potential therapeutic strategies in antibody-mediated diseases of the CNS during pregnancy 

(i.e., FcRn inhibitor) or in an adult mouse model of anti-NMDAR encephalitis (SGE-301). 
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Figure 14. Cerebroventricular infusion patients’ antibodies to mice 
(A) Schematic representation of a mouse implanted with intraventricular catheters connected 
to osmotic minipumps subcutaneously placed on the back of the animal. (B) Representative 
coronal mouse brain section with catheter placement. (C and D) Coronal and sagittal mouse 
brain sections demonstrating cerebroventricular diffusion of methylene blue after ventricular 
infusion. Scale bar in B, C and D =2mm. Adapted from11 

 

4. Determination of the pathogenic effects of the antibodies in mice 

At different time points, the effects of patients’ antibodies in mice (either by cerebroventricular 

infusion or intravenous injection to pregnant mice) were assessed using a) a battery of 

behavioral tests, summarized in Table 3; b) hippocampal electrophysiological studies, and c) 

immunohistochemistry and confocal microscopy. 
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Abstract
Objective
To report the effects of anti-NMDA receptor (NMDAR) encephalitis in pregnant patients and
their babies.

Methods
We studied a retrospective cohort of patients who developed anti-NMDAR encephalitis during
pregnancy or became pregnant while recovering from the encephalitis. In addition, we reviewed
the English literature between 2010 and 2019 related to this topic.

Results
We studied 11 patients; 6 developed anti-NMDAR encephalitis during pregnancy, and 5 became
pregnant while recovering. There were no obstetrical complications, but 6 (55%) babies were
premature. Ten newbornswere healthy, and 1 (9%) developed transient respiratory distress. Nine
infants had assessable follow-up (median 18 months; range, 7–96 months), and all showed
normal development. We identified 21 cases in the English literature. Obstetrical complications
occurred in 7 (33%) pregnancies. Two patients died of septic shock (1 baby successfully de-
livered), another 2 had miscarriages, and in 2, the pregnancy was terminated. Sixteen babies
(76%) were delivered, 9 (56%) premature. At birth, 13/16 (81%) newborns were healthy, 2/16
(13%) had transient neurologic or respiratory symptoms, and 1 (6%) died of brain edema.
Follow-up (median 12 months; range, 6–36 months) was reported for 8 children: 7 (88%)
showed normal development and behavior, and 1 (13%) cortical dysplasia. Immunotherapy was
used during pregnancy in 7 (64%) of our patients and 18 (86%) of the reported cases, including
rituximab in 4 cases, without adverse effects.

Conclusions
Patients who develop anti-NMDAR encephalitis during pregnancy or become pregnant during
recovery often have obstetrical complications, but most of the newborns are healthy and appear
to have normal development.
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Anti-NMDA receptor (NMDAR) encephalitis is a severe but
treatable autoimmune neurologic disease that often results in
psychotic symptoms, seizures, dyskinesias, decreased level of
consciousness, dysautonomia, or central hypoventilation.1

About 60% of patients are young women, and some develop
the disease during pregnancy.1,2 Several reports have sug-
gested that dysautonomia, seizures, or central hypoventilation
play important roles in the potential complications that
pregnant patients may develop.3–7 Other studies proposed
that transplacental transfer of NMDAR antibodies can result
in acute encephalopathy or death of the newborn or eventu-
ally result in autistic-spectrum disorders.3,8–10 In a study based
in an experimental animal model of transplacental transfer of
a human monoclonal NMDAR antibody, Jurek et al.11 sug-
gested that antibodies of asymptomatic seropositive pregnant
women (without evidence of anti-NMDAR encephalitis)
caused developmental and cognitive deficits in the offspring.
However, the authors did not provide any experimental evi-
dence that the antibodies from asymptomatic mothers of
children with cognitive or neurodevelopmental deficits were
pathogenic. The best human model to examine the postulate
of these authors is pregnant patients with anti-NMDAR en-
cephalitis who all have clear evidence of pathogenic NMDAR
antibodies. In fact, the experience and number of reports on
pregnant patients with this disease are limited, and the effects
of the immune response on patients and offspring are largely
unknown. Here, we report 11 new patients and review 21
previously reported cases, describing the effects of the disease
on the mothers and babies and the treatments used and
outcome.

Methods
Data collection
Patients whose serum or CSF were examined for NMDAR
antibodies in 3 referral centers (Barcelona, Spain; Lyon,
France; and Kiel/Lübeck, Germany) and who were pregnant
when they developed anti-NMDAR encephalitis or became
pregnant while recovering from the disease were included in
the study. Clinical information was retrospectively provided
by the treating physicians, patients, and families using
a structured questionnaire. We focused on the age and neu-
rologic symptoms of the mothers, presence of an underlying
tumor, immunotherapies used during pregnancy, duration of
the pregnancy, and type of delivery. Mothers’ neurologic
outcomes were assessed using the modified Rankin Scale
(mRS).12 The short-term outcomes of the infants were
obtained from records of obstetricians or midwives and the
APGAR score 5 minutes after delivery. We reviewed whether
the babies were later found to have developmental problems
or alterations of behavior and social interaction.

Literature search
Previously reported cases were identified through MEDLINE
search using the following keywords: “NMDAR,” “N-methyl-
D-aspartate,” “antibodies,” “autoimmune encephalitis,” and
“pregnancy,” published between January 1, 2010, and August
15, 2019.

Standard protocol approvals, registrations,
and patient consents
We obtained written informed consent from all patients. The
study was approved by the local institutional review boards of
Hospices Civils de Lyon (CPP SUD-EST II, US registration
number 11263) and Hospital Cĺınic de Barcelona (registra-
tion number HCB/2018/0192). All data are available on re-
quest at Neuroimmunology Program, IDIBAPS Institute,
Barcelona (Spain).

Data availability
Any data not published within the article are available and will
be shared anonymously by request from any qualified
investigator.

Results
Patients of the current series
We retrospectively assessed the information of 11 cases, in-
cluding 6 patients (55%) who developed anti-NMDAR en-
cephalitis during pregnancy (3 in the 1st trimester, 2 in the
2nd trimester, and 1 in the 3rd trimester), and 5 (45%) who
became pregnant during recovery (median time from onset of
recovery: 5 months [range, 1–42months]; median mRS score
at the onset of pregnancy: 1 [range, 1–2]). The main clinical
features are shown in table 1 (further individual information
in Supplemental Material, links.lww.com/NXI/A185). Me-
dian age was 23 years (range, 19–37 years), and all patients
had combinations of symptoms typical for anti-NMDAR
encephalitis, 7 of them (64%) requiring intensive care. An
ovarian teratoma was found and removed in 4 (36%) patients.
All patients survived, and at the last visit (median follow-up 28
months; range, 6–144 months), 8/11 (73%) had minor
neurologic disability (mRS score ≤2). None of the 11 patients
had obstetric complications, and all pregnancies were con-
tinued until delivery (table 2). A caesarean section was per-
formed in 4 (36%) patients because of the severity of the
neurologic disease, but there was no case of fetal distress. The
postpartum period was uneventful in all cases.

Infants of the current series
In total, 11 children were born (5 females and 6 males), 6
(55%) preterm (table 3). Ten newborns (90%) were reported
healthy after delivery, and the 5-minute APGAR score was

Glossary
IVIg = IV immunoglobulin; mRS = modified Rankin Scale; NMDAR = NMDA receptor.
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normal in 6/6 (100%) (not provided for the other 5 new-
borns). One newborn, whose mother had developed
NMDAR encephalitis at 20 weeks of gestation, presented with
respiratory distress immediately after delivery (APGAR score
not provided). This was considered an adverse effect of the
antiepileptic and sedative drugs that had been administered to
themother, and the baby recovered spontaneously in less than
24 hours. Among 9 (81%) infants with follow-up (median 18
months; range, 7–96 months), no developmental abnormal-
ity, atypical behavior, or abnormal interaction was reported.
Only 1 newborn was tested for serum NMDAR antibodies
and was found positive; he was reported healthy at birth and at
the last follow-up (18 months) showed normal development
and behavior.

Review of previously reported patients
A review of the English literature identified 19 publications
reporting 21 cases of anti-NMDAR encephalitis during preg-
nancy (table 1).2–8,13–24 Median maternal age was 25 years
(range, 18–36 years), and 18 (85.7%) patients required in-
tensive care. A teratoma was found and removed in 10/21
(47.6%) patients. Two patients (10%) died of septic shock
during intensive care, one of them after the delivery of a baby
(case with cortical dysplasia). Follow-up was provided for 13/
19 (68.4%) survivors, and 12 (92.3%) of them had good
neurologic outcomes (final mRS score ≤ 2). Obstetrical com-
plications were reported in 7/19 (36.8%) patients (table 2).
Two patients had miscarriages during the first trimester, and in
another 2 patients, the pregnancy was terminated.2,17–19

Review of outcomes of previously
reported children
In total, 16 children were born, 9 (56%) preterm. A cesarean
section was performed in 8 (50%) mothers, either because
their clinical status was deteriorating (n = 5) or there was fetal
distress (n = 3). Thirteen of 16 (81.3%) newborns were
considered healthy. The APGAR score at 5 minutes was
normal in 5/9 infants (56%; not provided for the other 7).
One infant (mother’s encephalitis at 7 weeks of gestation) had
transient movement disorders after birth (5-minute APGAR
score: 7/10) and during follow-up showed developmental
delay and epilepsy due to cortical dysplasia.13 Another infant
(mother’s encephalitis at 37 weeks of gestation) was born

Table 1 Clinical features of the patients

Present series Literature

No. of cases 11 21

Median age (range) 23 (19–37) 25 (18–36)

NMDAR encephalitis during
pregnancy, n (%)

6 (55) 21 (100)

Pregnancy onset during recovery
phase, n (%)

5 (45) 0 (0)

Teratoma, n (%) 4 (36) 10 (48)

Clinical presentation

First episode, n (%) 11 (100) 20 (95)

Relapse, n (%) 0 (0) 1 (5)

Symptoms, n (%)

Psychotic symptoms 11 (100) 17 (81)

Anterograde amnesia 7 (64) 9 (43)

Seizures 6 (55) 13 (62)

Dyskinesia 7 (64) 14 (67)

Disintegration of speech 7 (64) 3 (14)

Impairment of consciousness 7 (64) 17 (81)

Central hypoventilation 3 (27) 9 (43)

Autonomic symptoms 5 (45) 9 (43)

Insomnia 2 (18) 3 (14)

Combination of ≥3 symptoms, n (%) 11 (100) 18 (86)

Psychotic and cognitive
symptoms only, n (%)

0 (0) 2 (10)

Seizures only, n (%) 0 (0) 1 (5)

Admission in ICU, n (%) 7 (64) 18 (86)

Neurologic symptoms at the
onset of pregnancy

None, n (%) 6 (55) 21 (100)

Anterograde amnesia, n (%) 2 (18) 0 (0)

Depressed mood/anxiety, n (%) 2 (18) 0 (0)

Behavioral disturbances, n (%) 2 (18) 0 (0)

Reduced attention span, n (%) 1 (9) 0 (0)

Reduced speech fluency, n (%) 1 (9) 0 (0)

Immunotherapy during pregnancy

Steroids, n (%) 4 (36) 17 (81)

IVIg, n (%) 4 (36) 11 (52)

Plasma exchange, n (%) 1 (9) 9 (43)

Rituximab, n (%) 1 (9) 3 (14)

Cyclophosphamide, n (%) 0 (0) 1 (5)

None, n (%) 4 (36) 3 (14)

Table 1 Clinical features of the patients (continued)

Present series Literature

Neurologic outcomes

No. (%) with available follow-up 10 (91) 13 (68)

Median follow-up, mo (range) 28 (6–144) 9 (6–18)

Median mRS score at last
follow-up (range)

1 (0–4) 1 (0–3)

Abbreviations: ICU = intensive care unit; IVIg = IV immunoglobulin; mRS =
modified Rankin Scale; NMDAR = NMDA receptor.
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with hypotonia, hypoventilation, and seizure-like abnormal
movements (5-minute APGAR score: 2/10).3 Brain MRI
showed diffuse brain edema attributed to maternal antibody-
mediated encephalitis, and he died 3 weeks after birth. An-
other infant (mother’s encephalitis at 20 weeks of gestation)
had transient neuromuscular symptoms and respiratory de-
pression (APGAR score: 4/10) likely related to sedative drugs
administered to the mother.8 Follow-up was available in 10
children (63%; median, 12 months; range, 6–36 months). All
of them had normal development and behavior, except for the
child with cortical dysplasia. Serum anti-NMDAR antibodies
were tested in 6 newborns and found positive in 3, all with
complications at birth (1 lethal encephalopathy; 1 cortical
dysplasia with epilepsy and developmental delay, and 1
transient neuromuscular and respiratory deficit).

Immunotherapy during pregnancy
Immunotherapy was used in 7 (64%) patients studied by us
and in 18 (86%) of the previously reported patients (table 1).
No adverse effect was reported in any of the patients or
infants. Twenty-one patients received IV steroids, 15 IV im-
munoglobulin (IVIg), and 10 plasma exchange. In addition,
rituximab was administered to 4 patients (1 from our cohort
and 3 from the literature). Rituximab was started during the
first trimester (2 patients) or the second trimester (2
patients), at a median of 21 weeks (range, 19–33 weeks)
before delivery. In all 4 patients, rituximab was well tolerated
and associated with clinical improvement. One of these
patients also received IV cyclophosphamide 6 weeks before
delivery. In all 4 cases, the babies were healthy without mal-
formations, hypogammaglobulinemia, or leukopenia. None of
the patients studied by us or previously reported who had
a low 5-minute APGAR score, or any symptoms at birth, were
exposed to rituximab or cyclophosphamide during pregnancy.

Discussion
In this study, we aimed to assess the effects of anti-NMDAR
encephalitis on pregnancy, focusing on the obstetrical com-
plications and outcome of mothers and babies. Because it has
been suggested that transplacental transfer of maternal
NMDAR antibodies may be harmful to the fetus, we focused
on 2 settings associated with maternal levels of serum
NMDAR antibodies: (1) pregnant women who developed
anti-NMDAR encephalitis and (2) women who became
pregnant while they were recovering from anti-NMDAR en-
cephalitis.25 Placental transfer of maternal antibodies is critical
for fetal protection against infections and begins at 12–13
weeks of pregnancy.26–28 However, at approximately the same
time the blood-brain barrier of the fetus develops the ability to
prevent the passage of endogenous albumin (and likely
immunoglobulins) to the brain. Therefore, the amount of
maternal antibodies that can actually reach the developing
brain is unclear.29–31

Despite in utero exposure to NMDAR antibodies (in some
cases from the first trimester onward), up to 90% of infants
studied by us were healthy at birth, and all of those who had
assessable follow-up (7–96 months) had normal de-
velopment. Premature birth was common due to the frequent
indication of cesarean section, although without obvious ad-
verse effects on the babies. Moreover, review of the literature
shows that only 3 of 16 infants whose mothers had anti-
NMDAR encephalitis during pregnancy developed neonatal
encephalopathy.3,8,9 In 1 study, based in a single patient, the
authors suggested that neonatal encephalopathy due to pas-
sive transfer of maternal NMDAR antibodies can potentially
occur several years after the mother has recovered from the
encephalitis as long as she remains anti-NMDAR seroposi-
tive.9 Other authors proposed that the absence of serum
NMDAR antibodies in the mother (e.g., only detected in
CSF) decreases the risk of problems in the newborn.5

Table 2 Obstetrical outcomes in pregnancies
concomitant with NMDA receptor encephalitis

Present series Literature

No. cases 6 21

Median age, range 23 (19–37) 24.5 (18–36)

Disease onset

First trimester, n (%) 3 (50) 11 (52)

Second trimester, n (%) 2 (33) 7 (33)

Third trimester, n (%) 1 (17) 3 (14)

Complications

Death from septic shock, n (%) 0 (0) 2 (10)

Obstetrical complications, n (%) 0 (0) 7 (33)

Spontaneous miscarriage 0 (0) 2 (10)

Uteroplacental insufficiency 0 (0) 1 (5)

Eclampsia 0 (0) 1 (5)

Hemorrhagic shock from
vaginal bleeding

0 (0) 1 (5)

Unexplained fetal distress 0 (0) 2 (10)

Delivery

No. (%) children born 6 (100) 16 (76)

Spontaneous miscarriage, n (%) 0 (0) 2 (10)

Death of the mother before
delivery, n (%)

0 (0) 1 (5)

Medical termination of
pregnancy, n (%)

0 (0) 2 (10)

Cesarean section, n (%) 4 (67) 8 (50)

Maternal indicationa 4 (100) 5 (63)

Fetal indicationb 0 (0) 3 (37)

a Treatment or procedures used to treat the mother may affect the fetus.
b The clinical status of the mother (e.g., severe autonomic dysfunction and
uncontrolled seizures) is harmful to the fetus.
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Although all 3 reported infants with detectable NMDAR
antibodies at birth had neurologic symptoms, in our series, the
only newborn that tested positive was healthy. It is likely that
the neurologic symptoms described in those infants resulted
from a combination of factors that may include the potential
pathogenic effects of the antibodies (usually transient) along
with the side effects of sedatives, antiepileptics, and other drugs
used during the pregnancy. Except for 1 previously reported
baby with cortical dysplasia (along with delayed global de-
velopment and seizures) who was the product of a pregnancy
with multiple complications, uteroplacental insufficiency, and
delivery at gestational age 34 weeks, we have not identified
other infants with neurodevelopmental disorders.13

In addition to the infants’ outcomes, we reviewed the im-
portance of obstetrical complications in patients who develop
anti-NMDAR encephalitis during pregnancy. Although in our
series we did not identify obstetrical complications, about one
third of reported patients had pathologic pregnancy or

spontaneous miscarriage that are likely related to the severe
neurologic and medical problems of patients with this disease,
often requiring intensive care admissions. Because pregnant
patients with other diseases that may require prolonged in-
tensive care are relatively infrequent in obstetrical cohorts, the
comparison with those with anti-NMDAR encephalitis is
difficult, and we have not been able to determine whether this
disease causes more obstetric complications than other dis-
eases that associate with similar degree of neurologic and
systemic symptoms.32,33 Therefore, although the exact cause
of these complications and their relation with anti-NMDAR
encephalitis are unclear, autonomic dysfunction or seizures
could have played a role. In late stages of pregnancy, utero-
placental blood flow comprises a large part of the maternal
cardiac output, making the fetus particularly sensitive to var-
iations of maternal blood pressure.34 For example, 3 patients
underwent emergency cesarean sections due to signs of fetal
distress, resulting in good outcome in 2 of them.

In most pregnant patients, the immunotherapies used are
those described as first-line treatments (steroids, IVIg, and
plasma exchange). Our experience and that reported in the
literature indicate that these treatments are usually well tol-
erated. The experience with rituximab (which is often con-
sidered a second-line treatment) is limited to a few patients,
and it was well tolerated. Previous retrospective studies and
literature reviews on pregnant patients with autoimmune
demyelinating diseases treated with rituximab did not show
adverse effects on patients or newborns.35,36 Low B-cell
counts may be observed in the infants, but they usually nor-
malize spontaneously in the first 6 months without increased
infection rates.

This study has limitations posed by its retrospective nature
and the small number of cases available. The short follow-up
of the infants (median 18 months in our series and 12 months
in the literature) and the lack of systematic neuro-
psychological assessment may have potentially missed neu-
rologic complications. On the other hand, the current
frequency of complications identified in the literature, despite
being small, probably represents a reporting bias whereby
cases with complications are more likely to be reported. Over
the years, we have learned of additional cases (not included in
this report, and unable to track) of pregnant patients with
anti-NMDAR encephalitis who delivered healthy babies.

Despite these limitations, the current findings are impor-
tant to report in light of a recent study by Jurek et al.,11

suggesting that in asymptomatic pregnant women (without
evidence of previous history of anti-NMDAR encephalitis),
transplacental transfer of serum NMDAR antibodies results
in neuropsychiatric symptoms in the offspring. This study is
very disconcerting for patients and families of patients with
anti-NMDAR encephalitis because during the disease,
these patients have high levels of NMDAR antibodies that
usually remain detectable (albeit at low titer) for many
months or years after recovery. However, the conclusions

Table 3 Children outcomes

Present series Literature

No. children 11 16

Term of delivery

Full term, n (%) 4 (36) 3 (19)

Early term, n (%) 1 (9) 4 (25)

Preterm, n (%) 5 (45) 9 (56)

Extreme preterm, n (%) 1 (9) 0

Health status at birth

Healthy, n (%) 10 (91) 13 (81)

Neuromuscular/respiratory
depression, n (%)

1 (9) 1 (6)

Transient abnormal
movements, n (%)

0 (0) 1 (6)

Severe encephalopathy and
death, n (%)

0 (0) 1 (6)

APGAR score 5 min
following delivery

No. (%) with data 6 (54) 9 (56)

7–10, n (%) 6 (100) 5 (56)

4–6, n (%) 0 (0) 3 (33)

0–3, n (%) 0 (0) 1 (11)

Outcome at last visit

No. (%) with available follow-up 9 (81) 10 (63)

Median follow-up, mo (range) 18 (7–96) 12 (6–36)

Healthy child with normal
development, n (%)

9 (100) 7 (88)

Cortical dysplasia, epilepsy, and
mental retardation, n (%)

0 (0) 1 (12)
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of Jurek et al.11 are based in a model of passive transfer of
high amounts (0.48 mg) of a monoclonal antibody derived
from a patient with classic anti-NMDAR encephalitis to
pregnant mice that resulted in 27% neonatal mortality and
multiple symptoms during the postnatal and adult stages of
the mice. This monoclonal antibody does not reflect the
antibody repertoire of patients with anti-NMDAR en-
cephalitis and, even less so, the antibodies of asymptomatic
mothers of children with neurocognitive deficits. More-
over, there is no evidence that the antibodies of asymp-
tomatic pregnant women (without a previous history of
anti-NMDAR encephalitis) are the same as those anti-
bodies occurring in anti-NMDAR encephalitis or have
similar pathogenicity.

Overall, the current findings and previously reported cases
suggest that in pregnant patients with anti-NMDAR en-
cephalitis, fetal exposure to maternal NMDAR antibodies
infrequently associates with overt neurologic deficits. Acute
neonatal encephalopathy or neurodevelopmental disorders
appear to be infrequent, and in such cases, other factors, not
necessarily antibody related (e.g., drugs used during preg-
nancy, seizures or autonomic dysfunction of the mother,
uteroplacental insufficiency, and premature delivery), may
play a role. Obstetrical complications pose a serious threat to
pregnant patients with NMDAR encephalitis, suggesting
that these patients need to be monitored closely in intensive
care units dedicated to high-risk pregnancies and treated
early with first-line immunotherapy (e.g., steroids and IVIg).
Considering our findings and those of larger series of
patients with other CNS autoimmune disorders, rituximab is
a potential treatment option in severely ill pregnant who fail
first-line therapies.35 Our results suggest that pregnancy is
not contraindicated in women with a history of anti-
NMDAR encephalitis. An important question to clarify is
whether serum antibody titers in the mother and newborn
correlate with the likelihood of neurologic deficits and de-
velopmental abnormalities. Future multi-institutional
investigations on patients who develop anti-NMDAR en-
cephalitis during pregnancy, or become pregnant after the
acute phase of the disease, are needed. These studies should
include neuropsychological assessments of the children with
sufficient follow-up (24–36 months) to detect any delay in
skill acquisition.
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Serra, MSc

University of
Barcelona

Author Revised the manuscript
for intellectual content

Jesús
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Abstract
Objective
To determine whether maternofetal transfer of NMDA receptor (NMDAR) antibodies has
pathogenic effects on the fetus and offspring, we developed a model of placental transfer of
antibodies.

Methods
Pregnant C57BL/6J mice were administered via tail vein patients’ or controls’ immunoglobulin
G (IgG) on days 14–16 of gestation, when the placenta is able to transport IgG and the
immature fetal blood-brain barrier is less restrictive to IgG crossing. Immunohistochemical and
DiOlistic (gene gun delivery of fluorescent dye) staining, confocal microscopy, standardized
developmental and behavioral tasks, and hippocampal long-term potentiation were used to
determine the antibody effects.

Results
In brains of fetuses, patients’ IgG, but not controls’ IgG, bound to NMDAR, causing a decrease
in NMDAR clusters and cortical plate thickness. No increase in neonatal mortality was ob-
served, but offspring exposed in utero to patients’ IgG had reduced levels of cell-surface and
synaptic NMDAR, increased dendritic arborization, decreased density of mature (mushroom-
shaped) spines, microglial activation, and thinning of brain cortical layers II–IV with cellular
compaction. These animals also had a delay in innate reflexes and eye opening and during
follow-up showed depressive-like behavior, deficits in nest building, poor motor coordination,
and impaired social-spatial memory and hippocampal plasticity. Remarkably, all these para-
digms progressively improved (becoming similar to those of controls) during follow-up until
adulthood.

Conclusions
In this model, placental transfer of patients’ NMDAR antibodies caused severe but reversible
synaptic and neurodevelopmental alterations. Reversible antibody effects may contribute to the
infrequent and limited number of complications described in children of patients who develop
anti-NMDAR encephalitis during pregnancy.

*These authors are joint senior authors.
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Anti-NMDA receptor (NMDAR) encephalitis is a neuronal
antibody-mediated disease that associates with prominent
neurologic and psychiatric symptoms.1 Most clinical series
show that 60%–80% of patients are women of childbearing
age2–4 who sometimes develop the encephalitis during
pregnancy.5,6 In addition to the obstetric complications that
can arise from the severity of the disease,5–7 there is the
concern that patient’s antibodies can reach the fetal brain and
cause synaptic and neurodevelopmental alterations. This
concern is supported by the demonstration of the pathoge-
nicity of the antibodies in cultured neurons8–10 and in a
mouse model of cerebroventricular transfer of patients’ anti-
bodies.11 Moreover, peritoneal injection of a human NMDAR
monoclonal antibody to pregnant mice resulted in high
neonatal mortality and long-lasting irreversible neuro-
developmental deficits in the offspring.12

Therefore, considering the severity of patients’ symptoms,
pathogenicity of the antibodies, and the fact that NMDAR
signaling regulates neuronal maturation,13 migration,14 and
synaptogenesis,15 one would expect severe abnormalities in
the offspring of patients with anti-NMDAR encephalitis.
However, the clinical experience is markedly different; other
than a few exceptional cases,16 most reports indicate that the
offspring of these patients appear to have good outcomes.6

Indeed, among the limited number of problems reported in
the babies, most are described as transient17 or attributed to
medications.6 These discrepancies led us to investigate in a
model of maternofetal transfer of patients’ immunoglobulin G
(IgG) antibodies, the effects on synaptic NMDAR, dendritic
complexity, cortical development, and microglial activation in
fetal and postnatal brains. We also determined whether mice
exposed in utero to patients’ IgG had impairment of memory,
behavior, and hippocampal long-term plasticity and whether
the antibody effects persisted or resolved from newborn to
adulthood stages.

Methods
Most of the methods and techniques used here have been
previously reported11,18 and are described in appendix e-1
(links.lww.com/NXI/A341).

Human serum samples, IgG purification,
and immunoabsorption
IgG was isolated by ammonium sulfate precipitation from
serum of 7 patients with anti-NMDAR encephalitis and 7
healthy blood donors. All patients with anti-NMDAR

encephalitis were women (median age 20 years, range 16–26
years) with anti-NMDAR encephalitis. The presence of
NMDAR antibodies (NMDAR-abs) was determined with rat
brain immunohistochemistry and a cell-based assay (CBA).1

To rule out the presence of other antibodies, pooled IgG from
patients was immunoabsorbed with HEK293T cells express-
ing GluN1/2B, and the reactivity determined with brain im-
munohistochemistry, CBA of GluN1/2B, and live neurons,
showing with all 3 techniques abrogation of reactivity.10,18 We
confirmed that immunoabsorbed patients’ IgG no longer
decreased the levels of NMDARs after 12-hour incubation, as
reported.19

Animals, infusion of IgG, tissue processing, and
determination of antibodies in blood from
pregnant mice and fetuses
Animal care and processing of brain of fetuses and offspring
were performed as reported.11 Overall, 54 pregnant C57BL/
6J mice, 165 fetuses, and 187 pups were used for behavioral,
electrophysiologic, morphologic, and synaptic brain studies.

Pooled IgG (800 μg) from patients or controls was injected
via tail vein to pregnant mice on days 14, 15, and 16 (E14,
E15, and E16) of gestation (figure 1A). These experiments
were planned according to the window of time in which the
neonatal receptor (FcRn), which allows IgG transplacental
transfer, is expressed in placental tissue, and the immature
fetal blood-brain barrier (BBB) does not restrict the crossing
of IgG (by day E16, the BBB becomes more restrictive).20

The presence of human NMDAR-abs in blood from pregnant
mice and fetuses was demonstrated with immunolabeling of
live rat hippocampal neurons in culture and conventional
CBA.1 Antibody titers were obtained by serial sample dilution
using CBA.

Determination of human IgG, NMDAR clusters,
and cortical plate thickness in fetal brain tissue
To determine whether human NMDAR-abs injected to
pregnant mice reached the brain of fetuses, 5-μm-thick fetal
brain sections were immunostained for human IgG using
Alexa Fluor 488 goat anti-human IgG, as above. Quantifica-
tion of fluorescence intensity was performed using the public
domain Fiji ImageJ software (fiji.sc/Fiji).8 Confirmation that
patients’ IgG was bound to NMDAR was done by
immunoprecipitation.18

The effects of patients’ antibodies on total cell-surface and
synaptic NMDAR clusters and postsynaptic density protein
95 (PSD95) were examined using immunohistochemistry

Glossary
BBB = blood-brain barrier; CBA = cell-based assay; fEPSP = field excitatory postsynaptic potential; GEE = generalized
estimated equation; GLM = generalized linear model; IgG = immunoglobulin G; LTP = long-term potentiation; NMDAR =
NMDA receptor; NMDAR-ab = NMDAR antibody; NOL = novel object location; PD = postnatal day; PPI = prepulse
inhibition; PSD95 = postsynaptic density protein 95.
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and confocal microscopy.11 The thickness of the cortical plate
was measured using 4', 6-diamidino-2-phenylindole (DAPI)-

stained fetal brain sections and quantified using Fiji ImageJ
software.

Figure 1 Patients’ antibodies intravenously administered to pregnant mice reach fetal brain and bind to NMDAR

(A) Diagram of the experimental design. IV injection of pooled IgG was performed on gestational days E14, E15, and E16. Brain and blood samples from the
fetus or offspring were collected on E16, E17, and E18 and PD 21, PD 70, and PD 155; blood samples of pregnantmice were collected on E16–E18. Brain tissue
studies were performed on the same time points and electrophysiology on PD 21 and PD 70. Newborns were assessed daily for neurodevelopmental
milestones from birth until PD 21. After breastfeeding withdrawal, mice underwent a battery of behavioral tests at age 1, 2, and 4months. Gestational period
ismarked in pink and postnatal period in green. (B) Representative images of HEK293T cells expressing GluN1/2B immunolabeledwith human IgG contained
in serum of fetuses (E17) exposed to controls’ or patients’ IgG. Scale bar = 10 μm. (C and D) Representative human IgG immunolabeling in E17 fetal brain
sections of animals exposed in utero to controls’ (C) or patients’ (D) IgG; the 2 insets (small squares in C and D, developing hippocampus) are shown enlarged
on the right of each panel. Scale bar whole brain = 100 μm, insets = 10 μm. (E) Quantification of human IgG immunofluorescence intensity in the developing
hippocampus of fetal brains obtained on gestational days E16-E18 exposed to controls’ IgG or patients’ IgG. Controls’ IgG, E16, n = 5; E17, n = 13; E18, n = 8;
patients’ IgG, E16, n = 9; E17, n = 16; E18, n = 8. Median intensity of IgG immunofluorescence in brain of mice exposed to controls’ IgG was defined as 100%.
Data presented in box plots show the median, 25th, and 75th percentiles; whiskers indicate minimum and maximum. Significance of treatment effect was
assessed by the Mann-Whitney U test. ****p < 0.0001. (F) Immunoprecipitated NMDAR-bound IgG from E17 and E18 brains of fetuses exposed in utero to
controls’or patients’ IgG. Lanebrain tissue corresponds to homogenate ofmouse brain usedhere as control. The band at;100 KDa corresponds to theGluN1
subunit of the NMDAR. Each lane corresponds to the immunoprecipitation of the brains from 4 fetuses, per each indicated condition. IgG = immunoglobulin
G; NMDAR = NMDA receptor; PD = postnatal day.
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Determination of human IgG, NMDAR clusters,
synaptic density, cortical layer thickness, and
microglial activation in offspring
The presence of human IgG in the brain of offspring and
the density of NMDAR were examined as indicated for
fetal brains (time points shown in figure 1A). NMDAR
clusters were quantified from a total of 15 images acquired
from CA1, CA3, and dentate gyrus of the hippocampus (5
different areas per region).

The density of glutamatergic synapses was assessed with im-
munohistochemistry using presynaptic (Bassoon) and post-
synaptic (Homer1)markers and the corresponding secondary
antibodies (appendix e-1, links.lww.com/NXI/A341).

Cortical layer thickness was measured in sections of brains
immunostained with specific cortical layer markers including a
monoclonal mouse anti-CUTL1 for layers II–IV, and a
polyclonal sheep anti-FoxP2 for layer VI, followed by the
appropriate secondary antibodies. The layers’ thickness was
quantified using Fiji ImageJ software. Cell density in CUTL1-
labeled layers was measured on brain sections using DAPI
staining with spots algorithm in Imaris software.

Microglial activation was assessed in brain sections using a
monoclonal rat antibody against CD68 (pan-macrophage)
and a polyclonal rabbit antibody against Iba-1 (activated
microglia). The CD68- or Iba-1–stained surface density was
quantified using Imaris software.

Dendritic complexity and spine
morphology analysis
These studies were performed using DiOlistic (gene gun
delivery of fluorescent dye) staining and confocal microscopy
(appendix e-1, links.lww.com/NXI/A341). Dendritic com-
plexity was examined with Sholl analysis in cortical and CA1
hippocampal pyramidal neurons.21 Spine morphology was
examined in DiI-labeled segments of apical secondary den-
drites of cortical and CA1 pyramidal neurons. Quantification
of mushroom-shaped dendritic spines was performed with the
spine classification algorithm (Imaris software).

Field potential recordings, hippocampal long-
term potentiation, and paired-
pulse facilitation
Acute sections of the hippocampus of the offspring were used
to determine long-term plasticity by the classical paradigm of
stimulation at the Schaffer collateral pathway and recording
the field potentials at CA1 synapses.19

Neurobehavioral assessment in postnatal and
adult stages
From birth to weaning (defined as breastfeeding with-
drawal on postnatal day [PD] 21), mice were assessed
daily for achievement of developmental milestones using a
modified Fox battery, similar to that previously repor-
ted.22 From weaning to adulthood (155 days), subsets of

mice underwent a comprehensive battery of memory and
behavioral tests (appendix e-1, links.lww.com/NXI/A341,
and figure e-1, links.lww.com/NXI/A342).

Statistical analysis
Comparison of human IgG intensity, confocal densities of
NMDAR, PSD95, Homer1, Bassoon, Iba-1, CD68, and
mushroom-shaped spines between mice exposed to pa-
tients’ IgG vs controls’ IgG was performed with the Mann-
Whitney U test as non-normally distributed parameters.
Comparison of cortical plate thickness, cortical layers II–
IV and VI, cortical cell density, and electrophysiologic field
excitatory postsynaptic potential (fEPSP) slope changes
between the 2 experimental groups was performed using
independent sample t tests. Sholl analysis data were ana-
lyzed with a generalized linear model (GLM) for global
and time point effects. For behavioral paradigms, longi-
tudinal analyses were performed by generalized estimated
equations (GEEs) using an AR(1) matrix to account for
intraindividual correlations. All models include litter size,
group, and group by time as fixed factors. Time to rooting,
ear detachment, auditory startle, and eye opening were
analyzed with the Mann-Whitney U test. All experiments
were assessed for outliers with the ROUT method apply-
ing Q = 1%. In all analyses, we used a 2-sided type I error of
5%. All tests were performed using GraphPad Prism
(version 8; GraphPad Inc., San Diego, CA) or SPSS
(version 25; IBM Corp., Armonk, NY) for GLM and GEE
models. Mean values or estimated mean values (body
weight, righting reflex, and negative geotaxis for the GEE
model) were presented with ±SEM.

Ethical approval
Written informed consent was obtained from all patients;
the study was approved by the local institutional review
board at Hospital Cĺınic, Barcelona (HCB/2018/0192).
Animal studies were approved by the Ethical Committee of
the University of Barcelona (2010/63/UE) and Spanish
(RD 53/2013) regulations.

Data availability
Data supporting these findings are available on reasonable
request.

Results
Presence of human NMDAR-abs in serum of
pregnant mice and fetuses
Serum samples collected on E16, E17, and E18 from pregnant
mice and fetuses exposed to patients’ IgG, but not those ex-
posed to controls’ IgG, showed human IgG binding to cell
surface of live hippocampal neuronal cultures and
HEK293T cells expressing GluN1/GluN2B (figure 1B). The
human NMDAR antibody titer (obtained by serial dilution of
samples in CBA) was 1:160–1:320 in pregnant mice and 1:
80–1:160 in fetuses (data not shown).
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Patients’ IgG reach fetal brain, causing a
reduction of synaptic NMDAR and thinning of
the cortical plate
On days E16–18, fetuses exposed to patients’ IgG showed
increased human IgG fluorescence in the developing hippo-
campus compared with those exposed to controls’ IgG (figure
1, C–E). Immunoprecipitation experiments confirmed the
presence of NMDAR bound to IgG in the brain precipitate
(figure 1F). Analysis of the density of NMDAR clusters
showed that fetuses harboring patients’ IgG had a significant
decrease in cluster density of total cell-surface and synaptic
NMDARs (figure 2, A and D). The cortical plate of these
fetuses was also thinner on E17 and E18 compared with that
of controls (figure 2, G and J).

Offspring exposed in utero to patients’ IgG
have decreased NMDAR and synaptic density,
thinning of cortical layers, and
microglial activation
On PD 21 and 70, mice exposed in utero to patients’ IgG no
longer had significant brain deposits of IgG (not shown).
Despite this, the reduction of total cell-surface NMDAR
clusters persisted until day 70 (figure 2, B and C) with sub-
sequent normalization, so that by day 155, the levels were
similar to those of controls (not shown). In contrast, the levels
of synaptic NMDAR normalized faster; they were decreased
on day 21 (figure 2E), but were normal on days 70 and 155
(figure 2F, not shown). PSD95 cluster density was not af-
fected at any time point (data not shown).

Mice exposed to patients’ IgG, but not controls’ IgG, showed
thinning of cortical layers II–IV (assessed with CUTL1/FoxP2
staining) on PD 21 (figure 2, H and K) that was no longer
present on PD 70 (figure 2, I and L). This transient thinning of
cortical layers II–IV was associated with an increase in cell
density in these layers on PD 21 (p = 0.0065, data not shown).

On PD 21, the density of glutamatergic synapses (assessed by
colocalization of Homer1/Bassoon clusters) was decreased in
mice exposed in utero to patients’ IgG (figure 3, A and B).
These effects were no longer seen on day 70 (not shown).

On PD 21 and 70, there was an increase of 57% and 53% in
activated microglia (assessed by expression of Iba-1 in so-
matosensory cortex) in mice exposed in utero to patients’ IgG
(figure 3, C and D). This difference in activated microglia was
no longer present on PD 155 (not shown). No significant
difference in the total number of microglial cells (assessed by
expression of CD68) was noted between groups of mice at
any time point examined (figure 3E).

Exposure to patients’ IgG causes alterations in
dendritic complexity, spine density, and spine
morphology in cortical and hippocampal
pyramidal neurons
Dendritic arborization was assessed by Sholl analysis (figure 4,
A and B). On PD 21, the Sholl analysis in cortical and

hippocampal areas showed a higher dendritic arborization in
mice exposed in utero to patients’ IgG (figure 4, C and D, left).
No differences were noted on PD 70 (figure 4, C and D, right).

The density of mushroom-shaped (mature) dendritic spines
was assessed in the cerebral cortex and hippocampus using the
Imaris standard parameters for dendritic spine classification
(example shown in figure 4, E–G). On PD 21, the density of
these spines was significantly decreased in mice exposed in
utero to patients’ IgG (cortex, figure 4H, left; hippocampus,
figure 4I, left). The changes were no longer seen on PD 70
(cortex, figure 4H, right; and hippocampus, figure 4I, right).

Intrauterine exposure to patients’ IgG causes a
reversible impairment in hippocampal long-
term potentiation formation
Assessment of fEPSPs showed that on PD 21, mice that had
been exposed in utero to patients’ IgG had impairment in
long-term potentiation (LTP) formation compared with mice
exposed in utero to controls’ IgG (figure e-2, A–C, links.lww.
com/NXI/A343). This change in LTP formation was no
longer detected on PD 70 (figure e-2, D–F). Paired-pulse
facilitation studies at 50 and 100 milliseconds of interstimuli
interval (which assess presynaptic release mechanisms) were
not different between groups of animals (data not shown).

Neurodevelopmental delay due to in utero
exposure to NMDAR-abs
Newborn pups exposed in utero to patients’ IgG showed
multiple alterations including transient decrease of weight
(figure 5A); longer times for proper body righting (figure 5B)
and negative geotaxis (figure 5C); delayed eye opening
(figure 5D); and longer time in open field locomotion (not
shown, p < 0.01). Neonatal mortality occurred in litters of
mice exposed in utero to controls’ IgG (26%) or patients’ IgG
(25%), which is in line with general litter loss in laboratory
mice.23 No significant differences were observed in ear de-
tachment, tactile rooting response, and auditory startle (data
not shown).

Spontaneous reversal of behavioral alterations
from early to mature adulthood
At age 1 month, mice exposed in utero to patients’ IgG
showed a significant decrease in the novel object location
(NOL) index indicating impairment in visuospatial memory
(figure 5E), a higher amount of unused material for nest
building (figure 5F), and a longer time of exploration of a
familiar intruder mouse indicating impairment in social
memory (figure 5G, trial 4). Assessment of motor co-
ordination and balance showed that mice exposed in utero to
patients’ IgG had shorter times on the accelerating rotarod
(figure 5H). No significant differences were noted in prepulse
inhibition (PPI) of acoustic startle reaction, locomotor ac-
tivity, or adult body weight at age 1 month (data not shown).

At age 2 months, the alterations of NOL, nest building, and
social interaction in mice that had been exposed to patients’
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IgG were no longer present (figure 5, I and J; social in-
teraction not shown). PPI and locomotor activity remained
unaffected at age 2 months (not shown). However, mice ex-
posed in utero to patients’ IgG showed a shorter time on the
accelerating rotarod (data not shown, p = 0.0292) and longer

time of immobility in the tail suspension test (which assesses
core helplessness) (figure 5K).

At age 4 months (adulthood), no significant difference was
noted between mice exposed in utero to patients’ IgG and

Figure 2 Intrauterine exposure to patients’ IgG causes a transient reduction of cell-surface NMDARs and thinning of the
cortical plate and cortical layers II–IV

(A–F) Quantification of total cell-surface (A–C) and synaptic (D–F) NMDAR cluster density in brains obtained on gestational days E16, E17, and E18 (A andD), PD
21 (B and E), and PD 70 (C and F) from animals exposed in utero to controls’ IgG or patients’ IgG. Median of NMDAR clusters in mice exposed to controls’ IgG
was defined as 100%. Controls’ IgG, E16, n = 6; E17, n = 15; E18, n = 7; PD 21, n = 11; PD 70, n = 9; patients’ IgG, E16, n = 13; E17, n = 21; E18, n = 5; PD 21, n = 14; PD
70, n = 10. (G) Representative cortical plate thickness (assessed with DAPI) in E17 and E18 brains of fetuses exposed in utero to controls’ or patients’ IgG. Scale
bars = 100 μm. (H–I) Representative sections of the somatosensory cortex (H, PD 21; I, PD 70) of animals exposed in utero to controls’ or patients’ IgG, showing
cortical layers II–IV (CUTL1 positive, green fluorescence) and cortical layer VI (FoxP2 positive, red fluorescence); arrows indicate the thickness of the indicated
layers. Scale bars = 100 μm. (J) Quantification of cortical plate thickness in E16, E17, and E18 brains of fetuses exposed in utero to controls’ IgG or patients’ IgG.
Controls’ IgG, E16, n = 4; E17, n = 11; E18, n = 10; patients’ IgG, E16, n = 8; E17, n = 14; E18, n = 8. (K and L) Quantification of the indicated cortical layers’ thickness
(K, PD 21; L, PD 70) in animals exposed to controls’ IgG or patient’s IgG. Controls’ IgG, PD 21, n = 7; PD 70, n = 8; patients’ IgG, PD 21, n = 15; PD 70, n = 10. For J–L,
the mean thickness of the cortical plate or the indicated cortical layers in mice exposed in utero to controls’ IgG was defined as 100%. Data presented in box
plots show the median, 25th, and 75th percentiles; whiskers indicate minimum and maximum. Significance of treatment effect was assessed by the Mann-
Whitney U test in A–F and independent sample t test in J–L. *p < 0.05, **p < 0.01, ****p < 0.0001. IgG = immunoglobulin G; NMDAR = NMDA receptor; PD =
postnatal day.
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those exposed to controls’ IgG in any of the following tests:
tail suspension (figure 5L), rotarod, locomotor activity, NOL,
PPI, nest building, and social interaction (not shown).

Discussion
We show that antibodies from patients with anti-NMDAR en-
cephalitis infused to pregnant mice reached the fetal brain,
caused multiple alterations ranging from NMDAR synaptic
changes to delayed neurodevelopment and behavioral deficits in
the offspring, and that all these alterations progressively resolved
after birth (summary in table e-1, links.lww.com/NXI/A341). As

expected from previous experience with adult mice in which
patients’ IgG was infused in the cerebroventricular system,11,19

we observed a robust antibody-mediated decrease in NMDAR
clusters in the brain of the fetuses. These effects occurred quickly
(noted 2 days after injecting the antibodies to the mothers), and
the observed reduction of NMDAR clusters and impairment of
memory and hippocampal long-term plasticity were detectable
during the first postnatal month.

In addition, hippocampal and cortical neurons from mice
exposed in utero to patients’ IgG showed an increase in
dendritic arborization accompanied by a reduction of mature

Figure 3 Intrauterine exposure to patients’ IgG causes a reversible decrease in synaptic density and increase in activated
microglia

(A) Representative z-stacks of brain sections obtained on PD 21 from mice exposed in utero to controls’ or patients’ IgG immunostained for Homer1 and
Bassoon expression. Colocalization of both markers is defined as a glutamatergic synapse. Scale bar = 2 μm. (B) Quantification of synaptic density (Homer1/
Bassoon colocalization) in brains obtained on PD 21 from animals exposed in utero to controls’ IgG or patients’ IgG. Median density of Homer1/Bassoon
synapses in mice exposed in utero to controls’ IgG was defined as 100%. Controls’ IgG, n = 11; patients’ IgG, n = 14. (C) Representative CD68 (macrophage
specific) and Iba-1 (activated microglia specific) immunostainings in brains obtained on PD 21 frommice exposed in utero to controls’ or patients’ IgG. Scale
bar = 20 μm. (D and E) Quantification of Iba-1 (D) and CD68 (E) immunostaining in brains obtained at PD 21 and PD 70 frommice exposed to controls’ IgG or
patients’ IgG. Median surface density of immunostaining inmice exposed in utero to controls’ IgGwas defined as 100%. Controls’ IgG, PD 21, n = 11; PD 70, n =
9; patients’ IgG, PD 21, n = 14; PD 70, n = 10. Data presented in box plots show the median, 25th, and 75th percentiles; whiskers indicate the minimum and
maximum. Significance of treatment effect was assessed by theMann-WhitneyU test. **p < 0.01, ****p < 0.0001. IgG = immunoglobulin G; PD =postnatal day.
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Figure 4 Intrauterine exposure to patients’ IgG causes a transient increase in dendritic complexity and decrease in spine
density

(A and B) Representative confocal image (A) and Sholl analysis (B) of a DiI-stained CA1 hippocampal pyramidal neuron showing in B the 10-μm spaced
concentric rings used for quantification of dendritic complexity. Scale bar in A = 50 μm. (C and D) Number of dendrite intersections according to the indicated
distance to the neuronal soma in cortical and hippocampal neurons examined at PD 21 and PD 70 of mice exposed in utero to controls’ (Black) or patients’
(blue) IgG. Number ofmice exposed in utero to controls’ IgG, PD 21, n = 6; PD 70, n = 4; number ofmice exposed in utero to patients’ IgG, PD 21, n = 6; PD 70, n =
4. Per each animal, condition, and brain region, 4 neuronswere examined. Data presented asmean ± SEM. Significance of treatment effect was assessed by a
generalized lineal model. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (E–G) Representative images by confocal microscopy of a DiI-stained CA1
hippocampal pyramidal neuron (E) and a secondary apical dendrite (F), with morphologically classified dendritic spines (G, mushroom-shaped spines in
green); Scale bar in E = 50 μm; scale bar in F = 5 μm. (H and I) Quantification of mushroom dendritic spine density in cortical and hippocampal neurons
examined at PD 21 and PD 70 in mice exposed in utero to controls’ or patients’ IgG. The median density of mushroom spines (number of spines/μm) in mice
exposed to controls’ IgG was defined as 100%. Total number of dendrites examined/total number of mice exposed to controls’ IgG: PD 21, cortex n = 122/6,
hippocampus n = 120/6; PD 70, cortex n = 81/4, and hippocampus n = 81/4. Total dendrites/mice exposed to patients’ IgG: PD 21, cortex n = 141/6,
hippocampus n = 148/6; PD 70, cortex n = 70/4, and hippocampus n = 72/4. Data presented in box plots show themedian, 25th, and 75th percentiles; whiskers
indicateminimumandmaximum. Significance of treatment effect was assessed by theMann-WhitneyU test in H and I. *p < 0.05. IgG = immunoglobulin G; PD
= postnatal day.
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(mushroom-shaped) dendritic spines and synaptic density.
These alterations have not been reported in previous models
of immunodepletion of NMDAR and likely contributed to the
impairment of hippocampal LTP. The effect of NMDAR
hypofunction on dendritic arborization and the morphology
of the spines are not well understood. In a cortex-specific
GluN1 knockout model, the cortical neurons in layer IV
elaborated exuberant dendritic specializations24; however, in a
study using MK801 (an NMDAR antagonist) during early
postnatal development, there was a transient decrease in
dendritic arborization in hippocampal pyramidal neurons that
reversed when MK801 was discontinued.25 Our findings

resemble those of the cortex-specific GluN1 knockout, al-
though in our immune model, the alterations were reversible.

We believe that the increased dendritic arborization observed
in animals exposed in utero to patients’ IgG was likely caused
by the reduction of NMDAR levels along with microglial
activation. Any perinatal immune challenge such as the
binding of antibodies to NMDAR in the fetal brain can result
in microglial activation26 and consequently affect microglia-
mediated synaptic pruning. This normal microglial function is
also triggered by neural activity in the developing brain.27,28

For example, impaired microglia-neuron interactions in

Figure 5 Intrauterine exposure to patients’ IgG causes transient developmental delay and behavioral alterations in
offspring

(A–D) Developmental milestone assessment (from birth to PD 21) in mice that were exposed in utero to controls’ (Black) or patients’ (blue) IgG including (A)
body weight, (B) time needed for body righting using the surface righting reflex test (PD 1, 3, 5, 7, 9, and 11), (C) time needed for 180° turning to head up
position using the negative geotaxis reflex (PD 2, 4, and 6), and (D) scored eye opening (PD 12–16). Number of mice exposed in utero to controls’ IgG = 36;
number ofmice exposed to patients’ IgG = 40. Data fromA–Care represented as estimatedmean ± SEM inferred by theGEEmodels described inMethods and
in D are represented as median. Significance of treatment effect was assessed by a GEE adjusted model (A–C) and Mann-Whitney U test (D). *p < 0.05, ***p <
0.001. (E–L) Battery of behavioral tests performed at the indicated time points including novel object location index (E, 1month; I, 2months), nest building test
(F, 1 month; J, 2 months), social interaction test (G, 1 month), rotarod test (H, 1 month), and tail suspension test (K, 2 months; L, 4 months). For E–I and K,
number of mice exposed to controls’ IgG = 18 and mice exposed to patients’ IgG = 18. For J and L, number of mice exposed to controls’ IgG = 8 and mice
exposed to patients’ IgG = 9. Data from panels E, F, and I–L are represented as box plots with median, 25th, and 75th percentiles; whiskers indicate minimum
andmaximum values; data from G and H are represented as mean ± SEM. For all behavioral tests, significance of treatment effect was assessed by GEE. *p <
0.05, **p < 0.01, ***p < 0.001. GEE = generalized estimated equation; IgG = immunoglobulin G; PD = postnatal day.
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CX3CR1-deficient mice showed delayed synaptic functional
maturation29 and immature and redundant connectivity, the
latter attributed to reduced synaptic pruning.30 These alter-
ations spontaneously reverted by PD 30–40,29,30 similar to
our findings.

In our model, the brain of fetuses and offspring exposed in
utero to patients’ IgG had a reduction in the thickness of the
cortical plate and cortical layers II–IV. In mice, glutamate
serves as a chemoattractant for neurons in the developing
cortex, signaling cells to migrate into the cortical plate through
receptor activation.14 Studies with NMDAR antagonists
(MK801 or APV) have shown that they block neuronal cell
migration from the ventricular zone into the cortical plate,
delaying neuronal migration to the upper cortical layers
(II–III).14,31 In our immune-mediated model, the transient
decrease in thickness of cortical layers II–IV was associated
with an increase in cell density in the upper cortical layers that
likely contributed to the restoration of the cortical layer
thickness after PD 21. These findings are somewhat similar to
those obtained in models of genetic disruption of other pro-
teins and receptors where the decrease in cortical thickness is
reversible and associates with an increase in cell density in the
upper cortical layers.32,33 For example, loss of MeCP2 in the
Rett syndrome model results in a reduction in thickness of
somatosensory cortical layers II–III and VI, with a total rescue
of thickness after treatment with mirtazapine during PD
28–42.33 In another model based on a constitutive reduction
in central serotonin (VMAT2sert-cre mice), the total cortical
thickness reduction at PD 7 spontaneously recovered by PD
14.32 Like this model, our anti-NMDAR model associates
with a temporary delay in the development of the upper
cortical layers along with increased compaction of these
layers.

Preceding the indicated memory deficit, the newborn pups
exposed in utero to patients’ IgG showed impaired innate
reflexes and developmental delay. Similar impairment of na-
tive reflexes and developmental delay have been reported in
GluN1 gene-manipulated mice,34 and newborn rats treated
with a competitive NMDAR antagonist.35

A previous model of transplacental transfer of a human-
derived NMDARmonoclonal antibody showed high neonatal
mortality (27%), impairment of native reflexes, and long-
lasting neuropathologic alterations without evidence of re-
versibility.12 In contrast, we did not observe increased neo-
natal mortality, and the symptoms and developmental
alterations spontaneously improved. Moreover, although the
monoclonal antibody model did not assess dendritic arbori-
zation, spine density, cortical development, and number of
cell surface and synaptic NMDAR clusters, we found that
patients’ IgG antibodies robustly altered all these paradigms,
along with a dramatic decrease in NMDAR clusters and
hippocampal LTP. Thus, the reversibility of these alterations
and associated symptoms cannot be attributed to a milder
phenotype. The reasons for the discrepancies between our

model, in which serum NMDAR-abs representative of several
patients were used, and the model in which a human mono-
clonal NMDAR-ab was used are unclear. It is likely that the
monoclonal antibody model, lacking the repertoire NMDAR-
abs of patients, is less representative of the disease. Never-
theless, the outcome of newborns from pregnant patients with
anti-NMDAR encephalitis6 is remarkably different from that
obtained with the mouse monoclonal antibody model.12

Our study does not allow generalization of the notion that
anti-NMDAR encephalitis during pregnancy does not repre-
sent a risk for serious effects in the offspring. For example, our
model does not associate with encephalitis of the mothers,
which in our experience6 is the most important risk factor for
obstetric complications and potential brain damage of the
newborns. However, the low frequency of antibody-mediated
complications in newborns of patients with anti-NMDAR
encephalitis is puzzling and may also be related to the timings
of IgG placental transfer and BBB restriction properties for
IgG crossing into the brain. In humans, placental transfer of
maternal antibodies starts at 12–13 weeks of pregnancy36–38

that is approximately the same time the BBB of the fetus starts
to become more restrictive to the passage of albumin (and
likely Igs) to the brain.39 It is unknown whether this time
window and the efficiency of the fetal BBB are affected by the
presence of maternal encephalitis or systemic inflammation.
Future studies with pregnant patients who develop anti-
NMDAR encephalitis and close follow-up of the babies are
needed to determine the frequency of deficits (if present,
mostly overlooked until now) and the timing of improve-
ment. Keeping these limitations in mind, the current model
suggests that reversibility of some of the antibody-mediated
alterations can potentially occur. Moreover, the model can be
manipulated to assess the effects of systemic inflammation
and provides also the possibility to determine whether in-
hibitors of FcRn have potential utility in preventing the po-
tential neonatal abnormalities reported here.
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Hospital Cĺınic, Barcelona;
and Biostatistics Unit,
Faculty of Medicine,
Universitat Autònoma de
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Universitat de Barcelona,
Spain

Major role in the
acquisition of data;
designed and
conceptualized the study;
and revised themanuscript
for intellectual content

Josep
Dalmau,
MD, PhD

IDIBAPS, Hospital Cĺınic,
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17. Supplemental figure e-1: Developmental milestones assessment and batteries of behavioral 

tests used in the offspring 

18. Supplemental figure e-2: Intrauterine exposure to patients’ IgG transiently impairs 

hippocampal LTP in the young offspring 

1. Animal care

Pregnant C57BL/6J mice (9 weeks old, 25-30 g, Charles River) were housed in a specific 

pathogen-free facility in cages of five until pregnancy day 16 (E16), at which time they were 

caged alone. The room was maintained at controlled temperature (21 ± 1°C) and humidity (55 ± 

10%) with illumination at 12:12 light: dark cycles and ad libitum access to food and water. 

Randomly selected representative offspring from every litter were separated by sex on postnatal 

day 21, and kept in the same caging conditions as described above until the indicated time points 

(i.e., postnatal days 21, 70 or 155). Overall, 54 pregnant female mice, 165 fetuses and 187 pups 

were used for behavioral, electrophysiological, morphological, and synaptic brain studies.  

2. Infusion of IgG and assessment of transplacental transfer of antibodies 

Pooled IgG (800 g) from patients or controls was injected via tail vein to pregnant mice on days 

14, 15 and 16 (E14, E15 and E16) of gestation (figure 1A). These experiments were planned 

according to the window of time in which the neonatal receptor (FcRn), which allows IgG 

transplacental transfer is expressed in placental tissue, and the immature fetal blood-brain barrier 
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(BBB) does not restrict the crossing of IgG (e.g., around gestational day 16 the BBB becomes 

significantly more restrictive to maternal antibody penetration into the fetal brain).1 

3. Processing of brain and blood samples 

In subsets of mice, blood and brain from fetuses/offspring were collected on days 16, 17 and 18 

of gestation, and on postnatal days 21, 70 and 155 (figure 1A). Blood samples from pregnant 

mice were also collected on the indicated gestational days. Blood samples were centrifuged to 

obtain serum. Brains were fixed with 4% paraformaldehyde for 1 hour, cryopreserved in 40% 

glucose for 48 hours, embedded in optimal cutting temperature compound and snapped frozen in 

isopentane chilled with liquid nitrogen. Representative brains from fetuses were kept fresh frozen 

for immunoprecipitation studies. 

4. Antibody determination in blood from pregnant mice and fetuses  

The presence of patients’ NMDAR antibodies in serum of pregnant mice and fetuses was 

confirmed using immunolabeling of live rat hippocampal neurons in culture (serum dilution, 1:5; 

for 1 hour at 4°C), and also with CBA with fixed HEK293T cells expressing GluN1/2B subunits 

of the NMDAR (serum dilution 1:10, incubation at 4°C, overnight), as reported.2 After washing, 

neurons were fixed with 4% paraformaldehyde and incubated with Alexa Fluor 488 goat anti-

human IgG (A11013, diluted 1:500 from Invitrogen, Carlsbad, CA, USA) for 1 hour at 4°C. The 

same secondary antibody and duration of incubation was used for CBA. Coverslips were 

mounted and scanned under a Zeiss LSM 710 confocal microscope (Carl Zeiss GmbH, Jena, 

Germany). Antibody titration was obtained by serial antibody dilution using the indicated CBA.  
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5. Determination of human IgG, NMDAR clusters, and cortical plate thickness in 

fetal brain tissue 

To determine whether human NMDAR antibodies injected to pregnant mice reached the brain of 

fetuses, 5 m-thick fetal brain sections were immunostained for human IgG using Alexa Fluor 

488 goat anti-human IgG, as above. Quantification of fluorescence intensity in the brain was 

done using the public domain Fiji ImageJ software (http://fiji.sc/Fiji). Background was subtracted 

and intensity normalized by area. Median intensity of IgG immunostaining in control animals 

was defined as 100%.  

To determine the effects of patients’ antibodies on total cell-surface and synaptic 

NMDAR clusters and postsynaptic density protein 95 (PSD95), non-permeabilized 5 m-thick 

sections were blocked with 1% bovine serum albumin (BSA) for 30 minutes at room temperature 

(RT), incubated with human CSF containing NMDAR antibodies (used as primary antibody) for 

2 hours at RT, washed with PBS, permeabilized with Triton X-100 0.3% for 10 minutes at RT, 

and incubated with rabbit polyclonal antibody against PSD95 (diluted 1:250, Ab18258, Abcam, 

Cambridge, UK) overnight at 4°C. Next day, the slides were washed and incubated with the 

corresponding secondary antibodies (Alexa Fluor 488 goat anti-human IgG, A11013, and Alexa 

Fluor 594 goat anti-rabbit IgG, A11012; both 1:500, Invitrogen, Carlsbad, CA, USA) for 1 hour 

at RT, as reported.3 Slides were then mounted as described above and results scanned under a 

Zeiss LSM710 confocal microscope. Standardized z-stacks including 50 optical images were 

acquired from five different areas of the developing hippocampus. Images were then deconvolved 

using theoretical point spread functions of Huygens Professional 17.04 software (Scientific 

Volume Imaging, Hilversum, NL). For cluster density analysis a spot detection algorithm from 

Imaris 8.1 software (Oxford instruments, Belfast, UK) was used. Density of clusters was 
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expressed as spots/ m3. Three-dimensional colocalization of clusters (e.g. NMDAR and PSD95) 

was done using a spot colocalization algorithm implemented in Imaris. Synaptic localization was 

defined as colocalization of NMDAR with PSD95. Synaptic NMDAR cluster density was 

expressed as colocalized spots/ m3, and was normalized to the median cluster density of brains 

of fetuses exposed to controls’ IgG (100%).  

The thickness of the cortical plate was measured using DAPI-stained fetal sagittal brain 

sections, and quantified using Fiji ImageJ software. 

6. Immunoprecipitation of fetal brain tissue 

In order to confirm that the human antibody detected in fetal brains was specifically bound to 

NMDAR, homogenates of brain tissue were washed, incubated with protein A/G sepharose 

beads, precipitated, run in a gel, and blotted with a commercial GluN1 polyclonal rabbit antibody 

(G8913, 1:200, Sigma-Aldrich, St. Louis, MO, USA).  

7. Determination of human IgG, levels of NMDAR clusters, synaptic density, cortical 

layer thickness, and microglial activation in offspring   

The presence of human IgG in the brain of offspring (postnatal days 21 and 70), and density of 

NMDAR (postnatal days 21, 70, and 155) were determined as indicated above for fetal brains. In 

this case, NMDAR clusters were quantified from a total of 15 images acquired from CA1, CA3 

and dentate gyrus of hippocampus (five different areas per region). 

The density of glutamatergic synapses (postnatal days 21 and 70) was assessed with 

immunohistochemistry using pre- and postsynaptic markers: anti-Bassoon (1:250, SySy 141 003) 

and anti-Homer1 (1:250, SySy 160 004) for 2 hours at RT, both from (Synaptic Systems, 
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Goettingen, Germany), followed by incubation with the corresponding secondary antibodies 

(Alexa Fluor 594 goat anti-rabbit IgG, A11012; and Alexa Fluor 488 goat anti-guinea pig IgG, 

A11073; both diluted 1:500, Invitrogen) for 1 hour at RT. Acquisition and quantification of 

synaptic markers density were performed as above.  

Cortical layer thickness was measured in sections of brains obtained on postnatal days 21, 

70 and 155, and immunostained with specific cortical layer markers including a monoclonal 

mouse anti-CUTL1 (1:100, ab54583, Abcam) for layers II-IV, and a polyclonal sheep anti-FoxP2 

(1:40, AF5647, R&D systems, Minneapolis, MN, USA) for layer VI, overnight at 4°C. 

Secondary antibodies included Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 594 

donkey anti-sheep IgG (A11001 and A11016, both 1:500, Invitrogen) for 2 hours at RT. Images 

were acquired with a Zeiss LSM710 confocal microscope and the layers’ thickness was 

determined as described above for the fetal cortical plate. Cell density in CUTL1-labeled layers 

was measured on brain sections from postnatal day 21 using DAPI staining with spots algorithm 

in Imaris software. 

Microglial activation was assessed in sections of brain (postnatal days 21, 70 and 155) 

with a monoclonal rat antibody against CD68 (pan-macrophage marker, 1:800, MCA1957GA, 

Bio-Rad, Hercules, CA, USA), and a polyclonal rabbit antibody against Iba-1 (activated 

microglia, 1:1000, 019-19741, Wako Chemicals, Neuss, Germany). Incubations were done 

overnight at 4°C, followed by incubation with secondary antibodies (Alexa Fluor 488 goat anti-

rat IgG, A11006, and Alexa Fluor 594 goat anti-rabbit IgG, A11012, both diluted 1:1000, 

Invitrogen) for 2 hours at RT. Samples were mounted and scanned as above and the CD68- or 

Iba-1-stained surface density was quantified using Imaris software.  
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8. DiOlistic staining and confocal imaging for dendritic complexity (Sholl analysis) 

and spine morphology analysis 

Cortical and hippocampal neurons from fixed brains of animals on postnatal days 21 and 70 were 

labeled using the Helios Gene Gun System (165-2431, Bio-Rad) as described.4 Briefly, a 

suspension containing 3 mg of DiI (Molecular Probes, Eugene, OR, USA) dissolved in 100 l of 

methylene chloride (Sigma-Aldrich) and mixed with 50 mg of tungsten particles (1.7 mm 

diameter; Bio-Rad) was spread on a glass slide and air-dried. The mixture was resuspended in 8 

ml distilled water and sonicated. Subsequently, the mixture was drawn into Tefzel tubing (Bio-

Rad), and then removed to allow tube drying during 5 minutes under nitrogen gas flow. The tube 

was then cut into 13-mm pieces to be used as gun cartridges. One hundred eighty m coronal 

sections of 1.5% paraformaldehyde-fixed brain samples were shot at 80 psi through a membrane 

filter of 3 m pore size and 8 × 10 pores/cm2 (Millipore, Burlington, MA, USA) to deliver dye-

coated particles in the cortex or the hippocampus. Sections were stored at RT in PBS for 3 hours 

protected from light and then incubated with DAPI, and mounted in Mowiol to be acquired.  

The dendritic complexity was examined with Sholl analysis5 in cortical and CA1 

hippocampal pyramidal neurons imaged using a Zeiss LSM710 confocal microscope. Briefly, 

images were segmented, and the Imaris-implemented filament tracer algorithm was applied to 

obtain the dendritic traces. The images were then thresholded to a binary mask and saved as Tiff 

files. The Sholl intersection profile was obtained by counting the number of dendritic branches at 

a step distance of 10 m from the soma using ImageJ software.5 

The spine morphology analysis was examined in DiI-labeled segments of apical 

secondary dendrites of cortical and CA1 hippocampal pyramidal neurons. Confocal z-stacks 

including the entire volume of the dendrite were taken with a digital zoom of 5 and a lateral 
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resolution of 1024 × 1024 pixels. Images were deconvolved in order to improve contrast and 

resolution using Huygens Professional software. Quantification of mushroom-shaped dendritic 

spines was performed with the spine classification algorithm implemented in Imaris software. 

9. Hippocampal long-term potentiation (LTP) and paired-pulse facilitation 

Subsets of mice on postnatal days 18-23 and 70-80 were deeply anesthetized with isoflurane and 

decapitated. Brains were removed in ice-cold, high sucrose extracellular artificial cerebrospinal 

fluid (aCSF1, in mM: 206 sucrose, 1.3 KCl, 1 CaCl2, 10 MgSO4, 26 NaHCO3, 11 glucose, 1.25 

NaH2PO4; purged with 95% CO2/5% O2, pH 7.4), and subdivided into hemispheres. Thick (380 

m) coronal slices of hippocampus were obtained with a vibratome (VT1000S; Leica 

Microsystems, Wetzlar, Germany) and transferred into an incubation beaker with extracellular 

aCSF appropriate for neurophysiological recordings (aCSF2, in mM: 119 NaCl, 2.5 KCl, 2.5 

CaCl2, 1.25 NaH2PO4, 1.5 MgSO4, 25 NaHCO3, 11 glucose, purged with 95% CO2/5% O2, pH 

7.4). Slices were kept at 32°C for 1 hour and subsequently at RT for at least 1 additional hour. 

For field potential measurements, single slices were then transferred into a measurement chamber 

perfused with aCSF2 at 2 ml/minute at 28-30°C (controls’ IgG: postnatal days 18-23, number of 

acute slices n = 6, prepared from brain hemisections of five mice; days 70-80 n = 7 from 

hemisections of five mice; patients’ IgG: postnatal days 18-23 n = 5 prepared from brain 

hemisections of five mice, days 70-80 n = 10 from hemisections of five mice). A bipolar 

stimulation electrode (Platinum-Iridium stereotrode, PI2ST30.1A5, Science Products GmbH, 

Hofheim, Germany) was placed in the Schaffer collateral pathway.6 Recording electrodes were 

made with a puller (P-1000, Sutter Instrument Company, Novato, CA, USA) from thick-walled 

borosilicate glass with a diameter of 1.5 mm (BF150-86-10, Sutter Instrument). The recording 
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electrode filled with aCSF2 was placed in the dendritic branching of the CA1 region for local 

field potential measurement (field excitatory postsynaptic potential, fEPSP). A stimulus isolation 

unit A385 (World Precision Instruments, Sarasota, FL, USA) was used to elicit stimulation 

currents between 25-700 A. Before baseline recordings for long-term potentiation (LTP), input-

output curves were recorded for each slice at 0.03 Hz. The stimulation current was then adjusted 

in each recording to evoke fEPSPs at which the slope was at 50-60% of maximally evoked fEPSP 

slope value. After baseline recording for 30 minutes with 0.03 Hz, LTP was induced by theta-

burst stimulation (TBS; 10 theta bursts of four pulses of 100 Hz with an interstimulus interval of 

200 ms, repeated seven times with 0.03 Hz). After LTP induction, fEPSPs were recorded for 1 

additional hour with 0.03 Hz. Recordings with unstable baseline measurements (variations higher 

than 20% in baseline fEPSPs) were discarded. Paired-pulse fEPSPs in the test pathway were 

measured before baseline recordings with an interstimulus interval of 50 ms. All recordings were 

amplified and stored using amplifier AxonClamp P2 (Molecular Devices, San José, CA, USA).  

Traces were analyzed using Axon pClamp software (Molecular Devices, version 10.6).  

10. Neurobehavioral assessment in postnatal and adult stages 

From birth to weaning (breastfeeding withdrawal on postnatal day 21) mice were assessed daily 

for achievement of developmental milestones using a modified Fox battery, similar to that 

previously reported.7 This includes body weight, ear detachment, eye opening, skin color change, 

fur growth, tactile rooting and auditory startle responses, open field test (locomotion), and innate 

reflexes (i.e., surface body righting and negative geotaxis). The schedule used for assessment of 

developmental milestones is shown in figure e-1A.  



10 
 

From weaning to adulthood (155 days) subsets of mice underwent a battery of behavioral 

tests consisting of locomotor activity (LocAct), novel object location (NOL), prepulse inhibition 

of acoustic startling reflex (PPI), nest building (NB), social interaction (SIT), accelerating rotarod 

(ARR), and tail suspension (TST) tests, at 1, 2 and 4 months of age (figure e-1B). Selection and 

timing of these tasks were based on findings in our previously reported animal model of passive 

transfer of NMDAR antibodies in adult mice.3 All experiments were performed during the light 

phase and by researchers blinded to the animals’ experimental conditions. Locomotor activity 

assessment and tail suspension tests were performed as previously reported.6 Details on NOL, 

PPI, nest building, social interaction, and rotarod tasks are provided in the following sections. 

11. Novel object location (NOL) test 

Animals were habituated to an empty, squared arena with visual cues, and underwent two daily 

trials of 15 minutes each, for four days. The day of the test, animals were placed into the arena in 

presence of two equal objects positioned at two opposite corners and they were allowed to 

explore the objects for 9 minutes (familiarization phase). After a retention time of three hours, 

animals were reintroduced to the arena, where one of the objects had been moved to a different 

corner. The animal was allowed to explore the objects for 9 minutes (test phase) and the time of 

exploration of each object was recorded. A discrimination index (NOL Index) was calculated 

using the following formula: Time of exploration of the moved object minus time of exploration 

of the not moved object, divided by total time of exploration of both objects. A higher 

discrimination index indicates a better memory of the position of both objects. Object exploration 

is defined as any exploratory behavior triggered by the presence of the object (sniffing, biting, 

touching) with the orientation of the nose toward the object within a distance of < 2 cm.8 
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12. Prepulse inhibition of the acoustic startle response (PPI) test 

The PPI is a classic paradigm to measure alterations in sensorimotor gating, which have been 

shown to occur in models of psychotic-like behavior.9 For this study, mice were restrained using 

a plexiglass cylinder placed within a startle box (Panlab, Barcelona) following a modification of 

an existing protocol.10 After 5 minutes of habituation, a series of 10 trials of pulses (8 KHz. 115 

dB, 40 miliseconds [ms]) was administered and the startle response (SR) was measured for 1000 

ms (intertrial interval 29 seconds) in order to establish the basal response. The animal was 

subsequently exposed to a total of 40 trials randomly administered and equally divided into 4 

different stimuli: pulse alone (8 KHz, 115 dB, 40 ms), prepulse alone (10 KHz, 80 dB, 20 ms), 

prepulse-pulse, and no stimulus (absence of pulse). Both habituation and test were always 

performed in presence of background white noise (60 dB) and light. The amount of inhibition of 

the SR due to the administration of the prepulse prior to the pulse was calculated as:  

 

 

13. Nest building (NB) test 

Nest building test was performed introducing 9 grams of nestlet material (Ancare, Bellmore, NY, 

USA) overnight in the cage of previously individualized mice. The next day the nest is scored as 

previously described,11 and unused nestlet material is weighted.  
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14. Social interaction test (SIT) 

Social memory was evaluated by the five-trial social interaction test, based on an 

habituation/dishabituation paradigm previously reported.12 Briefly, after the experimental mouse 

has been kept alone for one week, a mouse of same sex and similar age (intruder) is introduced in 

the cage of the experimental mouse for 1 minute, and then removed. The same intruder exposure 

is performed for 1 minute in 4 different trials separated by 10 minutes’ intertrial intervals. In the 

fifth trial, the intruder is changed for a different mouse for 1 minute. Trials are recorded and the 

total amount of time the experimental mouse interacts with the other mouse in each 1-minute trial 

is measured. Development of social memory is indicated by a reduction of exploration time 

during the interactions with the same animal (trials 1-4) and increase of exploration time during 

the interaction with a new animal in trial 5.13  

15. Accelerating Rotarod (ARR) test 

Balance and motor coordination were assessed in an accelerating-mode Rotarod (Panlab, Harvard 

Apparatus) as reported14 with some modifications. Briefly, mice were previously habituated to 

the apparatus at a constant speed of 4 rpm for two trials with 1.5 hours of intertrial period in one 

day. The next day, animals were placed on the Rotarod at accelerating conditions of four to 40 

rpm in 300 seconds and two trials per day with 1.5 hours of intertrial period for three consecutive 

days. Latency to fall was measured. Longer times on the rotarod indicate better balance and 

motor coordination.15 
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16. Table e-1: Summary of tests obtained on postnatal days 21, 70, and 155 

 

  Day 21 Day 70* Day 155 
NMDAR clusters, 

dendritic and synaptic 

changes, and microglial 

activation  

Cortical layers II-IV width  N - 

Dendritic arborization N - 

Mushroom-shaped spine density 

Homer1/Bassoon colocalization cluster 

density 

N - 

Total NMDAR cluster density N 

Synaptic NMDAR cluster density  N N 

Microglial activation N 

Hippocampal 

electrophysiology

Synaptic plasticity (LTP) N - 

Neurodevelopment and 

behavior

Innate reflexes 

(Surface righting  and negative geotaxis) 
Delayed N N 

Eye opening Delayed N N 
Spatial memory Abn N N 
Nest building Abn N N 
Social memory Abn N N 
Balance and motor coordination Abn Abn N 
Behavioral despair (Depressive-like 

behavior) 
- Abn N 
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17. Supplemental figure e-1: Developmental milestones assessment and batteries of 

behavioral tests used in the offspring

Panel A: Diagram of the modified Fox battery showing the tests and days of assessment (grey 

boxes) from birth (day 0) to day 21.  

Panel B: Schedule of behavioral tests used in offspring. After the habituation (Hab) period, mice 

underwent locomotor activity assessment (LocAct), novel object location (NOL), prepulse 

inhibition of acoustic startle response (PPI), nest building (NB), social interaction (SIT), and 

accelerating rotarod (ARR) tests at one, two and four months of age. Tail suspension test (TST, 

brown) was performed at two and four months of age, as it is a final point task. 

 

18. Supplemental figure e-2: Intrauterine exposure to patients’ IgG transiently 

impairs hippocampal LTP in the young offspring

Panel A: Example traces of individual recordings showing baseline recordings before LTP 

induction (grey, light blue traces) and after LTP (black, dark blue traces). Slope and peak 

amplitude of fEPSPs are increased after theta burst stimulation (TBS) in hippocampus of 21 day 

postnatal mice that were exposed in utero to controls’ IgG. In contrast, manifestation of LTP is 

strongly impaired in mice exposed in utero to patients’ IgG. 

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

hippocampus of 21 day postnatal mice that were exposed in utero to controls’ IgG (n = 6 

recordings from 5 animals, black dots) and mice exposed in utero to patients’ IgG (n = 5 

recordings from 5 animals, blue dots), which is stable throughout the recording period after TBS 

(arrow). In animals exposed in utero to patients’ IgG the induction of synaptic LTP is markedly 

impaired. Average fEPSP values are presented as mean ± SEM.  
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Panel C: Quantitative analysis of the fEPSP slope in hippocampus of 21 day postnatal mice that 

were exposed in utero to patients’ IgG compared to those exposed to controls’ IgG. Mean fEPSP 

slope before TBS was defined as 100% and post-TBS fEPSP slope data was normalized to it for 

each group. The number of animals is the same as in panel B. The box plots show the median, 

25th, and 75th percentiles; whiskers indicate minimum and maximum values. Significance of 

treatment effect was assessed by independent sample t-test. *** P < 0.001. 

Panels D, E, and F show similar studies as above on slices of hippocampus of mice at postnatal 

day 70. Note that LTP formation in mice exposed in utero to patients’ IgG is restored on 

postnatal day 70. In E and F, n = 7 recordings from 5 mice exposed in utero to controls’ IgG 

(black dots); n = 10 recordings from 5 mice exposed in utero to patients’ IgG (blue dots) 
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ABSTRACT  

Objective: To determine in a mouse model whether neonatal Fc receptor (FcRn) blockade 

prevents the placental transfer of IgG derived from patients with anti-N-methyl-D-aspartate 

receptor (NMDAR) encephalitis and their pathogenic effects on the fetuses and offspring.  

Methods: Pregnant C57BL/6J mice were administered via tail vein FcRn antibody (FcRn-ab) or 

saline solution six hours prior to administration of patients’ or controls’ IgG on days 14, 15 and 

16 of gestation. Three experimental groups were established: mice receiving controls’ IgG, 

patients’ IgG, or patients’ IgG along with pre-treatment with FcRn-ab. Immunohistochemical 

staining, confocal microscopy, hippocampal long-term potentiation (LTP), and standardized 

developmental and behavioral tasks were used to assess the efficacy of treatment with FcRn-ab. 

Results: In pregnant mice that received patients’ IgG, treatment with FcRn-ab prevented the IgG 

from reaching the fetal brain, abrogating the decrease of NMDAR clusters and the reduction of 

cortical plate thickness that were observed in fetuses from untreated pregnant mice. Moreover, 

among the offspring of mothers that received patients’ IgG, those whose mothers were treated 

with FcRn-ab did not develop the alterations that occurred in offspring of untreated mothers, 

including impairment in hippocampal plasticity, delay in innate reflexes, and visuospatial 

memory deficits. 

Interpretation: FcRn blockade prevents placental transfer of IgG from patients with anti-

NMDAR encephalitis and abrogates the synaptic and neurodevelopmental alterations caused by 

patients’ antibodies. This model has potential therapeutic implications for other antibody-

mediated diseases of the central nervous system during pregnancy. 
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Abbreviations:� BBB = blood-brain barrier, CSF = cerebrospinal fluid, Fc = fragment, 

crystallizable of IgG antibodies, FcRn = neonatal Fc receptor of IgG, FcRn-ab = FcRn antibody, 

IgG = class G immunoglobulin, LTP = long-term potentiation, NMDAR = N-methyl-D-aspartate 

receptor, NOL = novel object location, PD = postnatal day, PSD95 = postsynaptic density 

protein 95, TBS = theta-burst stimulation. 

�

�

INTRODUCTION 

Anti-NMDA receptor (NMDAR) encephalitis is a neuronal antibody-mediated disease that 

associates with prominent neuropsychiatric symptoms.1 Although the incidence of this disorder 

is unknown (estimated ~1.5 per million persons), it is considered the most frequent neuronal 

antibody-mediated encephalitis.2 Most clinical series show that 60-80% of patients are women of 

childbearing age3–5 who sometimes develop the encephalitis during pregnancy.6,7 In these cases, 

the severity of the maternal encephalitis (seizures, abnormal movements, coma, hypoventilation, 

or autonomic instability)6,8 is an important risk factor for obstetric complications and potential 

brain damage of the fetuses and newborns.7 

  There is the additional concern that patient’s NMDAR antibodies can reach the fetal 

brain and cause synaptic and neurodevelopmental alterations. These antibodies are pathogenic, 

as demonstrated in several experimental models. For instance, in cultured live neurons patients’ 

antibodies cause a robust reduction of NMDAR clusters along with a decrease of NMDAR-

mediated currents;9–11 and in a mouse model of cerebroventricular transfer of patients’ 

cerebrospinal fluid (CSF) containing NMDAR antibodies, these alterations resulted in severe 

impairment of long-term plasticity, visuospatial memory deficits, depressive-like and psychotic-

like behaviors.12–14 



4 
 

  Animal studies examining placental transfer of NMDAR antibodies have reported 

potentially harmful effects in the offspring. Peritoneal injections of a patient-derived monoclonal 

antibody to pregnant mice caused high neonatal mortality and long-lasting deficits in the 

offspring.15 In another animal model, maternofetal transfer of IgG from patients with anti-

NMDAR encephalitis resulted in NMDAR synaptic changes, delayed neurodevelopment, and 

behavioral deficits that progressively resolved after birth.16 These latest findings resemble the 

transient symptoms described in some newborns from patients with anti-NMDAR 

encephalitis.7,17 

  The FcRn receptor is responsible for the transport of IgG through the placenta and for 

extending serum IgG half-life after birth.18 Treatment with a monoclonal antibody able to block 

IgG binding to the FcRn ameliorated the severity of symptoms in experimental animal models of 

myasthenia gravis.19 In another study, administration of the same FcRn antibody (FcRn-ab) to 

immunized pregnant mice prevented pathogenic IgG-induced fetal and neonatal immune 

thrombocytopenia (FNIT) in the delivered neonates.20 A similar model using plasma from 

patients with myasthenia gravis and acetylcholine receptor antibodies prevented antibody-

mediated systemic complications in fetuses (arthrogryposis multiplex congenita).21 Yet it is 

unknown whether this approach may work with an antibody-mediated disease of the central 

nervous system. Here, we examined the potential therapeutic use of FcRn blockade in a 

previously established mouse model of placental transfer of IgG from patients with anti-

NMDAR encephalitis.  

 

MATERIALS AND METHODS 

Human serum samples, IgG purification, and immunoabsorption 
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IgG was isolated by ammonium sulfate-precipitation from serum of 7 patients with anti-NMDAR 

encephalitis and serum of 7 healthy blood donors. All patients with anti-NMDAR encephalitis 

were women (median age 20 years, range 16-26) with classical anti-NMDAR encephalitis; none 

of the patients had teratoma, and in all instances serum samples were obtained before treatment. 

The presence of NMDAR antibodies was determined with rat brain tissue immunohistochemistry 

and a cell-based assay (CBA) with human embryonic kidney (HEK) 293T cells expressing 

GluN1 and GluN2B receptor subunits, as reported.1 The absence of other brain-specific 

antibodies was established using previously reported experiments13,22 in which patients’ 

NMDAR antibodies were immunoabsorbed, resulting in abrogation of patients’ IgG effects in 

cultured neurons.23   

 

Animals  

Pregnant C57BL/6J mice (9 weeks old, 25-30 g, Charles River) were housed in cages of five 

until pregnancy day 16 (E16), at which time they were caged alone in previously reported room 

conditions.16  Representative offspring from every litter were separated by sex on postnatal day 

21, and kept in the same caging conditions until the indicated time points (i.e., postnatal days 21, 

or 43). Overall, 21 pregnant female mice, 22 fetuses and 91 pups were used for behavioral, 

electrophysiological, morphological, and synaptic brain studies.  

 

Standard Protocol Approvals, Registrations, and Patient Consents 

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

institutional review board at Hospital Clínic de Barcelona (registration number HCB/2018/0192). 

All procedures were approved by the Local Ethical Committee of the University of Barcelona 
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following European (2010/63/UE) and Spanish (RD 53/2013) regulations about the use and care 

of experimental animals. 

 

Infusion of human IgG and FcRn-ab to pregnant mice  

Pooled IgG (800 μg) from patients or controls was injected via tail vein to pregnant mice on days 

14, 15 and 16 (E14, E15 and E16) of gestation (Figure 1), as previously reported.16 Mouse 

monoclonal FcRn-ab (3 mg/kg, GTX14550, GeneTex, Irvine, CA) or sterile saline solution was 

injected via tail vein on the same days of injection E14, E15 and E16, six hours prior to the 

human IgG administration in order to potentially block FcRn-mediated transplacental transfer of 

IgG. Three experimental groups were established: pregnant mice injected with controls’ IgG, or 

injected with patients’ IgG; or with patients’ IgG and treated with FcRn-ab. These experiments 

were planned according to the window of time in which the FcRn is expressed in placental 

tissue, and the immature fetal blood-brain barrier (BBB) does not restrict the crossing of IgG 

(e.g., around gestational day 16 the BBB becomes significantly more restrictive to maternal 

antibody penetration into the fetal brain) as shown by us and others.16,24 FcRn-ab administration 

schedule was based on the findings from a passive transfer rat model of autoimmune myasthenia 

gravis that used the same monoclonal antibody.19 The dosage was adapted from the 5 mg/kg 

intraperitoneally used in the FNIT mouse model20 to a lower dose of 3 mg/Kg since FcRn-ab 

administration route was changed to intravenous in order to avoid possible fetal damage.  

 

Processing of brain and blood samples 

In subsets of mice, brain and blood from fetuses and blood from pregnant mice were collected on 

day 17 of gestation (E17, Figure 1). Fetal brains were fixed with 4% paraformaldehyde for 1 
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hour, and cryopreserved in 40% glucose for 48 hours. Then, brains were embedded in optimal 

cutting temperature compound and snapped frozen in isopentane chilled with liquid nitrogen. 

Blood samples were centrifuged to obtain serum.   

 

Antibody determination in blood from pregnant mice 

The presence of human NMDAR antibodies in blood from pregnant mice was demonstrated by 

CBA with fixed HEK293T cells expressing GluN1/2B subunits of the NMDAR, as reported.1 

Briefly, transfected HEK cells were blocked and coincubated with the collected serum sample 

(1:10) and with a commercial GluN1 monoclonal mouse antibody (MAB363, 1:20.000, Sigma-

Aldrich, St. Louis, MO) at 4°C overnight. Then, cells were washed and immunolabelled with 

Alexa Fluor 488 goat anti-human IgG (A11013) and Alexa Fluor 594 goat anti-mouse IgG 

(A11005; both diluted 1:1000, from ThermoFisher, Waltham, MA) as secondary antibodies for 1 

hour at room temperature (RT). After washing, coverslips were mounted and scanned under a 

Zeiss LSM 710 confocal microscope (Carl Zeiss GmbH, Jena, Germany).  

 

Determination of human IgG, NMDAR clusters and cortical plate thickness in fetal 

brains 

To determine whether FcRn blockade prevented human NMDAR antibodies injected to pregnant 

mice from reaching the brain of fetuses, E17 brain tissue sections were blocked with 1% bovine 

serum albumin for 1 hour at RT and then incubated with the same Alexa Fluor 488 goat anti-

human IgG as above diluted at 1:1000 for 2 hours at RT. The fluorescence intensity in the 

developing hippocampus was quantified using Imaris suite v.8.1 software (Oxford Instruments, 

Belfast, UK). Mean intensity of IgG immunostaining in control animals was defined as 100%.16  
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To determine whether treatment of pregnant mice with FcRn-ab abrogated the effects of patients’ 

antibodies on the number of clusters of NMDAR and PSD95 in fetuses, non-permeabilized 5 

μm-thick brain sections were blocked as above, and serially incubated with a human CSF 

NMDAR-antibody sample (1:20, used as primary antibody) for 2 hours at RT and the secondary 

Alexa Fluor 488 goat anti-human IgG (1:1000, A-11013, ThermoFisher) 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, containing 6-diamidino-2-phenylindole dihydrochloride (DAPI, P36935; 

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

EC-Plan NEOFLUAR CS 100×/1.3 NA oil objective. Standardized z-stacks including 25 optical 

images were acquired from five different areas of the developing hippocampus. Images were 

then deconvolved using theoretical point spread functions of Huygens Professional 17.04 

software (Scientific Volume Imaging, Hilversum, NL). The median density of clusters of 

NMDAR or PSD95 was obtained using a spot detection algorithm from Imaris 8.1 software 

(Oxford instruments, Belfast, UK), and the cluster density expressed as spots/ m3. Three-

dimensional colocalization of clusters (e.g. NMDAR and PSD95) was done using a spot 

colocalization algorithm implemented in Imaris. Synaptic localization was defined as 

colocalization of NMDAR with PSD95 and expressed as colocalized spots/μm3. For each 

experimental group, the median cluster density of total cell-surface and synaptic NMDAR, and 

PSD95 were normalized to that of brains of fetuses exposed to controls’ IgG (100%). 
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The effects of FcRn-ab treatment on the thickness of the cortical plate were examined in DAPI-

stained E17 fetal sagittal brain sections, acquired by confocal microscopy, and quantified using 

Fiji ImageJ software (http://fiji.sc/Fiji) as previously reported.12,16 

 

Field potential recordings and analysis of hippocampal long-term potentiation 

(LTP) and paired-pulse facilitation 

Acute sections of hippocampus obtained on postnatal days 19-23 were used to determine long-

term plasticity by the classical paradigm of theta-burst stimulation (TBS) at the Schaffer 

collateral and field potential recording at the CA1 dendritic area. We recently reported this 

technique applied to the current model of placental transfer of NMDAR antibodies.16,23  

 

Neurobehavioral assessment in postnatal and early adult stages 

From birth to postnatal day 12 mice were assessed daily for achievement of innate reflexes on 

alternate days, i.e., surface body righting on postnatal days 1, 3, 5, 7, 9 and 11; and negative 

geotaxis on postnatal days 2, 4, 6, 8, 10 and 12; from a simplified Fox battery for developmental 

milestones previously reported.25  

After breastfeeding withdrawal at postnatal day 21, subsets of mice underwent a battery of 

behavioral tests consisting of novel object location test (NOL, postnatal day 35), and locomotor 

activity assessment (LocAct, postnatal day 36) around 1 month of age. Selection and timing of 

these tasks were based on findings from our previously reported animal model of placental 

transfer of NMDAR antibodies.16 All experiments were performed by researchers blinded to 

animals’ experimental conditions, as reported.13,16 
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Statistical analysis 

Comparison of human IgG intensity in brain of fetuses among the three experimental groups was 

performed with one-way ANOVA with Tukey’s correction for multiple comparisons. 

Comparison of confocal densities of NMDAR and PSD95 clusters, and cortical plate thickness 

among the three experimental groups was analyzed with Welch’s ANOVA test and Dunnett T3 

corrections for multiple comparisons of small n groups (lower than 50) comparing normally-

distributed non-homoscedastic populations. Comparison of fEPSP slope recordings in mice born 

to mothers from the indicated experimental groups was assessed by Kruskall-Wallis test 

comparing ranks (as populations were not normally distributed according to D’Agostino-Pearson 

test) with Dunn’s corrections for multiple comparisons. For behavioral paradigms, longitudinal 

analyses were performed by Generalized Estimated Equations (GEE) using an AR(1) matrix in 

order to account for intra-individual correlations. All models include litter size, group and 

interaction group-by-time as fixed factors. Pair-wise comparison in interaction factor was used to 

analyze differences between group time-by-time, showed as estimated means and their 95% 

confidence intervals (95%CI). Mean values of fEPSP slope change recordings and of times for 

developmental reflexes were presented with standard error of the mean (± SEM). All 

experiments were assessed for outliers with ROUT method applying Q = 1%. In all statistical 

analyses we used a two-sided type I error of 5%. All tests were done using GraphPad Prism 

(Version 8, San Diego, CA) or SPSS (Version 25, IBM Corp., Armonk, NY) for GEE models. 

 

Data availability 

Data supporting these findings are available upon reasonable request. 
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RESULTS 

Treatment with FcRn-ab prevents placental transfer of human IgG 

Serum samples of E17 pregnant mice that received patients’ IgG, but not those that received 

controls’ IgG, showed human IgG binding to HEK293T cells expressing NMDARs. These 

antibodies were detectable in serum of pregnant mice that received patients’ IgG regardless of 

whether they had been treated or not a few hours earlier with FcRn-ab (Figure 2A). In contrast, 

only serum samples from E17 fetuses whose mothers had received patients’ IgG but were not 

treated with FcRn-ab harbored NMDAR antibodies (Figure 2B). Moreover, on day E17, these 

fetuses showed a significant increase in human IgG fluorescence in the developing hippocampus 

compared with fetuses of mothers that received the same patients’ IgG but were treated with 

FcRn-ab (p<0.0001) or the fetuses of mothers that received controls’ IgG (p<0.0001) (Figure 2C-

F). These findings show that treatment with FcRn-ab resulted in an effective blockade of 

placental transfer of human NMDAR antibodies.  

 

FcRn-ab administration to pregnant mice abrogates patients’ IgG-mediated 

reduction of NMDAR clusters and thinning of the cortical plate in fetal brain 

Analysis of the density of NMDAR clusters showed that fetuses from mothers that received 

patients’ IgG without pre-treatment with FcRn-ab had a significant decrease of cluster density of 

total cell-surface and synaptic NMDARs compared to fetuses of mothers that received controls’ 

IgG (72,95% total and 78,63% synaptic clusters vs 100% total and synaptic clusters in controls; 

both, p<0.0001) as expected from this model.16 This decrease of NMDAR clusters was largely 

prevented when the mothers were treated with FcRn-ab (fetuses from FcRn-ab treated mothers 



12 
 

94,17% total and 102,4% synaptic NMDAR clusters vs the indicated values of fetuses from non-

treated mothers, p<0.0001) (Figure 3A-C). Patients’ IgG also caused a significant thinning of the 

fetal cortical plate on E17 (fetuses from mothers that received patients’ IgG, 15,54% thinner 

plate compared with fetuses from mothers that received controls’ IgG, 100%; p=0.0004). This 

thinning of the plate was abrogated in fetuses of mothers that received patients’ IgG but were 

pretreated with FcRn-ab (fetuses from FcRn-ab treated mothers 103% vs the indicated value of 

fetuses from non-treated mothers, p=0.0002) (Figure 3D and E).  

 

Treatment of pregnant mice with FcRn-ab prevents the impairment of hippocampal 

LTP caused by patients’ IgG in the young offspring 

Assessment of field excitatory postsynaptic potentials (fEPSPs) showed that on postnatal day 21, 

mice that had been exposed in utero to patients’ IgG had a significant impairment in 

hippocampal LTP formation compared with mice exposed in utero to controls’ IgG (p<0.0001). 

In contrast, mice whose mothers received the same patients’ IgG but were treated with FcRn-ab 

did not show impairment of LTP (FcRn-ab treated vs. non-treated mothers, p<0.0001) (Figure 

4A-C). Paired-pulsed facilitation was not affected by patients’ IgG, as previously reported in this 

model16 (data not shown). Overall, these experiments show severe impairment of postsynaptic, 

but not presynaptic, plasticity in animals exposed in utero to patients’ IgG and that these 

antibody effects were abrogated when the mothers were treated with FcRn-ab.  

 

Treatment of pregnant mice with FcRn-ab prevents the developmental delay in 

innate reflexes caused by patients’ IgG in newborns 



13 
 

To determine whether FcRn-ab also prevented neurodevelopmental abnormalities, we assessed 

the neurodevelopment of newborns whose mothers received during gestation patients’ IgG with 

or without FcRn-ab treatment. Newborn pups exposed in utero to patients’ IgG, but not to 

controls’ IgG, showed longer times for proper body righting (Figure 5A, postnatal days 5 and 9) 

and for completing a 180°-turn in the negative geotaxis reflex test (Figure 5B, postnatal days 6, 8 

and 10). These neurodevelopmental delayed alterations induced by patients’ IgG did not occur in 

the young offspring of mothers treated with FcRn-ab (Figure 5A and B).  

 

Blockade of placental transfer of patients’ IgG prevents behavioral alterations in 

early adulthood 

We then compared the effects of patients’ IgG on the behavior of mice whose mothers were 

treated or not with FcRn-ab. At 1 month of age, mice exposed in utero to patients’ IgG, but not 

those exposed to controls’ IgG, showed a significant decrease in the NOL index, indicating an 

impairment in visuospatial memory (p=0.049) (Figure 5C). In contrast, mice whose mothers 

were treated with FcRn-ab did not develop this memory deficit (FcRn-ab treated vs. non-treated 

mothers, p=0.019). No significant difference in motor activity was noted among the different 

groups, including local (Figure 5D), horizontal and vertical (rearing) activities (data not shown). 

Overall, these findings confirm those of our previous study16 and demonstrate that in this animal 

model the alterations of memory caused by patients’ IgG can be prevented by blocking the 

placental transfer of antibodies with FcRn-ab.  

 

DISCUSSION  
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We have used a mouse model of placental transfer of IgG from patients with anti-NMDAR 

encephalitis to show that FcRn-ab administration blocked the materno-fetal IgG transfer and 

prevented the alterations previously reported in this model, which include, (1) a decrease of the 

cluster density of total cell-surface and synaptic NMDARs in the fetus, (2) thinning of the 

cortical plate in the developing brain, (3) delay in neonatal developmental reflexes, (4) 

impairment of hippocampal LTP in newborns, and (5) deficit in visuospatial memory in the 

offspring.16  

  The FcRn is an Fc IgG receptor responsible for preventing early lysosomal IgG 

degradation in vascular endothelial cells, therefore extending the half-life of IgG in serum.18 

FcRn-IgG interactions are pH-dependent: at slightly acidic pH environments (e.g. in early 

endosomes) IgG undergoes a conformational change that enables its Fc region to bind the FcRn; 

while at physiological pH in the cell surface FcRn-bound IgG is released back into circulation.26–

28 This FcRn mechanism also mediates placental IgG transcytosis , allowing passive humoral 

immunization from mother to fetus during pregnancy.29 Moreover, a similar mechanism of 

transcytosis applies to other cell barriers such as the intestinal epithelium,26 or the blood-brain 

barrier.30 

  FcRn blocking strategies are of special interest for the treatment of autoimmune diseases 

in which the autoantibodies are pathogenic. For example, in preclinical studies monoclonal 

FcRn-abs were able to reduce IgG serum half-life and decrease the severity of symptoms in 

animal models of autoimmune arthritis,31 myasthenia gravis,19 and epidermolysis bullosa 

acquisita.32  

  In pregnant patients with autoantibody-mediated diseases, pathogenic IgG antibodies are 

also transferred via placental FcRn to fetus. Blockade of FcRn-IgG binding using a monoclonal 
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FcRn-ab prevented IgG from reaching fetal circulation in an ex vivo perfusion model of human 

placenta.33 Furthermore, a previous animal model of antibody-mediated fetal and neonatal 

immune thrombocytopenia showed that treatment of the mothers with a FcRn-ab prevented the 

pathogenic effects of the antibodies in the pups.20 Despite the differences in the experimental 

design and location of the target antigens (periphery vs central nervous system), our data 

resembles that of the FNIT model, since FcRn blockade with the same FcRn-ab prevented the 

pathogenic effects of NMDAR antibodies in mice fetuses and newborns. 

  Our study has limitations; the current model lacks the inflammatory component 

associated with anti-NMDAR encephalitis which can potentially alter the placental transfer of 

patients’ antibodies or directly affect the developing fetal brain. Thus, future studies should 

address if FcRn inhibitors such as the FcRn-ab used here, work similarly in presence of systemic 

inflammation. Moreover, the FcRn expressed in the BBB facilitates IgG efflux from brain to 

blood.30,34 Therefore, one can speculate that blocking the FcRn of a well-developed BBB can 

potentially increase the amount of pathogenic antibodies in the brain; however, in the pregnancy 

model the pathogenic antibodies have to reach the brain from systemic blood, which in turn it is 

largely prevented by the mature BBB.  

 The use of FcRn-abs has already reached clinical trial stage. Rozanolixizumab, a high 

affinity FcRn IgG4 antibody, and M281, also known as nipocalimab, are currently in phase III 

(NCT03971422) and phase II trials (NCT03772587) for the treatment of myasthenia gravis.35,36 

Nipocalimab, an IgG1 antibody with a high safety profile37 is currently used in a phase II study 

(NCT03842189) in pregnant women at high risk for early onset severe hemolytic disease of the 

fetus and newborn.38 However, efficiently blocking placental IgG transfer may lead to a transient 

hypogammaglobulinemia in the infant. If so, this newborn with reduced maternal protective 
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antibodies would be more prone to infections until its own immune system restores IgG levels, at 

around 6 months of age, as reported in pregnancies of patients with genetic primary 

immunodeficiencies39 or in those with immunosuppressive treatment during pregnancy (e.g., 

rituximab).40 Although no signs of infection were observed in the newborn mice that received 

FcRn-ab in our model, the possibility of IgG replacement therapy in the infants should be 

considered. 

  Overall, our findings and experience from ongoing clinical trials support the potential 

therapeutic use of FcRn blockade in pregnant patients with anti-NMDAR encephalitis. Similar 

implications are likely applicable to other antibody-mediated encephalitis. Tasks for the future 

are to determine the effects of NMDAR antibodies in models of active immunization (which 

should be accompanied by inflammation), the frequency of synaptic, developmental, and 

behavioral alterations in the offspring, and whether they can be prevented by FcRn blockade. 
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FIGURE LEGENDS 

Figure 1. Experimental design  

Intravenous injection of FcRn-ab (or saline solution) was performed on gestational days E14, 

E15, and E16; six hours before the administration of controls’ or patients’ IgG on these days. 
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Fetal brain samples were collected on E17 for immunohistochemical studies of NMDAR cluster 

density and cortical plate thickness. Electrophysiology to determine hippocampal long-term 

potentiation was performed on postnatal day 21. Newborns were assessed daily for 

neurodevelopmental milestones of innate reflexes from birth until day 12 on alternate days 

(surface righting [postnatal days 1, 3, 5, 7, 9 and 11] and negative geotaxis [days 2, 4, 6, 8, 10 

and 12]). After breastfeeding withdrawal (day 21), mice underwent a simplified battery of 

behavioral tests at 1 month of age including novel object location task, and locomotor activity 

measurement. Gestational period is marked in light gray and postnatal period in dark gray.  

 

Figure 2. Treatment with FcRn-ab blocks the placental transfer of intravenously 

administered patients’ IgG, and their presence in fetal brain  

A-B: Representative images of HEK293T cells expressing NMDARs immunolabeled with 

human IgG contained in serum of pregnant mice injected with controls’ IgG or patients’ IgG 

with or without pre-treatment with FcRn-ab (A), and from serum of their fetuses (B) (all studies 

done on day E17). Scale bar = 10 m. 

C-E: Representative human IgG immunolabeling in E17 fetal brain sections of animals whose 

mothers were administered controls’ IgG (C), patients’ IgG (D), or patients’ IgG along with pre-

treatment with FcRn-ab (E); the two insets (small squares in developing hippocampus) are 

shown enlarged on the right of each panel. Scale bar whole brain = 50 m, insets = 10 m.  

F: Quantification of human IgG immunofluorescence intensity in the developing hippocampus 

of E17 fetal brains whose mothers were administered controls’ IgG, patients’ IgG, or patients’ 

IgG along with pre-treatment with FcRn-ab. Controls’ IgG, n = 8; patients’ IgG, n = 7; patients’ 

IgG treated with FcRn-ab, n = 7. Mean intensity of IgG immunofluorescence in brain of mice 
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exposed to controls’ IgG was defined as 100%. Data presented in box plots show the median, 

25th, and 75th percentiles; whiskers indicate minimum and maximum. Significance of treatment 

effect was assessed by one-way ANOVA and multiple comparisons with Tukey’s corrections. 

**** P < 0.0001.  

 

Figure 3. FcRn-ab administration to pregnant mice abrogates patients’ IgG-

mediated reduction of NMDAR clusters and thinning of the cortical plate in fetal 

brain 

A: Representative three-dimensional projections and analysis of the density of total cell-surface 

NMDAR clusters (green), PSD95 (red), and synaptic NMDAR clusters (white, defined as those 

that colocalized with PSD95) in the developing hippocampus area in E17 animals whose mothers 

received controls’ IgG, patients’ IgG, or patients’ IgG along with pre-treatment with FcRn-ab. 

Scale bar = 2 m.  

B – C: Quantification of total cell-surface (B) and synaptic (C) NMDAR cluster density in 

brains obtained on gestational day E17 from animals whose mothers received controls’ IgG, 

patients’ IgG, or patients’ IgG along with pre-treatment with FcRn-ab. Median of NMDAR 

clusters in mice exposed to controls’ IgG was defined as 100%. Controls’ IgG, n = 7; patients’ 

IgG, n = 7; patients’ IgG along with pre-treatment with FcRn-ab, n = 6. 

D: Representative cortical plate thickness (stained with DAPI) in E17 brains of fetuses whose 

mothers received controls’ IgG, patients’ IgG, or patients’ IgG along with pre-treatment with 

FcRn-ab. Scale bars = 100 m.  

E: Quantification of cortical plate thickness in E17 brains of fetuses whose mothers received 

controls’ IgG, patients’ IgG, or patients’ IgG along with pre-treatment with FcRn-ab. Controls’ 
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IgG, n = 8; patients’ IgG, n = 7; patients’ IgG along with pre-treatment with FcRn-ab, n = 7. 

Mean thickness of cortical plate or the indicated cortical layers in mice exposed in utero to 

controls’ IgG was defined as 100%.  

Data presented in box plots show the median, 25th, and 75th percentiles; whiskers indicate 

minimum and maximum. Significance of treatment effect was assessed by Welch’s ANOVA test 

and Dunnett T3 corrections for multiple comparisons. *** P < 0.001, **** P < 0.0001.   

 

Figure 4. Treatment of pregnant mice with FcRn-ab prevents the impairment of 

hippocampal LTP caused by patients’ IgG in young offspring 

A: Example traces of individual recordings showing baseline recordings before LTP induction 

(grey, light blue, pink traces) and after LTP (black, dark blue, red traces). Slope and peak 

amplitude of fEPSPs are increased after theta-burst stimulation (TBS) in hippocampus of 

postnatal day 21 mice whose mothers received controls’ IgG. In contrast, manifestation of LTP is 

strongly impaired in mice whose mothers received patients’ IgG, and therefore were exposed in 

utero to patients’ IgG. Note that in mice whose mothers received the same patients’ IgG but were 

treated with FcRn-ab, the slope and peak amplitude of fEPSPs are similar to those of controls. 

B: Time course of fEPSP recordings demonstrating a robust increase in fEPSP slope in 

hippocampus of postnatal day 21 mice whose mothers received controls’ IgG (n = 6 recordings 

from 5 animals, grey dots) or patients’ IgG along with pre-treatment with FcRn-ab (n = 5 

recordings from 5 animals, pink dots), compared with that of mice whose mothers received 

patients’ IgG but were not treated with FcRn-ab (n = 5 recordings from 5 animals, blue dots); the 

indicated changes were stable throughout the recording period after TBS (arrow). In animals 
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exposed in utero to patients’ IgG the induction of LTP is markedly impaired. Average fEPSP 

values are presented as mean ± SEM.  

C: Quantitative analysis of the fEPSP slope in hippocampus of 21 day postnatal mice whose 

mothers received controls’ IgG, patients’ IgG, or patients’ IgG along with pre-treatment with 

FcRn-ab. Mean fEPSP slope before TBS was defined as 100% and post-TBS fEPSP slope data 

was normalized to it for each group. The number of animals is the same as in panel B. The box 

plots show the median, 25th, and 75th percentiles; whiskers indicate minimum and maximum 

values. Significance of treatment effect was assessed by Kruskall-Wallis test with Dunn’s 

corrections for multiple comparisons. **** P < 0.0001. 

 

Figure 5. Treatment of pregnant mice with FcRn-ab prevents developmental delay 

in innate reflexes and behavioral alterations caused by patients’ IgG in offspring 

A-B: Developmental milestones assessment (from birth to day 12) of innate reflexes in mice 

whose mothers were administered controls’ IgG (black), patients’ IgG (blue), or patients’ IgG 

along with pre-treatment with FcRn-ab (red). (A) Time needed for body righting using the 

surface righting reflex test (days 1, 3, 5, 7, 9 and 11), and (B) time needed for 180° turning to 

“head up” position using the negative geotaxis reflex (days 2, 4, 6, 8, 10 and 12). Number of 

mice whose mothers received controls’ IgG = 30; number of mice whose mothers received 

patients’ IgG = 25, number of mice whose mothers received patients’ IgG and were treated with 

FcRn-ab = 35. Data are represented as mean ± SEM. Significance of treatment effect was 

assessed with estimated means and (95%CI) by a GEE adjusted model. Controls’ IgG vs. 

patients’ IgG: ** P < 0.01, *** P < 0.001. Patients’ IgG vs. patients’ IgG along with pre-

treatment with FcRn-ab: ## P < 0.01, ### P < 0.001. 
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C-D: Behavioral tests performed at one month of age including novel object location index (C) 

and number of local activity events from the locomotor activity assessment (D). Number of mice 

whose mothers received controls’ IgG = 25; mice whose mothers received patients’ IgG = 17, 

and mice whose mothers received patients’ IgG along with pre-treatment with FcRn-ab = 31. 

Data are represented as box plots with median, 25th, and 75th percentiles; whiskers indicate 

minimum and maximum values. Significance of treatment effect was assessed with estimated 

means and (95%CI) by GEE model. *P < 0.05. 
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Allosteric modulation of NMDA receptors
prevents the antibody effects of patients
with anti-NMDAR encephalitis
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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 im-

munotherapy (and removal of an associated tumour 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 analogue 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 patient’s CSF antibodies. Four groups were established: mice receiv-

ing continuous (14-day) infusion of patients’ or controls’ CSF, treated with daily subcutaneous administration of SGE-301 or ve-

hicle (no drug). The effects on memory were examined with the novel object location test at different time points, and the effects

on synaptic levels of NMDAR (assessed with confocal microscopy) and plasticity (long-term potentiation) 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,

mice infused with patient’s 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 long-term po-

tentiation. All antibody-mediated pathogenic effects (memory, synaptic NMDAR, long-term potentiation) were prevented in the

animals treated with SGE-301, despite this compound not antagonizing antibody binding. Additional investigations on the poten-

tial mechanisms related to these SGE-301 effects showed that (i) 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 (ii) it sig-

nificantly decreased, without fully preventing, the internalization of antibody-bound receptors suggesting that additional, yet un-

clear mechanisms, contribute in keeping unchanged the surface NMDAR density. Overall, these findings suggest that SGE-301, or

similar NMDAR modulators, could potentially serve as complementary treatment for anti-NMDAR encephalitis and deserve future

investigations.
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Introduction
Anti-NMDA receptor (NMDAR) encephalitis is an immune-

mediated disease characterized by a complex neuropsychi-

atric syndrome and the presence of CSF antibodies against

the GluN1 subunit of NMDARs (Dalmau et al., 2008). The

disorder can be triggered by systemic tumours, 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 psych-

osis, insomnia, abnormal movements, seizures, decreased

level of consciousness, dysautonomia, or coma, which in

about 85% of cases respond to immunotherapy and removal

of the tumour 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 impair-

ment of attention, memory, executive functions, or behav-

iour (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 bar-

rier penetration of current immunotherapies, or a combin-

ation 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, 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, 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 sus-

tained improvement. These treatments are addressed to com-

pensate or overcome the mechanisms altered by the

autoantibodies, for example, acetylcholinesterase inhibitors

(pyridostigmine) in myasthenia gravis, or the presynaptic po-

tassium channel blocker (3,4-diaminopyridine) in 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 patient’s CSF NMDAR antibod-

ies to mice (Planaguma et al., 2016), a soluble form of eph-

rin-B2 (an agonist of the ephrin-B2 receptor that clusters

and retains NMDARs at the synapse) was able to antagon-

ize all antibody-mediated effects including NMDAR intern-

alization and impairments of long-term plasticity and

visuospatial memory. As a proof-of-principle, this finding

showed that interfering with the antibody-mediated mecha-

nisms could potentially be used as a complementary treat-

ment with immunotherapy (Mikasova et al., 2012);

however, ephrin-B2 was administered intraventricularly and

there are no available ephrin-B2 agonists that cross the

blood–brain barrier.

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 sli-

ces, application of 24(S)-HC enhanced the ability of sub-

threshold stimuli to induce long-term potentiation (LTP),

and reversed the LTP deficits caused by the NMDAR chan-

nel blocker, ketamine. Several synthetic analogues of 24(S)-

HC such as D5,6-3b-oxy-nor-cholenyl-dimethylcarbinol

(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 preclinical models of NMDAR hypofunction

(Paul et al., 2013). These findings led us to investigate

whether SGE-301 was able to prevent the antibody-mediated

reduction of NMDAR and memory impairment observed in

a previously reported model of cerebroventricular transfer of

patient’s CSF antibodies.
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Materials and methods

Animals, surgery, and patients’ CSF

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 (n = 47 mice), confocal immunohistochemis-
try assessment of levels of NMDAR and other synaptic proteins,
and electrophysiological studies (n = 29 mice). Animal care, an-
aesthesia, 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 con-
nection of each catheter to a subcutaneous osmotic pump for
continuous infusion of CSF (Alzet; volume 100 ml, flow rate
0.25 ml/h for 14 days) have been reported (Planaguma et al.,
2015). The CSF infused was pooled from samples of 10 patients
with high titre IgG GluN1 antibodies (all 4 1:320), and 10
patients with normal pressure hydrocephalus without NMDAR
antibodies (control samples).

The presence of NMDAR antibodies in patient’s CSF (and ab-
sence in controls’ CSF) was examined with three different tech-
niques: 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), dialysed against phosphate-buf-
fered saline (PBS), and normalized to a physiological concentra-
tion of 2 mg IgG/dl (Planaguma et al., 2016). The absence of
other antibodies in pooled patient’s CSF was confirmed using
an aliquot immunoabsorbed with HEK293T expressing GluN1,
showing: (i) abrogation of reactivity with mouse brain and
HEK293T cells expressing NMDARs; and (ii) 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 Clı́nic, 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.

Preparation and treatment with
SGE-301

SGE-301 is a potent allosteric modulator of NMDAR that has
been characterized previously (Paul et al., 2013). For the current
studies, we adopted a subcutaneous administration paradigm
(versus intraperitoneal) to minimize interaction with the centrally
fixed osmotic minipumps. Therefore, we ran plasma and brain
pharmacokinetic studies to measure exposures of SGE-301 pre-
sent at the time of in vivo testing. The method of determination
of plasma and brain concentration of SGE-301 is described in the
Supplementary material. At 1 h, we achieved 1954±157 ng/ml
plasma and 523±86 ng/g brain exposures. At 4 h, 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 sulphoxide (DMSO) to a
stock concentration of 10 mM; the solution was then sonicated
for 1 h at 40�C and used at a working concentration of 10 mM.
For studies using mice, lyophilized SGE-301 was weighed and

dissolved in a solution of 30% 2-hydroxypropyl-b-cyclodextrin
(HPBCD, Sigma-Aldrich) in distilled water. The solution was
then vortexed for 5 min, sonicated for 40 min, and stirred for 2
h at 50�C. After adjusting the pH to 5.5–7.0, working aliquots
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 min 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 began on Day 1 (coinciding with Day
1 of infusion of CSF) until Day 18 (4 days after the infusion of
CSF had stopped), which was 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 patient’s CSF NMDAR antibodies caused a
progressive decrease of visuospatial memory until Day 18, subse-
quently followed by progressive recovery several days after the
antibody infusion stopped (Planaguma et al., 2015). In contrast,
patient antibodies did not significantly alter the locomotor activ-
ity (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 immunolabelling of live cultures of disso-
ciated rodent hippocampal neurons, immunoabsorption of pa-
tient samples with GluN1-expressing HEK cells, brain tissue
processing, and quantitative brain tissue immunoperoxidase
staining, have previously been reported (Planaguma et al.,
2015). To determine the effects of patient antibodies in cultured
rat hippocampal neurons, 17-day in vitro cultures were exposed
to patient or controls’ CSF (diluted 1:100) along with 10 lM
SGE-301 or vehicle for 24 or 48 h, and the cell surface clusters
of NMDAR, PSD95, phospho-S295-PSD95, and the co-localiza-
tion of NMDAR/PSD95 (representing synaptic NMDAR) were
quantified with specific biomarkers and confocal microscopy
(Supplementary material). Determination of antibody-bound
internalized NMDAR was carried out as previously reported
(Moscato et al., 2014) (Supplementary material).

To determine the effects of patient antibodies on the number
of clusters of NMDAR and PSD95, non-permeabilized 5-lm
thick brain sections (obtained on 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 h at room temperature and the secondary Alexa FluorV

R

488
goat anti-human IgG (1:1000, A-11013, ThermoFisher) for 1 h
at room temperature. Tissue sections were then permeabilized
with 0.3% TritonTM X-100 for 10 min at room temperature,
and serially incubated with rabbit polyclonal anti-PSD95
(1:250, ab18258 Abcam) overnight at 4�C, and the correspond-
ing secondary Alexa FluorV

R

594 goat anti-rabbit IgG (1:1000,
A-11012, ThermoFisher) for 1 h at room temperature. Slides
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were then mounted with ProLongTM Gold antifade reagent for
4 min, containing 6-diamidino-2-phenylindole dihydrochloride
(DAPI, P36935; ThermoFisher) and results scanned with Zeiss
LSM710 confocal microscope (Carl Zeiss) 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). The mean density of clusters of
NMDAR or PSD95 was obtained using a spot detection algo-
rithm from Imaris suite 7.6.4 (Bitplane), and the cluster density
expressed as spots/mm3. The clusters of NMDAR that co-local-
ized with PSD95 were defined as synaptic. For each experimen-
tal group, the mean cluster densities of NMDAR or PSD95
were normalized with the corresponding values in control ani-
mals (infused with controls’ CSF and treated with vehicle).

To determine the levels of synaptic phospho-S295-PSD95 in
brain tissue, 5-mm 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) for 1 h. Slides were then washed and
incubated with Alexa FluorV

R

488 goat anti-rabbit IgG and Alexa
FluorV

R

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 material).

To determine the effects of chronic exposure to SGE-301 on
NMDAR currents we treated 18 days in vitro (div) cultures of

hippocampal neurons with controls’ CSF (diluted 1:100) or con-

trols’ CSF + SGE-301 (10 mM) for 48 h prior to whole-cell

patch clamp recordings of spontaneous NMDAR-mediated exci-

tatory postsynaptic currents (sEPSCs) (Supplementary material).

Memory and locomotor activity

tasks

Visuospatial memory was assessed with the novel object loca-

tion discrimination index, and the locomotor activity was auto-

matically determined using locomotor activity boxes

(11 � 21 � 18 cm, Imetronic) for 1 h (Planaguma et al., 2015)

(Supplementary material).

Statistical analysis

Data from behavioural studies (novel object location and loco-

motor activity) were analysed using repeated-measures two-way

ANOVA. Human IgG intensities from different brain regions

and confocal cluster densities of NMDAR and PSD95 on cul-

tured neurons and brain tissue were analysed 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 were assessed by one-way ANOVA

(LTP and paired-pulse facilitation: PP2/PP1 ratios) and unpaired

t-test (paired-pulse facilitation: analysis of increase of PP2 slope

compared with PP1 in each of the experimental groups inde-

pendent of each other). A P-value 5 0.05 was considered sig-

nificant. All ANOVA tests included post hoc analyses with

Bonferroni correction for multiple testing. Analysis of NMDAR-

mediated spontaneous EPSCs 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, USA).

Figure 1 Experimental design. (A) Four experimental groups of mice were used, including mice treated with continuous cerebroventricular

infusion of control 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 begun be-

fore 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 antibodies from patients on the levels of NMDARs and synaptic plasticity were examined on subsets of mice sacri-

ficed on Day 18, which is the date of maximal effects reported in this model (Planaguma et al., 2015).
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Data availability

The authors confirm that the data supporting the findings of

this study are available within the article and its Supplementary

material.

Results

Treatment with SGE-301 prevents

the pathogenic effects of antibodies

in cultured neurons

We and others have previously reported that NMDAR anti-

bodies of patients cause a reduction of the clusters of synap-

tic and extrasynaptic NMDARs in cultured neurons

(Hughes et al., 2010; Mikasova et al., 2012), and in an ani-

mal model of cerebroventricular infusion of patients’ CSF

(Planaguma et al., 2015). Here, we first used cultured neu-

rons 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 anti-

bodies along with SGE-301, instead of vehicle, showed no

significant change of the levels of total cell surface or synap-

tic 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 signifi-

cantly reduced the levels of internalized antibody-bound

receptors, but did not completely abolish the internalization

(Supplementary Fig. 3). Overall, these findings show that

SGE-301 prevents the antibody-mediated decrease of cell-

surface NMDAR, and suggest that this treatment effect is

due to a reduction of internalized antibody-bound receptors

along with additional, yet unclear mechanisms, which over-

all keep the clusters of surface receptors similar to control

levels.

Figure 2 Treatment with SGE-301 prevents the reduction of NMDARs caused by patients’ antibodies in cultured neurons.

(A) Representative dendrites of hippocampal neurons immunostained for surface NMDAR (green) and PSD95 (red) after 24 h treatment with

patients’ CSF or controls’ CSF, each with either vehicle or SGE-301. Synaptic NMDARs are defined as those that co-localize with PSD95 (white

channel). Scale bars = 10 lm. (B) Quantification of the density of surface and synaptic NMDAR. Cultures co-treated with patients’ CSF antibod-

ies and vehicle showed a significant decrease of total cell surface and synaptic NMDARs without affecting the density of PSD95. In contrast, cul-

tures 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 CSF from controls with vehicle or SGE-301, although the presence of SGE-301 was associated with a mild reduc-

tion 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 (P5 0.0001 for NMDAR, synaptic NMDAR) with Bonferroni post hoc correction: *P5 0.05;

****P5 0.0001. Additional information is available in Supplementary Table 1.
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Figure 3 Treatment with SGE-301 prevents the reduction of NMDARs caused by patients’ antibodies in hippocampus.

(A) Hippocampus of mouse immunolabelled for NMDAR and PSD95. Images were merged (synaptic NMDAR, yellow colour) and post-proc-

essed to demonstrate co-localizing clusters. White squares indicate the analysed areas in CA1, CA3, and dentate gyrus. Each square is a 3D stack

of 50 sections. Scale bar = 500 lm. (B) 3D projection and analysis of the density of total cell surface NMDAR clusters, PSD95, and synaptic

NMDAR clusters (defined as those that co-localized with PSD95). Each 3D projection is a representative CA1 square region (as those shown in

A) of an animal representative of each experimental condition infused with control or patients’ CSF along with SGE-301 or vehicle. Merged

2714 | BRAIN 2020: 143; 2709–2720 F. Mannara et al.

(continued)



Neurons treated for 24 h with controls’ CSF and SGE-301

showed a mild decrease of synaptic NMDAR clusters. To

explore the cause of this decrease of synaptic NMDAR we

examined the effects of a longer (48 h) neuronal exposure to

SGE-301, which demonstrated a decrease of synaptic and

extrasynaptic NMDAR clusters (Supplementary Fig. 4A).

Considering that phosphorylation of Ser295 enhances the

accumulation of PSD95 and that Ser295 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 reduc-

tion of phospho-S295-PSD95 without significant decrease of

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 cul-

tures with controls’ CSF (diluted 1:100) or controls’ CSF +

SGE-301 (10 lM) for 48 h prior to whole-cell patch clamp

recordings of NMDAR-mediated spontaneous EPSCs.

Recordings revealed that SGE-301 did not modify the ampli-

tude or frequency of spontaneous EPSC (Supplementary Fig.

5) but significantly slowed the decay phase of the spontan-

eous EPSC, as shown by a longer decay time constant

(262.0± 37.3 ms versus 368.6± 49.8 ms; P5 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.

Treatment with SGE-301 prevents
the antibody-mediated reduction of
NMDAR in mice

We next assessed whether SGE-301 antagonized the anti-

body 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 ve-

hicle or SGE-301. Similarly, as observed with cultured neu-

rons, 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 ve-

hicle (Fig. 3B and C). To assess whether the treatment effect

of SGE-301 was due to a direct interference with patient’s

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 by comparison of 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 Ser295 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 prevented the

antibody-mediated reduction of synaptic and extrasynaptic

clusters of NMDARs, and that in control conditions (ani-

mals not infused with NMDAR antibodies) SGE-301 led to

a decrease of levels of NMDAR and PSD95 suggesting, as

with the experiments with neurons, the presence of compen-

satory mechanisms to the positive modulatory effect of SGE-

301 on NMDARs.

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

Acute brain slices from mice infused with patient 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 LTP com-

pared with animals infused with controls’ CSF, as shown by

Figure 3 Continued

images [merge: PSD95 (red)/NMDAR (green)] were postprocessed and used to calculate the density of clusters (density = spots/lm3). Scale bar

= 2 lm. (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 per-

centile; whiskers indicate the minimum or maximum values. Significance of treatment effect was assessed by one-way ANOVA (P = 0.0001) and

post hoc analysis with Bonferroni correction; ***P5 0.001; ****P5 0.0001. Additional information is available in Supplementary Table 1.
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analysis of fEPSP slope change (Fig. 4B and 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 min 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 and D). Compared

with these findings, animals infused with controls’ CSF, with

or without treatment with SGE-301, did not show impair-

ment 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 con-

trols’ CSF (Fig. 3C).

In contrast to the severe reduction of hippocampal LTP,

short-term plasticity was not affected in animals infused

Figure 4 Treatment with SGE-301 prevents the impairment of LTP caused by NMDAR antibodies from patients. (A) The

Schaffer collateral pathway (SC, red) was stimulated (Stim) and field potentials were recorded (Rec) in the CA1 region of the hippocampus. LTP

was induced by TBS. CA = cornu ammonis; DG = dentate gyrus. (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 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 individ-

ual recordings. (C) Time course of fEPSP recordings demonstrating robust changes in fEPSP slope in the animals infused with controls’ CSF

treated with vehicle (n = 8 recordings from seven animals, light green), or treated with SGE-301 (n = 10 recordings from seven animals, dark

green), which was stable throughout the recording period after TBS (arrow). In animals infused with patients’ CSF and treated with vehicle (n = 6

recordings from five animals, pink) the induction of LTP was markedly impaired. In contrast, animals infused with the same patients’ CSF and

treated with SGE-301 (n = 7 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 ± standard error of the mean (SEM). (D) Quantification of fEPSP slope change show-

ing a significant reduction of fEPSP slope in animals infused with patients’ CSF and treated with vehicle compared with the other groups of ani-

mals. 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 C. Box plots show the median, 25th and 75th percentiles; whiskers indicate minimum and

maximum values. Significance was assessed by one-way ANOVA (P5 0.01) and Bonferroni post hoc correction test was applied: *P5 0.05;

**P5 0.01. Additional information is available in Supplementary Table 1.
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with patients’ CSF antibodies, as expected from the experi-

ence with previous studies (Planaguma et al., 2016). Indeed,

fEPSP recordings following a standard paired-pulse protocol

showed significant facilitation consistent with increased pre-

synaptic release probability (Supplementary Fig. 8A and B).

This effect was similar in the four experimental groups

(Supplementary Fig. 8C). Overall, these studies showed a se-

vere impairment of postsynaptic, but not presynaptic, plasti-

city after TBS in animals infused with CSF from patients,

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 NMDAR
antibodies from patients

Mice infused with patients’ CSF and treated with daily sub-

cutaneous administration of vehicle developed a progressive

decrease of the novel object location index, with maximal

deficit on Days 10 and 18 (4 days after stopping the anti-

body infusion), followed by progressive memory improve-

ment until reaching the baseline pre-infusion level on Day

25 (Fig. 5, pink line) (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 novel object location index

(Fig. 5, blue line); these findings were similar to those of

mice infused with controls’ CSF treated with SGE-301 or ve-

hicle (Fig. 5, light and dark green lines). The total time of ex-

ploration 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 subcutane-

ous administration of SGE-301 prevented the hippocampal

memory impairment caused by NMDAR antibodies from

patients in this animal model.

Discussion
In this proof-of-concept study we show that a synthetic ana-

logue (SGE-301) of the brain-derived cholesterol metabolite

24(S)-HC prevented the pathogenic effects of antibodies

from patients with anti-NMDAR encephalitis in hippocam-

pal neuronal cultures and in a previously reported model of

cerebroventricular transfer of antibodies (Planaguma et al.,

2015, 2016). These findings and the good brain concentra-

tion after subcutaneous dosing suggest that oxysterol-based

NMDAR PAMs could serve as potential treatments for anti-

NMDAR encephalitis.

Like steroids, oxysterols are well recognized signalling

molecules that interact with membrane-bound as well as sol-

uble 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 syn-

thesis 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 defi-

ciency causes severe impairment of hippocampal LTP and

memory in mice (Kotti et al., 2006). Using slices of hippo-

campus 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-com-

petitive 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 hypo-

function 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 consist-

ent 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 NMDAR function (Paul et al.,

Figure 5 SGE-301 prevented the visuospatial memory def-

icits caused by NMDAR antibodies from patients. Mice

infused with patients’ CSF antibodies and treated with vehicle (pink

line) showed a significant reduction of the novel object location

index. This memory deficit was prevented in the group of mice

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 ve-

hicle (light green line) or SGE-301 (dark green line). Number of ani-

mals: 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 pre-

sented as mean ± SEM. Significance of assessment was performed

by repeated-measures two-way ANOVA (P5 0.0001) with

Bonferroni post hoc correction. Patient’s CSF + vehicle versus con-

trols’ CSF + vehicle: ****P5 0.0001, ***P5 0.001. Patient CSF +

vehicle versus patients’ CSF + SGE-301: $$$P5 0.001. Additional

information is available in Supplementary Table 1.
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2013; Wilding et al., 2016). In a previous study in which

cultured rat hippocampal neurons were exposed for 48 h to

patients’ CSF NMDAR antibodies or controls’ CSF and dur-

ing the last 24 h 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 spontaneous EPSCs duration after SGE-301

(Supplementary Fig. 5), the authors found an increase of

NMDAR function in the neurons exposed to controls’ CSF

and treated with SGE-301, which was attributed to an in-

crease in open probability of NMDAR (Warikoo et al.,

2018). These findings led to the suggestion that SGE-301

does not interfere directly with the patient’s antibody-medi-

ated internalization of NMDARs (Warikoo et al., 2018).

However, the authors did not consider that the maximal

antibody-mediated reduction of NMDARs in cultured neu-

rons occurs within the first 12–24 h of 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 CSF antibodies from

patients were co-applied with SGE-301 to cultures of neu-

rons, the expected antibody-mediated effects were prevented

and the NMDAR clusters were not decreased. Similar find-

ings occurred in the animal model, showing that the density

of total cell surface and synaptic NMDAR 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 CSF from patients 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 controls’ CSF and treated

with SGE-301 compared with mice infused with the same

controls’ CSF and treated with vehicle, showed a decrease of

total cell surface and synaptic NMDAR clusters. A similar

effect was noted in neuronal cultures treated for 48 h 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 phosphoryl-

ation of Ser295 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 h 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 antibodies from patients do not affect

paired-pulse facilitation, suggesting that presynaptic neuro-

transmitter release is unaffected in all experimental groups

and that postsynaptic mechanisms are responsible for the de-

crease of LTP in animals treated with patients’ CSF. In an-

other report using hippocampal neuronal cultures,

antibodies from patients specifically decreased NMDAR-

mediated currents (along with a specific reduction of

NMDAR clusters) without affecting AMPA receptor-medi-

ated 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 patient antibodies are unknown.

We found that SGE-301 does not block the binding of

antibodies from patients to hippocampus, suggesting sev-

eral alternative mechanisms, such as interference with

antibody-induced internalization of receptors, increase of

recruitment of NMDARs, or both. In preliminary studies

with cultured neurons treated with antibodies from

patients, we found that SGE-301 significantly decreased

(without fully preventing) antibody-mediated NMDAR in-

ternalization, suggesting that in this setting, a recruitment

of NMDARs to the cell surface and synapse may be facili-

tated by the drug.

Our study design does not allow for the assessment of

whether SGE-301 reverses the antibody-mediated decrease

of NMDAR and associated memory deficit because animals

infused with antibodies from patients were simultaneously

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

alterations. Although previous studies showed that applica-

tion of SGE-301 to neuronal cultures exposed to patient

antibodies for 24 h accelerated the recovery from the anti-

body 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; future 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 pres-

ence in the media, a feature attributed to their strong lipo-

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

quent than that used in our model (e.g. every other day in-

stead 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 emphasizes the importance of our findings.

During the acute stage of anti-NMDAR encephalitis,

2718 | BRAIN 2020: 143; 2709–2720 F. Mannara et al.



patients often require intensive immunotherapy, anti-epi-

leptics, psychoactive medications, and intensive care sup-

port, along with tumour removal if this applies (Titulaer

et al., 2013). This stage is usually followed by a pro-

tracted 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 centre

showing other symptoms such as deficit of memory, atten-

tion, cognition, abnormal behaviour, or executive dys-

function (Finke et al., 2012, 2013; Titulaer et al., 2013).

Our model, in which the local transfer of human

NMDAR antibodies into the mouse cerebroventricular

system predominantly affects hippocampal NMDAR

(Planaguma et al., 2015), provides a proof-of-principle

that targeting the antibody-related mechanisms as comple-

mentary 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 ascend-

ing dose study (Koenig et al., 2019) and is currently being

used in a trial for Huntington’s disease (which, at early

stages, appears to associate with reduced NMDAR func-

tion). The tasks for the future are to better understand the

underlying mechanisms by which SGE-301 prevents pa-

tient antibody effects, assess the ability of this compound

to reverse established symptoms, and determine its opti-

mal dosing and frequency of treatment.
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Determination of plasma and brain concentration of SGE-301

 SGE-301 was measured using liquid-liquid extraction and quantified by LC-MS/MS. Brain 

tissue was first diluted and homogenized at a ratio of 3 mL of PBS to 1 g of tissue. Five 

microliters of internal standard in methanol solution was added to 50 L of plasma or brain 

homogenate sample. Calibrators and assay quality controls were made by spiking SGE-301 into 

control mouse plasma or brain homogenate and preparing them as samples. One hundred fifty-

five microliters of sample was then mixed with 200 L of deionized water and extracted with 1 

mL of methyl-t-butyl ether. The organic layer was separated from the water layer and evaporated 

to dryness under nitrogen at 50°C for 15 minutes. The dry residue was reconstituted in 100 L of 

50% acetonitrile + 0.1% formic acid in deionized water. Five microliters of reconstituted sample 

was injected on an ACE 3 Phenyl-300 50 x 1 mm HPLC column. Gradient elution was 

performed using an Eksigent LC200 HPLC system running a water:acetonitrile gradient from 

50% acetonitrile to 95% acetonitrile over 2.3 minutes at 100 L/min.   

 Analyte detection was performed using a Sciex API4000 mass spectrometer running selected 

reaction monitoring of the analyte and internal standard in positive ion mode using a TurboV 

electrospray ion source. Sample concentrations were determined using the peak area ratio of 

analyte to internal standard and the least squares linear regression equation from the standard 

curve. Assay acceptance criteria for each LC-MS/MS run were +/- 20% accuracy compared to 

the nominal spiked concentration and +/- 20% CV.   

Immunofluorescence and confocal studies with cultured live neurons 

Primary hippocampal neurons were obtained from day 18 embryos of Wistar rats, as 

reported (Hughes et al., 2010). Dissociated neurons were seeded on coverslips and grown 

in Corning® 35 mm x 10 mm dishes (Sigma-Aldrich, St Louis , MI, US) containing 1 ml 

of Neurobasal medium + B-27 Supplement (ThermoFisher, Waltham, MA, US). 

Seventeen-day in vitro cultures were then treated with patients’ or controls’ CSF (final 



dilution 1:25 in the indicated media) along with SGE-301 (10 M) or vehicle (control) for 

24 hours at 37°C. After washing with PBS, neurons were serially incubated with a human 

CSF NMDAR antibody sample (1:100, used as primary antibody) for 1 hour at 4°C, and 

the secondary antibody Alexa Fluor 488 goat anti-human IgG (A-11013 1:1000, 

ThermoFisher) for 1 hour at 4°C. Neurons were then washed with PBS, fixed with 4% 

paraformaldehyde, permeabilized with 0.3% Triton TM X-100, blocked with 1% BSA for 

30 minutes, and serially incubated with rabbit anti-PSD95 (1:200, ab18258 Abcam, 

Cambridge, UK) overnight at 4°C, and the corresponding secondary antibody Alexa Fluor 

594 goat anti-rabbit IgG (1:1000, A11012, ThermoFisher) for 1 hour at 4°C. Slides were 

mounted with ProLong Gold antifade reagent for 4 minutes, containing 6-diamidino-2-

phenylindole dihydrochloride (DAPI, P36935; ThermoFisher) and results scanned with a 

Zeiss LSM 710 confocal microscope with EC-Plan NEOFLUAR CS 100×/1.3 NA oil 

immersion objective. For spot analysis we performed image deconvolution using the 

AutoQuantX3 software (Bitplane, Oxford Instruments, Abingdon, UK) followed by 

automatic segmentation using the spot detection algorithm from Imaris suite 7.6.4 

(Bitplane). Synaptic localization was defined as colocalization of NMDAR with 

postsynaptic PSD95, applying an algorithm for spot colocalization of NMDAR and PSD95 

using Imaris 7.6.4 (Bitplane). The density of spots was indicated as number of puncta per 

m-length of dendrite. 

 To determine the clusters of internalized antibody-bound receptors, neurons were 

treated as above with patients’ CSF with SGE-301 or vehicle. Then neurons were washed 

with PBS, incubated with excess (1:20) secondary anti-human IgG Alexa Fluor 594 (red 

fluorescence, ThermoFisher) for 1 hour at 4°C, washed, fixed, permeabilized as above, and 

incubated with Alexa Fluor 488 goat anti-human IgG (1:1000, green fluorescence 

ThermoFisher) for 1 hour at 4°C. Slides were then mounted and the green fluorescence 

clusters quantified as above.        



 To determine whether prolonged treatment with SGE-301 modified the levels of NMDAR 

and phospho-S295-PSD95, neurons were treated as above for 48 hours with controls’ CSF and 

SGE-301 or vehicle. Clusters of cell-surface synaptic and extrasynaptic NMDAR were 

immunolabeled as indicated, and neurons were then fixed and permeabilized as above and 

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

anti-PSD95 (1:200, 124 011, Synaptic Systems, Goettingen, Germany) overnight at 4°C, 

followed by the secondary antibodies Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 594 

goat anti-mouse IgG (A-11034, A-11032, ThermoFisher) both at 1:500 dilution. Slides were then 

mounted and scanned, and the density of NMDARs, phospho-S295-PSD95 and PSD95 clusters 

was determined as above. Neurons treated for 24 hours with 25 M bicuculline (#14340, Sigma-

Aldrich), which is an antagonist of GABAa receptor that causes an increase of the levels of 

phospho-S295-PSD95 (Kim et al., 2007) were used as control for this assay. 

Electrophysiological studies 

LTP and paired pulse facilitation in acute sections of hippocampus

 Eighteen to 19 days after activation of the osmotic pumps and daily injection of drug or 

vehicle, mice were deeply anesthetized with isofluorane and decapitated. Brains were removed in 

ice-cold, high-sucrose extracellular artificial cerebrospinal fluid (aCSF1, in mM; 206 sucrose, 

1.3 KCl, 1 CaCl2, 10 MgSO4, 26 NaHCO3, 11 glucose, 1.25 NH2PO4, purged with 95% CO2/5% 

O2, pH 7.4) and subdivided into the hemispheres. Thick (380 m) coronal slices of hippocampus 

were obtained with a vibratome (VT1000S; Leica Microsystems, Wetzlar, Germany) and 

transferred into an incubation beaker with extracellular aCSF appropriate for neurophysiological 

recordings (aCSF2, in mM; 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1.25 NaH2PO4, 1.5 MgSO4, 25 

NaHCO3, 11 glucose, purged with 95 % CO2/5 % O2, pH 7.4). Slices were kept at 32°C for 1 

hour and subsequently at RT for at least 1 additional hour. For field potential measurements, 

single slices were then transferred into a measurement chamber perfused with aCSF2 at 2 ml/min 



at 28-30°C (controls’ CSF + vehicle: number of acute slices n = 8 prepared from brain 

hemisections of seven mice; patients’ CSF + vehicle: n = 6 from hemisections of five mice; 

controls’ CSF + SGE-301: n = 10 from hemisections of seven mice; patients’ CSF + SGE-301: n 

= 7 from hemisections of six mice). A bipolar stimulation electrode (Platinum-Iridium 

stereotrode, PI2ST30.1A5, Science Products, Hofheim, Germany) was placed in the Schaffer 

collateral pathway. Recording electrodes were made with a puller (P-1000, Shutter Instrument 

Company, Novato, CA, US) from thick-walled borosilicate glass with a diameter of 1.5 mm 

(Sutter Instruments). The recording electrode filled with aCSF2 was placed in the dendritic 

branching of the CA1 region for local field potential measurement (field excitatory postsynaptic 

potential, fEPSP). A stimulus isolation unit A385 (World Precision Instruments, Hertfordshire, 

UK) was used to elicit stimulation currents between 25-700 A. Before baseline recordings for 

long-term potentiation (LTP), input-output (IO) curves were recorded for each slice at 0.03 Hz. 

The stimulation current was then adjusted in each recording to evoke fEPSPs at which the slope 

was at 50-60 % of maximally evoked fEPSP slope value. After baseline recording for 30 minutes 

with 0.03 Hz, LTP was induced by theta-burst stimulation (TBS; 10 theta bursts of four pulses of 

100 Hz with an interstimulus interval of 200 ms repeated seven times with 0.03 Hz). After LTP 

induction, fEPSPs were recorded for 1 additional hour with 0.03 Hz. Paired-pulse fEPSPs in the 

test pathway were measured before baseline recordings with an interstimulus interval of 50 ms 

(controls’ CSF + vehicle: number of acute slices n= 20 prepared from brain hemisections of eight 

mice; patients’ CSF + vehicle: n = 12 from hemisections of six mice; controls’ CSF + SGE-301: 

n = 17 from hemisections of eight mice; patients’ CSF + SGE-301: n = 14 from hemisections of 

seven mice). All recordings were amplified and stored using amplifier AxoClamp 2B (Molecular 

Devices, San Jose, CA, US). Traces were analyzed using Axon pClamp software (Molecular 

Devices, version 10.6). 



NMDAR-mediated spontaneous excitatory postsynaptic currents (sEPSC) in cultured 

neurons 

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

days in vitro (d.i.v.) hippocampal neuronal cultures with controls’ CSF (diluted 1:100) or 

controls’ CSF + SGE-301 (10 M) for 48h prior to whole-cell patch clamp recordings of 

spontaneous NMDAR-mediated excitatory postsynaptic currents (sEPSCs). Recordings were 

made using thin-walled electrodes with a resistance of 3-5 M , giving a final series resistance of 

5-15 M . Extracellular solution contained (in mM): 130 NaCl, 3.5 KCl, 2 CaCl2, 15 glucose, 20 

sorbitol and 10 HEPES, (Mg2+-free); osmolarity 300 mOsm/Kg and pH 7.4 with NaOH. In order 

to isolate NMDAR component, 100 M picrotoxin and 50 M NBQX were added to block 

GABAAR-mediated IPSCs and AMPAR-mediated EPSCs, respectively. Intracellular pipette 

solution contained (in mM): 116 K-Gluconate, 6 KCl, 8 NaCl, 0.2 EGTA, 2 MgATP, 0.3 

Na3GTP and 10 HEPES; pH 7.25 with KOH. QX-314 at 2.5 mM was included into the pipette 

solution to block action potential firing in the recorded neuron. Spontaneous EPSCs were 

acquired at 2 kHz and filtered at 1 kHz at a holding potential of –70 mV. EPSCs were measured 

in periods ranging from 10 to 30 minutes. In experiments where the acute effect of SGE-301 was 

tested, a baseline period of 5 minutes in the absence of the drug was recorded followed by 

application of 10 M SGE-301 to the bath solution and a 10-15 minutes recording period after 

drug application. pClamp10/Clampfit10.6 software (Molecular Devices) were used to record, 

detect and analyze the amplitude, decay time constant and instantaneous frequency (from single 

sEPSCs).  

Novel object location and locomotor activity 

Both tasks were administered one day before surgical implantation of osmotic pumps and 

ventricular catheters, and once per week for four weeks after surgery (Fig. 1B). 



Novel object location (NOL) 

Animals were habituated to an empty, squared arena (45x45x40 cm, Panlab, Barcelona, Spain) 

with visual cues, and underwent two daily trials of 15 minutes each, for four days. The day of the 

test, animals were placed into the arena in presence of two equal objects positioned at two 

opposite corners and they were allowed to freely explore them for 9 minutes (familiarization 

phase). After a retention time of 3 hours, animals were returned to the arena, where one of the 

objects had been moved to a different corner. The animal was allowed to explore both objects for 

9 minutes (test phase) and the time of exploration of each object was recorded. A discrimination 

index (NOL Index) was calculated using the following formula: Time of exploration of the 

moved object minus time of exploration of the not moved object divided by total time of 

exploration of both objects. A higher discrimination index indicates a better memory of the 

position of both objects. Object exploration is defined as any exploratory behavior triggered by 

the presence of the object (sniffing, biting, touching…) with the orientation of the nose toward 

the object within a distance of < 2 cm. 

Locomotor activity 

Animals were placed in locomotor activity boxes (11x21x18 cm, Imetronic, Passac, France) for 1 

hour. The boxes are equipped with two rows of photocell beams that allow the measurement of 

small movements of the animal in each side of the box (local motor activity), the number of 

displacements from one side to the other of the box (horizontal activity) and the number of 

vertical explorations (rearings). 



SUPPL FIG. 1: Absence of antibodies other than NMDAR in patients’ CSF

Panels A and B show the immunostaining of rat brain by the pooled patients’ CSF used in all 

experimental studies before (A) and after (B) immunoabsorption with NMDAR-expressing 

HEK293T cells. Scale bars = 200 m. 

Panels C-F show the immunolabeling of NMDAR-expressing HEK293T cells and neurons by 

the pooled patients’ CSF before (C and D) and after (E and F) immunoabsorption with NMDAR-

expressing HEK293T cells. Scale bars = 10 m. 

Panel G shows the effect of pooled patients’ CSF antibodies on the density of total cell surface 

and synaptic NMDAR clusters before (not absorbed) and after (absorbed) immunoabsorption 

with NMDAR-expressing HEK293T cells. Note that the pooled patients’ CSF causes the 

expected decrease of total cell surface and synaptic NMDAR, and that these effects are 

abrogated after immunoabsorption with NMDAR-expressing HEK cells. Box plots show the 

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

Significance was assessed by one-way ANOVA (p < 0.01) and Bonferroni post-hoc correction 

test was applied: **p < 0.01, ***p < 0.001, ****p < 0.0001. 

SUPPL FIG. 2: Plasma and brain exposures of SGE-301 after subcutaneous 

administration 

For all in vivo experiments, animals were administered 10 mg/kg SGE-301 via subcutaneous 

administration. Plasma and brain levels achieved after subcutaneous (SC) administration were 

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

Data points represent mean ± SEM levels of SGE-301. N= 4 mice per time point and matrix 

(e.g., 4 plasma 1 hour, 4 brain 1 hour, 4 plasma 4 hours, 4 brain 4 hours for a total of 16 

animals). 



SUPPL FIG. 3: SGE-301 decreases the number of antibody-bound internalized 

NMDAR  

Panel A: Representative dendrites of neurons treated for 48 hours with patients’ CSF with 

vehicle or SGE-301, showing the internalized antibody-bound NMDAR. Note that treatment 

with SGE-301 does not completely abrogate the internalization of receptors, Scale bars= 10 m.  

Panel B: Quantification of internalized clusters of antibody-bound receptors. There is a 

significant decrease of internalized receptors.     

n = 20 dendrites per condition. Box plots show the median, 25th and 75th percentiles; whiskers 

indicate the whiskers indicate the minimum or maximum values. Significance of treatment effect 

was assessed by unpaired t-test. ****p <0,0001. 

SUPPL FIG. 4: Cultures of rat hippocampal neurons treated for 48 hours with 

SGE-301 show a reduction of clusters of NMDAR and phospho-S295-PSD95 

Panel A: Quantification of clusters of synaptic and extrasynaptic NMDAR in hippocampal 

cultures of neurons treated with controls’ CSF along with vehicle or SGE-301. The presence of 

SGE-301 led to a significant reduction of clusters of NMDAR. Total surface NMDAR **p = 

0.0020; synaptic NMDAR **p= 0.0085.  

Panel B: Quantification of clusters of phospho-S295-PSD95 and PSD95 in hippocampal cultures 

of neurons treated with controls’ CSF along with vehicle or SGE-301. The presence of SGE-301 

leads to a significant reduction of phospho-S295-PSD95, **p < 0.01. In this setting, SGE-301did 

not lead to a significant reduction of PSD95 (in contrast to the indicated reduction of PSD95 

observed in mice hippocampus chronically treated with SGE-301, shown in Supplementary Fig. 

5). 



Panel C: Quantification of clusters of phospho-S295-PSD95 and PSD95 in hippocampal cultures 

of neurons treated with bicuculline. In this setting, bicuculline caused a significant reduction of 

phospho-S295-PSD95, as reported (Kim et al., 2007). *p < 0.05 

For all studies, n = 20 dendrites per condition. Box plots show the median, 25th and 75th 

percentiles; whiskers indicate the whiskers indicate the minimum or maximum values. 

Significance of treatment effect was assessed by unpaired t-test. 

SUPPL FIG. 5: SGE-301 slows the decay phase of NMDAR-mediated spontaneous 

excitatory post-synaptic currents (sEPSC)

Panel A: Representative traces from spontaneous NMDAR-mediated EPSCs (sEPSC) recordings 

from hippocampal neuronal cultures treated with controls' CSF (light green trace) or controls´ 

CSF and SGE-301 (dark green) for 48h prior to recordings. sEPSCs were recorded at 70 mV in 

the presence of NBQX and picrotoxin and in the absence of TTX. Co-treatment with SGE-301 

did not modify sEPSC amplitude or frequency but slowed the recovery (increase in decay time 

constant). Right inset shows a superposition of two sEPSCs to illustrate the longer duration of 

sEPSC in neurons treated with SGE-301.   

Panel B: Mean amplitude, decay time constant (tau) and instantaneous frequency of NMDAR-

mediated sEPSCs from neurons treated with controls´ CSF (ligh green columns; n=15 neurons) 

or controls´ CSF and SGE-301 (dark green columns; n=13). Controls’ CSF vs controls’ CSF + 

SGE-301: *p < 0.05 Student's t-test. 



SUPPL FIG. 6: Administration of SGE-301 does not change the amount of patients’ 

IgG present in mice hippocampus 

Quantification of intensity of human IgG present in hippocampus of mice sacrificed on day 18. 

Mice infused with patients’ CSF and treated with vehicle or SGE-301 show the same amount of 

IgG in the hippocampus, suggesting that SGE-301 does not block the binding of patients’ 

antibodies to NMDAR. For all quantifications, mean intensity of IgG-immunostaining in the 

group of mice infused with controls’ CSF and treated with vehicle was defined as 100%. Five 

animals of each experimental group were examined. Box plots show the median, 25th and 75th 

percentiles; whiskers indicate the minimum or maximum values.. Significance of treatment 

effect was assessed by one-way ANOVA (p < 0.0001) and post-hoc analyses were performed 

with Bonferroni correction; *p < 0.05. 

SUPPL FIG. 7: Subcutaneous administration of SGE-301 leads in control mice to a 

reduction of clusters of phospho-S295-PSD95 and PSD95 

Cluster density analysis of phospho-S295-PSD95 and PSD95 in brain tissue of animals infused 

with controls’ CSF treated with vehicle or SGE-301. Note that animals treated with SGE-301 

show a reduction of clusters of phospho-S295-PSD95 as well as PSD95. Five animals for each 

experimental group were examined. Box plots show the median, 25th and 75th percentiles; 

whiskers indicate whiskers indicate the minimum or maximum values. Significance of treatment 

effect was assessed by unpaired t-test; ****p < 0.0001. 



SUPPL FIG. 8: Paired-pulse facilitation is unaffected in animals infused with 

patients CSF and treated with or without SGE-301 

Panel A: Example traces of fEPSPs in paired-pulse facilitation protocol applied to the Schaffer 

collateral - CA1 synaptic region. The fEPSP slope and amplitude in response to second stimulus 

(grey) are increased compared to the fEPSP slope and amplitude after the first stimulus (black) in 

all four groups of animals. 

Panel B: Mean slope values of the fEPSPs in the response to the first (1st) and second (2nd) 

stimulus. All four experimental groups of animals show a significant increase in the fEPSP slope 

upon second stimulus. Controls’ CSF + vehicle (n= 20 recordings from eight animals, light 

green); patients’ CSF + vehicle (n= 12 recordings from six animals, pink); controls’ CSF + SGE-

301 (n= 17 recordings from eight animals, dark green); patients’ CSF + SGE-301 (n= 14 

recordings from seven animals, blue). Data are shown as mean ± SEM. Significance of the slope 

increase was assessed by unpaired t-test; *p < 0.05, **p< 0.01, ****p < 0.0001. Interstimulus 

interval is 50 ms. 

Panel C: Paired-pulse facilitation, calculated as P2/P1 (pulse 2/pulse 1) fEPSP slope ratio, with 

interstimulus interval of 50 ms, is not significantly altered in any of the experimental groups of 

animals when compared with that of the group infused with controls’ CSF + vehicle. The 

number of recordings and animals used are the same as those indicated in B. The significance of 

the results was assessed by one-way ANOVA (p > 0.05, not significant). Box plots show the 

median, 25th and 75th percentiles; whiskers indicate the 10th and 90th percentile. 



SUPPL FIG. 9: Total time of exploration and locomotor activity were not affected 

by treatment with SGE-301 

Panel A: The total time of exploration of the two objects presented in each NOL test session was 

similar in the four experimental groups of animals. Animals infused with controls’ CSF and 

treated with vehicle (n = 11, light green); animals infused with patients’ CSF and treated with 

vehicle (n = 10, pink); animals infused with controls’ CSF and treated with SGE-301 (n = 12, 

dark green), and animals infused with patients’ CSF and treated with SGE-301 (n = 10, blue). 

Data are presented as mean ± SEM. 

Panels B-D: The locomotor activity was similar in the four experimental groups of animals, 

including measurement of local movements (B), displacement from one side to the other of the 

cage (C), and vertical explorations or rearings (D). Each colored line indicates the same 

experimental condition described in panel A. Number of animals: infused with controls’ CSF and 

treated with vehicle, n = 11; infused with patients’ CSF and treated with vehicle, n = 11; infused 

with controls’ CSF and treated with SGE-301, n = 12, and infused with patients’ CSF and treated 

with SGE-301, n = 11. 

 

 

 

 

 

 

 

 



Supplementary Table: Values and statistics for figures 2-5  

Total NMDAR A) Controls' CSF + vehicle B) Patients' CSF + vehicle C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Median 12.17 5.23 12.1 11.66 A vs B p<0.0001
75% Percentile 14.46 7.97 13.41 13.99 B vs D p<0.0001
25% Percentile 9.59 4.07 9.18 9.71
PSD95 A) Controls' CSF + vehicle B) Patients' CSF + vehicle C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Median 12.09 11.12 10.56 10.88
75% Percentile 14.81 13.58 12.34 13.03
25% Percentile 9.88 8.55 9.04 8.65
Synaptic NMDAR A) Controls' CSF + vehicle B) Patients' CSF + vehicle C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Median 2.69 1.56 2.38 2.66 A vs B p<0.0001
75% Percentile 3.6 2.06 2.99 3.34 A vs C p<0.0001
25% Percentile 1.97 1.15 1.87 2.18 B vs D p<0.0170

Total NMDAR A) Controls' CSF + vehicle B) Patients' CSF + vehicle C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301 A vs B p<0.0001
Median 99.27 79.69 85.61 101.1 A vs C p=0.0001
75% Percentile 107.5 84.7 93.81 109.3 B vs D p<0.0001
25% Percentile 91.99 67.17 80.15 89.94 C vs D p<0.0001
PSD95 A) Controls' CSF + vehicle B) Patients' CSF + vehicle C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Median 98.91 101.4 94.91 99.91 A vs C p=0.0003
75% Percentile 107.9 104.9 98.91 113.9 C vs D p<0.0001
25% Percentile 91.91 93.91 82.92 91.91
Synaptic NMDAR A) Controls' CSF + vehicle B) Patients' CSF + vehicle C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301 A vs B p<0.0001
Median 98.56 73.12 82.66 98.56 A vs C p=0.0009
75% Percentile 114.5 85.84 95.38 117.6 B vs D p<0.0001
25% Percentile 82.66 60.41 76.3 76.3 C vs D p<0.0001

A) Controls' CSF + vehicle B) Patients' CSF + vehicle C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Median 86,41 17,2 63,5 67,37 A vs B p=0.0013
75% Percentile 123,1 24,73 79,27 123,9 B vs D p=0.0060
25% Percentile 65,26 -0,4091 52,53 49,77 B vs C p=0.0443

Baseline A) Controls' CSF + vehicle B) Patients' CSF + vehicle C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Mean 0,239 0,345 0,299 0,376
SEM 0,052 0,053 0,044 0,056
N 11 10 12 10
D3 A) Controls' CSF + vehicle B) Patients' CSF + vehicle C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Mean 0,298 0,225 0,322 0,216
SEM 0,053 0,028 0,050 0,089
N 11 10 12 10
D10 A) Controls' CSF + vehicle B) Patients' CSF + vehicle C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Mean 0,320 -0,041 0,311 0,260 A vs B p<0.0001
SEM 0,036 0,046 0,015 0,060 B vs D p=0.0001
N 11 10 12 10 B vs C p<0.0001
D18 A) Controls' CSF + vehicle B) Patients' CSF + vehicle C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Mean 0,254 -0,008 0,272 0,283 A vs B p=0.0007
SEM 0,040 0,063 0,031 0,055 B vs D p=0.0002
N 11 10 12 10 B vs C p=0.0002
D25 A) Controls' CSF + vehicle B) Patients' CSF + vehicle C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Mean 0,248 0,256 0,230 0,259
SEM 0,017 0,044 0,015 0,043
N 11 10 12 10

Fig 4 (fEPSP slope change %)

Fig 3 (Cluster density (Brain tissue))

Fig 2 (Cluster density (cultures of hippocampal neurons))

Fig 5 (Novel Object Location Index)
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Conclusions | 197 
 

General conclusions 

Animal models are extremely valuable and useful research tools that enable the study of the 

pathogenesis or potential treatment strategies for complex diseases that involve several body 

systems. Anti-NMDAR encephalitis is the main neuronal antibody-mediated disease known to 

date. Therefore, animal models of this disease provide an experimental approach to 

investigate the pathogenicity of patients’ antibodies and to explore novel strategies for this 

and similar autoimmune diseases. 

Specific Conclusions 

1. IgG antibodies from patients with anti-NMADR encephalitis intravenously injected to 

pregnant mice are transferred across the placenta, reach fetal brain and cause synaptic, 

functional and morphological alterations likely responsible for the delay in neurodevelopment 

and behavioral alterations after birth that spontaneously reverted without further implications 

in mature adulthood.  

2. Findings in our model are in accordance with clinical experience: in pregnant patients 

with anti-NMDAR encephalitis, fetal exposure to maternal NMDAR antibodies infrequently 

associates with overt neurologic deficits, and in such cases, alterations in the infant are 

transient.  

3. FcRn blocking with a specific monoclonal antibody in pregnant mice prevents placental 

transfer of IgG from anti-NMDAR encephalitis patients and abrogates the synaptic and 

neurodevelopmental alterations caused by patients’ IgG in offspring, providing evidence of 

therapeutic potential in antibody-mediated diseases of the CNS during pregnancy. 

4. SGE-301, or similar oxysterol-based PAMs of NMDAR, antagonizes the pathogenic 

effects of CSF antibodies from patients with anti-NMDAR encephalitis and could potentially 

serve as adjuvant treatment for the disease beyond immunotherapy. 
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“Sé que cierro con este libro un ciclo vital y se abre con su cierre un espacio dentro de mí que 
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riesgo, un lugar en el que no quiero experimentar ni ser experimento. Quiero vivir 
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silencio, el silencio que hay en mí. “ 

Brigitte Vasallo (1973-actualidad) 
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