Placental transfer of NMDAR antibodies causes
reversible alterations in mice
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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/6] 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 eftects may contribute to the
infrequent and limited number of complications described in children of patients who develop
anti-NMDAR encephalitis during pregnancy.
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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; PSD9S = postsynaptic density protein 95.

Anti-NMDA receptor (NMDAR) encephalitis is a neuronal
antibody-mediated disease that associates with prominent
neurologic and psychiatric symptoms." Most clinical series
show that 60%-80% of patients are women of childbearing
age”™ who sometimes develop the encephalitis during
pregnancy.s’6 In addition to the obstetric complications that
can arise from the severity of the disease,””” 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 neurons® '
mouse model of cerebroventricular transfer of patients’ anti-
bodies."! 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.'?

and in a

Therefore, considering the severity of patients’ symptoms,
pathogenicity of the antibodies, and the fact that NMDAR
signaling regulates neuronal maturation, > miglration,14
synaptogenesis,"> 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,'® most reports indicate that the
offspring of these patients appear to have good outcomes.®
Indeed, among the limited number of problems reported in
the babies, most are described as transient'” or attributed to

and

medications.® 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 reported'"'® 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
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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)."
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.'”'® We
confirmed that immunoabsorbed patients’ IgG no longer
decreased the levels of NMDAR:s after 12-hour incubation, as
reported.”®

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."' Overall, 54 pregnant C57BL/
6] mice, 165 fetuses, and 187 pups were used for behavioral,
electrophysiologic, morphologic, and synaptic brain studies.

Pooled IgG (800 pg) from patients or controls was injected
via tail vein to pregnant mice on days 14, 15, and 16 (E14,
E1S, 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).”
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." 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, S-um-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).® 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 (PSD9S) were examined using immunohistochemistry
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Figure 1 Patients' antibodies intravenously administered to pregnant mice reach fetal brain and bind to NMDAR
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(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 pregnant mice 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 4 months. Gestational period
is marked in pink and postnatal period in green. (B) Representative images of HEK293T cells expressing GIuN1/2B immunolabeled with human IgG contained
in serum of fetuses (E17) exposed to controls’ or patients’ IgG. Scale bar = 10 pm. (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 pm, insets = 10 pm. (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. Lane brain tissue corresponds to homogenate of mouse brain used here as control. The band at ~100 KDa corresponds to the GIuN1
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.

and confocal microscopy.'! The thickness of the cortical plate  stained fetal brain sections and quantified using Fiji Image]
was measured using 4', 6-diamidino-2-phenylindole (DAPI)-  software.
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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 CAl, CA3, and dentate gyrus of the hippocampus (S
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 Image] 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.”' Spine morphology was
examined in Dil-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."

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.”” From weaning to adulthood (155 days), subsets of
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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, PSD9S, Homerl, 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 IT-
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 Clinic, 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
NMDARSs (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). PSD9S 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
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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 41, left). The changes were no longer seen on PD 70
(cortex, figure 4H, right; and hippocampus, figure 41, 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.Iww.
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 SA); longer times for proper body righting (figure SB)
and negative geotaxis (figure SC); delayed eye opening
(figure SD); 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.”® 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 SE), a higher amount of unused material for nest
building (figure SF), and a longer time of exploration of a
familiar intruder mouse indicating impairment in social
memory (figure SG, 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 SH). 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’

| Volume 8, Number 1 | January 2021
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Figure 2 Intrauterine exposure to patients’ IgG causes a transient reduction of cell-surface NMDARs and thinning of the
cortical plate and cortical layers l1-IV
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(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 and D), 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;PD21,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 pm. (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-1V (CUTL1 positive, green fluorescence) and cortical layer VI (FoxP2 positive, red fluorescence); arrows indicate the thickness of the indicated
layers. Scale bars = 100 pm. (J) Quantification of cortical plate thickness in E16, E17, and E18 brains of fetuses exposed in utero to controls’ IgG or patients’ IgG.
Controls'lgG, E16,n=4;E17,n=11; E18,n=10; patients' IgG, E16,n=8; E17,n=14; E18, n =8. (Kand 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 ¢ test in J-L. *p < 0.05, **p < 0.01, ****p < 0.0001. IgG = immunoglobulin G; NMDAR = NMDA receptor; PD =
postnatal day.

IgG were no longer present (figure S, I and J; social in-  time of immobility in the tail suspension test (which assesses
teraction not shown). PPI and locomotor activity remained  core helplessness) (figure SK).

unaffected at age 2 months (not shown). However, mice ex-

posed in utero to patients’ IgG showed a shorter time on the At age 4 months (adulthood), no significant difference was
accelerating rotarod (data not shown, p = 0.0292) and longer  noted between mice exposed in utero to patients’ IgG and
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Figure 3 Intrauterine exposure to patients' IgG causes a reversible decrease in synaptic density and increase in activated

microglia
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(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 pm. (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 from mice exposed in utero to controls’ or patients’ IgG. Scale
bar =20 ym. (D and E) Quantification of Iba-1 (D) and CD68 (E) immunostaining in brains obtained at PD 21 and PD 70 from mice exposed to controls’ IgG or
patients’ IgG. Median surface density of immunostaining in mice exposed in utero to controls’ IgG was defined as 100%. Controls' IgG, PD 21,n=11; PD70,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 the Mann-Whitney Utest. **p <0.01, ****p <0.0001. IgG = immunoglobulin G; PD = postnatal day.

those exposed to controls’ IgG in any of the following tests:
tail suspension (figure SL), rotarod, locomotor activity, NOL,
PPJ, nest building, and social interaction (not shown).

expected from previous experience with adult mice in which
patients’ IgG was infused in the cerebroventricular system,"""
we observed a robust antibody-mediated decrease in NMDAR
clusters in the brain of the fetuses. These eftects occurred quickly
(noted 2 days after injecting the antibodies to the mothers), and

Discussion the observed reduction of NMDAR clusters and impairment of

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

Neurology.org/NN
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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
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Figure 4 Intrauterine exposure to patients’ IgG causes a transient increase in dendritic complexity and decrease in spine

density
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(A and B) Representative confocal image (A) and Sholl analysis (B) of a Dil-stained CA1 hippocampal pyramidal neuron showing in B the 10-pm spaced
concentric rings used for quantification of dendritic complexity. Scale bar in A=50 pm. (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 of mice exposed in utero to controls’ IgG, PD 21, n = 6; PD 70, n =4; number of mice exposed in utero to patients’IgG, PD 21,n=6; PD70,n =
4. Per each animal, condition, and brain region, 4 neurons were examined. Data presented as mean + 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 Dil-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 ym; scale bar in F =5 um. (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/pm) in mice
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hippocampus n=148/6; PD 70, cortex n=70/4, and hippocampus n =72/4. 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 Utestin Hand I. *p <0.05. IgG = immunoglobulin G; PD
= postnatal day.
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Figure 5 Intrauterine exposure to patients’ IgG causes transient developmental delay and behavioral alterations in

offspring
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(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 of mice exposed to patients’ IgG = 40. Data from A-C are represented as estimated mean + SEM inferred by the GEE models described in Methods 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, 1 month; I, 2 months), 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-l and K,
number of mice exposed to controls’ IgG = 18 and mice exposed to patients' IgG = 18. For ] and L, number of mice exposed to controls’ IgG = 8 and mice
exposed to patients' IgG = 9. Data from panels E, F, and |-L are represented as box plots with median, 25th, and 75th percentiles; whiskers indicate minimum
and maximum 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.

(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

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

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 specialization524; however, ina
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.”® Our findings
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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 activation*® and consequently affect microglia-
mediated synaptic pruning. This normal microglial function is
also triggered by neural activity in the developing brain.””*®
For example, impaired microglia-neuron interactions in
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CX3CRI-deficient mice showed delayed synaptic functional
maturation®” and immature and redundant connectivity, the
latter attributed to reduced synaptic pruning.*® These alter-
ations spontaneously reverted by PD 30-40,>”* 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.'* Studies with NMDAR antagonists
(MKS801 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-111)."**! 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.:’z’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.> In another model based on a constitutive reduction
in central serotonin (VMAT2°™"® mice), the total cortical
thickness reduction at PD 7 spontaneously recovered by PD
14.3% 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,** and newborn rats treated
with a competitive NMDAR antagonist.35

A previous model of transplacental transfer of a human-
derived NMDAR monoclonal antibody showed high neonatal
mortality (27%), impairment of native reflexes, and long-
lasting neuropathologic alterations without evidence of re-
versibility."> 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

Neurology: Neuroimmunology & Neuroinflammation
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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 encephalitis® is remarkably different from that
obtained with the mouse monoclonal antibody model."?

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 experience® 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 pregnancy”®>*
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.*® 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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