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INTRODUCTION

Introduction

The immune system & autoantibodies

The immune system is defined as the biological system of protecting the host from
infection and the damage they cause. It consists of two different mechanisms, the
innate immune system and adaptive immune system. The innate immune system
is the first line defense system by macrophages, natural killer cells, dendritic cells,
granulocytes, and etc. The innate immune response is fast and non-specific,
whereas the adaptive immune response is usually slow to develop and highly
specific to the antigens. In addition, the adaptive immune system can also form
memory resulting in fast response after subsequent presentation of the same
antigens. The adaptive immune system is mainly composed of the B and T
lymphocytes, which are derived from the bone marrow. B cells become mature in
the bone marrow; however, the precursors of T cells migrate to the thymus where
they develop as mature T cells. Upon activation, B cells can differentiate into the
plasma cells which secrete antibodies against antigens. T cells can recognize the
signal from antigen presenting cells, then differentiate either into helper T cells
(CD4+) that activate other cells of the immune system or cytotoxic T cells (CD8+)
that directly destroy the infected cells (Murphy, 2012).

Although the fundamental role of the immune system is to distinguish non-self
from self-molecules, sometimes it produces antibodies that react to self-
molecules which are defined as autoantibodies. In healthy individuals, the high
affinity of self-reactive T and B lymphocytes in the thymus and bone marrow are
eliminated (negative selection) or functionally inactivated (anergy) to maintain
self-tolerance. The most common autoantibodies in healthy individuals are

mainly low affinity IgM, and occasionally low titer of IgG (Elkon et al., 2008).

Normally, these autoantibodies do not cause serious harm to the host. Study has
shown their beneficial effects, such as the autoantibodies against TNF-a have
been reported to suppress rheumatoid arthritis (Wildbaum et al., 2003). The self-
reactive lymphocytes are required for a functional immune system. However, the
strong response to self-antigens can lead to autoimmune diseases that are
characterized by tissue damage. For example, in rheumatoid arthritis,
autoreactive T cells against antigens of joint synovium can result in joint

inflammation and arthritis (Lee, D. M. et al., 2001). In systemic lupus
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erythematosus (SLE), there are autoantibodies produced against DNA,
chromatin proteins, and ubiquitous ribonucleoprotein antigens which lead to
glomerulonephritis, vasculitis, and rash (Rahman et al., 2008). In multiple
sclerosis, it was shown that autoreactive T cells against myelin antigens produce
the sclerotic plaques in the brain with destruction of myelin sheaths (Correale et
al., 2017). Type 1 diabetes is an autoimmune disease characterized by
autoreactive T cells against pancreatic islet cell antigens, which can cause
destruction of pancreatic islet  cells resulting in non-production of insulin (Li
etal., 2017).

There are multiple tolerance mechanisms that can prevent autoimmunity, and
these mechanisms are named as checkpoints. Each checkpoint prevents
autoreactive responses, and together they can provide efficient protection against
autoimmunity. The central tolerance mechanism eliminates those newly formed
strongly autoreactive lymphocytes in the thymus and bone marrow (Hogquist et
al., 2005; Nemazee, 2017). In the periphery, regulatory T cells (Tregs) suppress
the T cell response through cytokine secretion and intercellular signals and self-
reactive B and T cells can also be eliminated. The self-reactive lymphocytes
remain in low affinity and can be ignored, but they can also be activated under
certain circumstances (Cyster et al., 1994; Goodnow et al., 1989; Goodnow et al.,
2005; Nemazee, 2006; Russell et al., 1991; Shlomchik, 2008).

The mechanisms of autoimmune disease have not been elucidated yet. An
explanation is that it’s a combination of genetic susceptibility, self-tolerance
breakdown, and environmental triggers such as infections. In human, AIRE gene
can cause APS-1 (autoimmune polyglandular syndrome 1). CTLA4 gene is
associated with Grave’s disease, type 1 diabetes, and etc. (Rioux et al., 2005). The
circulating lymphocytes normally have a low affinity for self-antigens, however,
they are activated when their autoantigens are also the ligands for Toll-like
receptors (TLRs). TLRs are an important protein family expressed on
macrophages and other immune cells, which can recognize and bind to different
antigens. For example, Toll-like receptor 9 (TCR9) binds to unmethylated CpG
sequences in the DNA which is common in bacteria and apoptotic mammalian
cells. Once the unmethylated CpG sequences are released as apoptotic fragments,
they are recognized and bound by B cell receptors that are specific for chromatin

components, the complex can be internalized into B cells. These sequences bind
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to TLRY (expressed in the cytoplasm of B cells) intracellularly, leading to a co-
stimulatory signal, together with the signal from B cell receptor, activating the
anti-chromatin B cells (Marshak-Rothstein, 2006). Besides, a theory of molecular
mimicry proposed that when pathogens share similar structure with human
proteins, it will result in the immune system targeting on self-proteins, which will

also lead to autoimmune response (Plotz, 2003; Rose, 2001).

Autoimmunity in the brain

The brain is an immunologically privileged site. It is surrounded by the blood-
brain barrier (BBB) that prevents the entry of microorganisms and lymphocytes,
to protect the neuronal tissue from infection. At the same time, the BBB also
blocks complete clearance of pathogens that entered the brain, or protects tumors
in the brain (Joyce et al., 2015; Miller et al., 2016). The BBB is composed of brain
microvascular endothelial cells, astrocytes and pericytes. The brain
microvascular endothelial cells form tight junctions that prevent large molecules
to enter. Astrocytes and pericytes help the microvascular endothelial cells to

maintain the intact barrier property, which is shown in figure 2 (Kim, K. S., 2008).

Cerebrospinal fluid S

Blood vessel Endothelial cell

Tolololelelslolalslslslololsls

Figure 1 The structure of the blood-brain barrier. The brain microvascular endothelial

cells form tight junctions that prevent large molecules to enter the brain. Astrocytes and pericytes
help the microvascular endothelial cells to maintain the intact barrier property, modified from
(Kim, K. S., 2008).
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Autoimmune encephalitis refers to an inflammation in the brain, associated with
antibodies against neuronal and synaptic proteins. Once the BBB breaks down,
activated T cells enter the brain, which results in further progression of the brain
inflammation. For example, in multiple sclerosis, brain inflammation leads to the
permeability of the BBB, and activated T cells that are specific for central nervous
system (CNS) antigen reencounter the antigen presented by microglia. Th17 and
Th1 cells infiltrate into the brain and produce IL-17 and IFN-y, which recruit and
activate myeloid cells that exacerbate the inflammation, resulting in further
recruitment of T cells, B cells and innate immune cells. Autoreactive B cells
produce autoantibodies against myelin, ultimately leading to demyelination and

an alteration of neuronal function (Steinman, 1996).

There are different ways for the antibodies and immune cells to cross the BBB:
(I) Systemic cytokines break down the tight junctions in the brain-cerebrospinal
fluid barrier, allowing the antibodies or immune cells to enter. (II) Olfactory
ensheathing glia facilitate transport of IgGs or immune cells into the brain. (III)
Inflammatory cytokines in the blood damage the tight junctions of BBB, allowing
the entry of antibodies or immune cells. (IV) Fc receptor mediates transcytosis
from the blood vessels, e.g. in systemic lupus erythematosus (Knowland et al.,
2014; Platt et al., 2017; Zhao et al., 2015).

Anti-NMDA receptor encephalitis

Dalmau and colleagues described a new autoimmune disease termed as ‘anti-
NMDA receptor encephalitis’in 2007 (Dalmau et al., 2007). The authors reported
that those patients had paraneoplastic encephalitis accompanied by the presence
of anti-NMDA receptor antibodies in the serum/cerebrospinal fluid. They also
described that this disease is associated with ovarian teratoma, and the patients
were mostly young females. Furthermore, these patients developed psychiatric
symptoms such as psychosis, seizures, memory deficits, and etc. The mechanism
of anti-NMDA receptor encephalitis was interpreted as a decreased density of
surface NMDA receptors due to binding of the autoantibodies against NMDA
receptors in postsynaptic dendrites (Dalmau et al., 2008; Dalmau et al., 2018;
Dalmau et al., 2011; Dalmau et al., 2007).
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NMDA receptor & brain function

The NMDA receptors belong to the ionotropic glutamate receptor family.
Glutamate is the most important neurotransmitter in normal brain function,
especially in the excitatory neurons in the CNS. The glutamate is synthesized in
the presynaptic terminals and packaged into synaptic vesicles, released into the
synaptic cleft, and bound to the glutamatergic receptors of postsynaptic neurons
(Halterman, 2005; Niciu et al., 2012). There are two types of glutamate receptors
on the post synaptic neurons: the metabotropic glutamate receptors (mGluRs)
and the ionotropic glutamate receptors (iGluRs). The mGluRs are G-protein-
coupled receptors, with eight different subtypes (mGluR1-8), and these receptors
modulate postsynaptic ion channels indirectly by coupling to different
pharmacological agents (Crupi et al., 2019). There are three major iGluRs
identified: NMDA receptors (NMDAR), AMPA receptors, and kainate receptors.
The iGluRs are nonselective cation channels, allowing Na+*, and K+ to pass, thus
produce excitatory postsynaptic responses. As shown in Figure 2A, the NMDA
receptor is a transmembrane protein. When the membrane is at resting potential,
the NMDA receptor is blocked by Mg2+ ion in the channel pore (Figure 2B). Mg2+
is pushed out of the channel pore during depolarization of the postsynaptic
neuronal membrane, which allows other cations (Ca2+in addition to Na+ and K+)
influx, resulting in the activation of the NMDA receptor (Figure 2C). The binding

of glutamate and glycine is also required for the activation (Halterman, 2005).

17



INTRODUCTION

(B) At resting potential (C) During postsynaptic depolarization
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Figure 2 The mechanism of NMDA receptor activation. (A) The structure of NMDA
receptor channel as transmembrane protein and its binding sites of Mg2+, glutamate and glycine.
Through the receptor pore, Ca2+, Na+ and K+ can pass through. (B) Synapse at the resting
potential; Mg2+ blocks NMDA receptor preventing cation flux through receptor. (C) The NMDA
receptor at depolarization state: During depolarization, Mg2+ is removed from the channel pore,
which allows other cations (Ca2+ in addition to Na+ and K+) influx, resulting in the activation of
the NMDA receptor (Halterman, 2005).

There are 7 subunits of NMDA receptor identified so far: GluN1 subunits, 4
GluN2 subunits (GluN2A-GluN2D), and 2 GluN3 subunits (GluN3A, GluN3B).
All of these subunits are encoded by separate genes which translated into 900 to
over 1480 amino acids (Paoletti et al., 2013). The NMDA receptor is a
heterotetrametric complex, GluN1 subunit is the obligatory subunit in all
functional NMDA receptors (Kew et al., 2005). It was shown that the subunits of
NMDA receptor are expressed differentially in developing and adult brains, also
among different brain regions (Akazawa et al., 1994; Henson et al., 2010; Monyer
et al., 1994).

NMDA receptors are critical for the foundation of learning and memory through
mechanism of long-term potentiation (LTP) (Lynch et al., 1983; Nicoll, 2017).
Moreover, dysfunction of NMDA receptor is found in many brain disorders, such
as in Alzheimer’s disease, Parkinson’s disease, depression, schizophrenia, anti-
NMDAR encephalitis, and etc. (Paoletti et al., 2013).

NMDAR autoantibodies in human health and disease

Dalmau and his colleagues claimed that anti-NMDA receptor encephalitis was
caused by the IgG class of the anti-NMDA receptor antibodies (Dalmau et al.,
2008; Dalmau et al., 2007).
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Meanwhile, this view has been challenged by the work form our group. We
reported a similar seroprevalence of autoantibodies against NMDA receptor
subunit GluN1 (NMDAR1-AB) in both healthy and disease human groups, and
an increase upon aging. Moreover, all these antibodies are functional regardless
of the immunoglobulin classes (IgA, IgG, and IgM), and they also do not differ
regarding epitope binding to the NMDA receptors (Castillo-Gomez et al., 2017;
Dahm et al., 2014; Ehrenreich, 2017, 2018; Hammer et al., 2014).

Investigation of NMDAR1-AB in non-human mammals (Project 1)

In 2015, the NMDAR1-AB were first described in non-human mammals, a polar
bear named Knut, in Berlin Zoological Garden. After epileptic seizures in 2011,
the pathological analyses in Kunt’s brain showed signs of encephalitis, and
NMDAR1-AB were found in his cerebrospinal fluid (Priiss et al., 2015). We
believe that the NMDAR1-AB belong to the natural autoantibody repertoire, thus
they might also be found in other non-human mammals. To prove it, we screened
the NMDAR1-AB seroprevalence in mice, rats, dogs, cats and monkeys (baboons

and rhesus macaques).

In addition, we immunized both ApoE~- (with compromised BBB) and WT mice
with a mixture of 4 peptides against GluN1 subunit of the NMDA receptor. After
4 weeks of immunization, we performed open field testing with MK801 (NMDA
receptor antagonist) treatment and looked for inflammation markers in the brain
after the termination of the experiment. All the results are presented and

discussed in Chapter 2 (Project 1).

Investigation of potential NMDAR1-AB inducers (Project 2)

Shown in the cases of anti-NMDAR encephalitis, the presence of NMDAR1-AB
seems to be associated with tumor, such as ovarian teratoma (Dalmau et al.,
2008; Dalmau et al., 2011; Dalmau et al., 2007). Other studies have also
suggested the association of NMDAR1-AB with patients who were infected with
influenza A/B (Castillo-Gomez E, 2016; Hammer et al., 2014). Herpes simplex
virus encephalitis was also reported as a trigger for NMDAR1-AB production
(Priiss et al., 2012).
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In our design, we investigated more potential inducers including brain injury,
checkpoint inhibitor, and chronic life stress in mice/human, which is detailed
described in Chapter 3 (Project 2).
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Scope of the present work

As discussed in the introduction, it remains unclear what is the mechanism
behind the anti-NMDA receptor encephalitis. What are the effects of carrying
high level of NMDAR1-AB and what are the inducers of the NMDAR1-AB

formation? Thus, my present thesis aimed to answer these questions.

In my 1st project, we aimed at (i) the seroprevalence and functionality of
NMDAR1-AB in non-human mammals; (ii) the consequences of high circulating
levels of endogenously produced NMDAR1-AB of the IgG class (by
immunization) in mice with compromised BBB, by behavioral and morphological

testing.

In my 2nd project, we aimed at (i) the course of spontaneously formed NMDAR1-
AB in mouse and human upon long-term observation, with intact and
compromised BBB; (ii) brain lesion (cryolesion mocel) as a potential inducer of
NMDAR1-AB; (iii) immune checkpoint inhibitor: CTLA4-AB as a potential
inducer; (iv) chronic stress as a potential inducer: our hypothesis derived from

project 1.
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Chapter 2
Project 1
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2. Project I:
Uncoupling the widespread occurrence of anti
NMDAR1 autoantibodies from neuropsychiatric

disease in a novel autoimmune model

Overview of project I

NMDAR1-AB (IgG class) has been reported to be associated with anti-NMDAR1
encephalitis by Dalmau and colleagues (Dalmau et al., 2008; Dalmau et al., 2011;
Dalmau et al., 2007). However, previous work from our group showed a
considerable seroprevalence in health as well as in disease groups, and the
seroprevalence increases with age (Castillo-Gomez et al., 2017; Dahm et al.,
2014; Hammer et al., 2014). The NMDAR1-AB in different groups also exhibited
similar functionality and epitopes binding to the NMDA receptor (Castillo-Gomez
et al., 2017; Hammer et al., 2014).

Next, there are still several questions that we would like to address:

(I) Whether the properties of NMDAR1-AB are unique in human or
not? To answer this question, we screened the existence of NMDAR1-AB in the
blood samples of dogs, cats, mice, rats, and monkeys (baboons and rhesus
macaques). We found NMDAR1-AB in all the species tested. Furthermore, an
age-dependent increase of NMDAR1-AB in all the species except for monkeys
(baboons and rhesus macaques), which already had a high seroprevalence at an
early age. Therefore, we hypothesized that chronic life stress might be associated
with the NMDAR1-AB production. Since the monkeys were not domesticated
animals but were the 1stor 2rd generation in captivity. Driven by this hypothesis,
we wondered if there is a pre-disposition for high seroprevalence of NMDARI1-
AB in humans if they were also under chronic life stress. We screened the
NMDAR1-AB in the blood samples from the 1st and 2rd generation of human
migrants in our GRAS (Goéttingen Research Association for Schizophrenia)
database (Begemann et al., 2010; Hammer et al., 2014; Ribbe et al., 2010;
Stepniak et al., 2015). GRAS is a unique database established in our group, with
the design of associating the genetic information with neuropsychiatric

phenotypes. Indeed, we observed a high seroprevalence of NMDAR1-AB in the
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young migrants, especially IgA class. This served as an indirect indicator that
chronic life stress could be one of the inducers of the NMDAR1-AB.

(IT1) What are the effects of carrying high titer of NMDAR1-AB in mice?
In order to study the effect of NMDAR1-AB produced endogenously in mice, we
immunized both WT and ApoE~- (Apolipoprotein E deficient) mice with GluN1
antigen cocktail which contains 4 different peptides from the extracellular
structure of NMDA receptor. Since apolipoprotein E (ApoE) mediates lipoprotein
uptake, the ApoE~/- mice have a high cholesterol level, which is believed to
increase the BBB permeability. The level of the BBB breakdown has shown to be
increased upon aging or after injury in mice (Hafezi-Moghadam et al., 2007;
Methia N et al., 2001). Another study reported that the BBB breakdown is likely
due to the activation of cyclophilin A (CypA) which led to vascular defects in the
ApoE~/- mice (Bell et al., 2012).

The titer of NMDAR1-AB was confirmed by ELISA, and it showed a similar
kinetics as ovalbumin (OVA). In the open field test, we observed a higher level of
locomotion after MK801 (dizocilpine) treatment in ApoE”- mice carrying
NMDAR1-AB compared to the WT mice carrying NMDAR1-AB. MK801 is a
noncompetitive antagonist of the NMDA receptor, binding to the core of the
NMDA receptor channel. Studies have shown that administration of MK801 in
rodents induce locomotor hyperactivity, it was used in modelling psychosis-like
behavior in rodents (Hammer et al., 2014; Lee, G. et al., 2019; Vishnoi et al.,
2015; Zuo et al., 2006). Next, we wondered if encephalitis was developed due to
a high titer of NMDAR1-AB IgG classes produced in mice. However, no signs of
inflammation was detected in mouse brains, clearly suggesting that the mice
carrying functional NMDARI1-AB do not necessarily develop anti-NMDA
receptor encephalitis. Therefore, we hypothesized that pre-existing encephalitis
plus circulating NMDAR1-AB will lead to Dalmau’s anti-NMDARI1 encephalitis.
This project is currently running in our group by immunizing a mouse model

followed by induction of brain inflammation.
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Abstract

Autoantibodies of the IgG class against N-methyl-D-aspartate-receptor subunit-NR1 (NMDARI-AB) were considered
pathognomonic for anti-NMDAR encephalitis. This view has been challenged by the age-dependent seroprevalence (up to
>20%) of functional NMDARI1-AB of all immunoglobulin classes found in >5000 individuals, healthy or affected by
different diseases. These findings question a merely encephalitogenic role of NMDAR1-AB. Here, we show that NMDARI1-
AB belong to the normal autoimmune repertoire of dogs, cats, rats, mice, baboons, and rhesus macaques, and are functional
in the NMDARI internalization assay based on human IPSC-derived cortical neurons. The age dependence of
seroprevalence is lost in nonhuman primates in captivity and in human migrants, raising the intriguing possibility that
chronic life stress may be related to NMDARI1-AB formation, predominantly of the IgA class. Active immunization of
ApoE™'~ and ApoE*'* mice against four peptides of the extracellular NMDAR1 domain or ovalbumin (control) leads to high
circulating levels of specific AB. After 4 weeks, the endogenously formed NMDARI1-AB (IgG) induce psychosis-like
symptoms upon MK-801 challenge in ApoE ™'~ mice, characterized by an open blood-brain barrier, but not in their ApoE™"*
littermates, which are indistinguishable from ovalbumin controls. Importantly, NMDAR1-AB do not induce any sign of
inflammation in the brain. Immunohistochemical staining for microglial activation markers and T lymphocytes in the
hippocampus yields comparable results in ApoE™'~ and ApoE™"* mice, irrespective of immunization against NMDARI or
ovalbumin. These data suggest that NMDARI1-AB of the IgG class shape behavioral phenotypes upon access to the brain but
do not cause brain inflammation on their own.

Introduction of these AB, as well as a variably favorable response to
immunosuppressive therapy. The reported syndrome,
Autoantibodies (AB) of the immunoglobulin G (IgG) class  reflecting typical NMDARI antagonistic actions, consisted of
against the N-methyl-D-aspartate-receptor subunit-NR1 psychosis, epileptic seizures, dyskinesia, cognitive decline,
(NMDARI1) were originally interpreted as pathognomonic  reduced consciousness, and autonomic dysregulation [1-4].
for a condition called “anti-NMDAR encephalitis”, char-  However, work on >5000 individuals, healthy or affected by
acterized by high serum and cerebrospinal fluid (CSF) titers  different diseases, consistently revealed overall comparable
age-dependent seroprevalence of functional NMDAR1-AB
of all Ig classes, nurturing serious doubts regarding a purely
pathological role of NMDARI-AB of any Ig class [5-10].

Hong Pan, Bérbara Oliveira, and Gesine Saher contributed equally to NMDARI-AB apparently belong to a pre-existing
this work. autoimmune repertoire [11-17], where Ig isotypes are
< Hannelore Ehrenreich determined by extracellular vs. intracellular antigen location

ehrenreich@em.mpg.de [6]. This may explain the rarity of the IgG class among AB

Extended author information available on the last page of the article directed against extracellular epitopes, e.g., NMDARI,
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MOG, and CASPR2. In contrast, AB that recognize intra-
cellular antigens, e.g., amphiphysin, ARHGAP26, or
GADG65, show predominance of IgG [6]. Despite this
apparent “physiological autoimmunity”, no report exists that
systematically screened mammals other than humans for the
presence of NMDARI1-AB. In recent work, we found that
all naturally occurring NMDARI1-AB are functional and
thus have pathogenic potential irrespective of epitope and Ig
class [10]. Pathophysiological significance may emerge in
conditions of compromised blood-brain barrier (BBB), for
instance, upon injury, infection, inflammation, or genetic
predisposition (APOE4 haplotype), which then allows
substantial access of circulating NMDARI1-AB to the brain
where they act as NMDAR antagonists [5, 9, 18-20].
Alternatively, AB-specific plasma cells may reside or settle
in the brain and produce large amounts of AB intrathecally
[14, 21]. The question whether abundant endogenously
produced NMDARI1-AB of the IgG class can—upon access
to the brain—induce inflammation and thus “anti-NMDARI1
encephalitis” has never been experimentally addressed.

The present paper has therefore been designed to (i) sys-
tematically screen mammals other than humans for ser-
oprevalence of functional NMDAR1-AB and (ii) study mice
with open BBB behavioral and morphological consequences
of high circulating levels of endogenous NMDARI-AB of
the IgG class formed in response to immunization.

Materials and methods
Ethical approvals

Ethics committees of Georg-August University, Gottingen,
and collaborating centers approved the Gottingen Research
Association for Schizophrenia (GRAS) data collection and
other studies “extended GRAS” acquiring human data,
serum samples, and IPSC [5, 6, 8, 9, 22, 23]. Hannover
Medical School Ethics Committee approved the neuro-
surgical specimen collection. Studies comply with Helsinki
Declaration. Patients gave written informed consent. Mouse
studies were approved by Animal Ethics (LAVES,
Oldenburg) following German Animal Protection Law.

Notes: All experiments were performed by researchers
unaware of group assignment. The new nomenclature
GluN1 for NMDARI is mostly disregarded here for con-
sistency with the respective literature.

Human samples
GRAS and “extended GRAS”

The GRAS [22, 23] subsample used here consists of deep-
phenotyped patients (N = 970; age 39.29 +0.40 years; 66.3%
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men), diagnosed with schizophrenia or schizoaffective disorder
according to DSM-IV-TR [24]. Subjects of “extended GRAS”
(N=4933; age 43.29+0.24 years; 56.9% men) comprise
healthy individuals and patients with different neuropsychiatric
diagnoses, including schizophrenia, affective disorders, multi-
ple sclerosis, Parkinson, ALS, stroke, and personality disorders
(detailed description in [5, 6, 8, 9]). For this study, subjects are
dichotomously classified as nonmigrants or migrants compris-
ing first (patient migrated) and second generation (parents
migrated). Identified migrants (N =301/N=4933) are from
Europe (49.8%), Asia (36.9%), Africa (9%), North America
(2%), South America (0.7%), or mixed (1.6%).

Neurosurgical patients

A total of N =72 paired samples of serum and ventricular CSF
were available from patients (N =45 women; age 55.9 +2.2
years; N =27 men; age 60.2+2.7 years) undergoing neuro-
surgery for various reasons: meningiomas, metastases, and
other brain tumors (N=25); intracerebral/subarachnoid
hemorrhages (N=20); hydrocephalus (N=12); arterial
aneurysms (N =7); trigeminal neuralgia (N=4); and others
(N =4). Most pairs were taken simultaneously at the time point
of surgery, i.e., <5min (N = 64) or <30 min (N = 8) apart.

Other mammals

Dogs and cats

Serum samples from dogs and cats of different breeds were
prospectively collected during routine (health check/vacci-
nation) or diagnostic (spectrum of different disorders)
workup of outpatients in the Small Animal Clinic, Uni-
versity of Veterinary Medicine, Hannover.

Monkeys

Serum samples from healthy baboons and rhesus macaques
were obtained through routine checkups at the Leibniz
Institute for Primate Research, Gottingen.

Rodents

Serum samples from healthy rats and mice were obtained at
the Max Planck Institute of Experimental Medicine and the
Institute for Multiple Sclerosis Research, Gottingen.
Serological analyses

NMDAR1-AB determination by clinical standard procedures

Human serum and ventricular CSF were tested for
NMDARI1-AB positivity using commercially available kits,
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based on HEK293T cells transfected with NMDARI and
secondary AB against human IgG, IgM, or IgA (Euro-
immun, Liibeck, Germany) [2, 25]. Mouse serum was
analyzed using the same assay with secondary AB against
mouse IgG, IgM, or IgA (M31001, A-31570, A-21042;
Thermo Fisher, Rockford, USA).

NMDAR1-AB IgM screening in monkey samples

HEK293T cells (50,000) cultured at 37 °C/8% CO, in
DMEM (high glucose, Life Technologies, Carlsbad, USA)
were seeded on a 35-mm dish, grown for 3 days, and
transfected with 3 ug of myc-His-tagged GluN1-1b cloned
into pcDNA4/TO/myc-His A (Invitrogen, Carlsbad, USA)
using Metafectene-Pro (Biontex, Munich, Germany) [10].
One day post transfection, cells were split onto five poly-D-
lysine-coated coverslips in a 35 -mm dish and 1 day later,
they were fixed with 5% paraformaldehyde (PFA) for 20
min, washed 5x (PBS), permeabilized with 0.1% Triton X-
100 for 5 min, again washed 5x (PBS), and blocked with
5% mnormal goat serum (NGS; Sigma-Aldrich, Munich,
Germany) for 1h. After five PBS washes, cells were incu-
bated with serum and monoclonal mouse anti-myc IgG
(clone 9E10, Hollmann-Lab, Bochum) for 1h, washed
with 10x (PBS), incubated for 1 h with fluorescein-labeled
goat anti-monkey IgM (072-11-031; KPL, Gaithersburg,
USA) and AlexaFluor®594-labeled goat anti-mouse
IgG (A11005; Thermo Fisher) secondary AB, and PBS
washed 5x. Cells were mounted in Fluoromount-G
(Southern Biotech, Birmingham, USA) and analyzed
via TCS-SP2-AOBS confocal microscope (63x oil
immersion  objective;  Leica-Microsystems,  Wetzlar,
Germany). The results were independently assessed by
three investigators.

Protein-A assay

Human serum (for cross-validating clinical standard pro-
cedure and protein-A method), as well as dog, cat, rat, and
monkey serum were labeled with protein-A from Staphy-
lococcus aureus, binding the Fc portion of immunoglobu-
lins of different species [26]. Plasma (50 pl) and 25 pg of
FITC-conjugated protein-A (Sigma-Aldrich) were incu-
bated for 2h in the dark at room temperature (RT). The
mixture was then diluted to 250 pl (PBS) and unbound
FITC-Protein-A was removed using 100- kDa Amicon filter
units (Sartorius, Gottingen, Germany), reconcentrating to
~50 ul [27]. NMDARI-AB seropositivity was determined
using Euroimmun assay combined with commercial
monoclonal mouse NMDARI1-AB (114011; M68, SYSY,
Gottingen, Germany). Samples showing distinct double
labeling were rated “positive” (>98% consensus of three
investigators).
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Endocytosis assay

Functional studies were conducted with sera following
ammonium-sulfate precipitation of immunoglobulins [28]
and dialysis (Slide-A-Lyzer® Mini Dialysis Units, 10,000
MWCO Plus Float, Thermo Fisher). To assess AB func-
tionality, human IPSC-derived neurons were exposed to
dialyzed serum [10]. For each species, arbitrarily selected
seronegative (N=1) and seropositive samples (N =2-3)
were analyzed. Briefly, cells were precooled on ice and
washed prior to incubation in cold HBSS with 1:50 diluted
dialyzed sera, control NMDARI-AB (M68-SYSY), or
HBSS alone (negative control) for 30 min/4 °C. After
washing to remove unbound AB, neurons were returned to
their media and incubated for 20 min at 37 °C (three cov-
erslips/sample, endocytosis) or 4 °C (one coverslip/sample,
endocytosis control). The remaining surface NMDAR1 was
exposed to mouse anti-human NMDARI1-AB (N-terminal;
ab134308; Abcam, Cambridge, UK, 1:100), followed by
labeling with secondary donkey anti-mouse IgG (A10036;
Life Technologies, AlexaFluor®546, 1:100). Neurons were
fixed with ice-cold 4% PFA and double stained with
chicken anti-NeuN-AB (266006; SYSY, 1:500) and sec-
ondary donkey anti-chicken AB (703-546-155; Life Tech-
nologies, AlexaFluor®488, 1:250). Nuclei were visualized
using DAPI (Sigma-Aldrich, 0.01 pg/ml). After PBS wash,
coverslips were mounted on SuperFrost®-Plus slides with
Mowiol mounting media (Sigma-Aldrich). Confocal laser-
scanning microscopy was used to quantify NMDARI
density at the membrane (63 x glycerol objective; TCS-SP5
Leica-Microsystems, Mannheim, Germany). From each
coverslip, Z series of optical sections (0.5 pm apart) cov-
ering the three-dimensional extension of neurons were
acquired (sequential scanning mode, identical acquisition
parameters). FlJI-Image] software [29] was used to ran-
domly select NeuN™ cells and determine soma profile.
Fluorescence intensity/cell surface area (AlexaFluor546)
was  automatically = measured as  readout  of
NMDARI surface expression. After background subtrac-
tion, the mean intensity for each coverslip was determined
and fluorescence intensity ratio (37/4 °C) was calculated.

BBB-integrity testing

BBB integrity of 12-month-old ApoE’/ - (N=5) and
ApoE*"™" (N =5) mice was determined using two different
fluorescent tracers, Evans blue (50 mg/g body weight) [30]
and sodium fluorescein (200 mg/g body weight). A detailed
description of this method will be published elsewhere [31].
Briefly, for tracer quantification in the brain at 4h after
intravenous injection in the tail vein, animals were PBS
perfused to remove the circulating tracer. Brains were dis-
sected, immediately frozen on dry ice, weighed, and stored
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at —80 °C. Tissue was lyophilized at —56 °C for 24 h under
vacuum of 0.2 mBar (Christ LMC-1-BETA-1-16, Osterode,
Germany). For tracer extraction, hemispheres were incu-
bated with shaking in 10 ml formamide/mg brain at 57 °C
for 24 h. Integrated density of tracer fluorescence was
determined in triplicates on a fluorescent microscope
(Observer Z2, Zeiss, Germany), equipped with Axio-
CamMRc3, 1 xCamera-Adapter, and ZEN2012 blue-edition
software, recorded at 10x magnification (Plan-Apochromat
10x/0.45M27). Tracer concentration was calculated using a
standard curve and normalized to controls (set to 1).

Mouse immunization

Mice (12-month-old C57BL/6 littermates: ApoE "N =20
and ApoE™*N=23; genders balanced) were immunized
with a mixture of GluN1 extracellular peptides and/or
chicken ovalbumin (Sigma-Aldrich), and emulsified in
equal volume of complete Freund’s Adjuvant (Myco-
bacterium tuberculosis H37TRA plus incomplete Freund’s
Adjuvant; Becton-Dickinson, Sparks, USA) at a final con-
centration of 1 mg/ml [32]. At the tail base, 50 pg of GluN1
peptides and/or 20 pg of ovalbumin were injected sub-
cutaneously (each side one).

Enzyme-linked immunosorbent assay (ELISA)

Orbital sinus blood of immunized mice was stored as EDTA
plasma at —80 °C. ELISA plates (96 well) were coated with
0.5pg of GIuN1 peptide mixture or 0.2 pg of chicken
ovalbumin in 50 pl PBS/well overnight at 4 °C and blocked
with 5% BSA/PBS (Carl Roth, Karlsruhe, Germany).
Mouse plasma (1:1000 or 1:50,000 5% BSA/PBS
50 pl/well) was added for 2h at RT. The signal was
amplified with horseradish peroxidase-linked anti-IgG
(Sigma-Aldrich), and 3,3".5,5"-Tetramethylbenzidine as
colorimetric substrate (BD Biosciences, San Jose, USA).
Absorbance at 450 nm was measured by microplate reader
(Tecan-Trading AG, Minnedorf, Switzerland).

Basic behavioral screening

The behavioral test battery was performed as described
previously [33-36]. Starting at age 5 months, experi-
mentally naive ApoE~'~ and ApoE™*'" littermates under-
went (during light phase) tests of anxiety, activity and
exploratory behavior (elevated plus-maze, open field,
hole-board), motor (rotarod, grip strength) and sensory
function (visual cliff, olfaction, hearing, hot plate),
sensorimotor gating (prepulse inhibition), pheromone-
based social preference, and cognitive performance
(IntelliCage place/reversal learning). Males and females
were tested separately.
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Baseline and post MK-801 locomotion in the open
field

The open-field apparatus consisted of a gray circular
Perspex-arena (120 cm diameter; wall height 25cm).
Indirect white light illumination ensured constant light
intensity of 1201ux in the center. Locomotion was mea-
sured using automated tracking software (Viewer2-Biob-
serve, Bonn, Germany). ApoE~'~ and ApoE™'* littermates
received four baseline measurements preimmunization and
post immunization (15min each), the last followed by
intraperitoneal  MK-801  (Dizocilpine-[5S,10R]-(+)-5-
methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-
imine hydrogen maleate; 0.3 pg/10pul PBS/g Sigma-
Aldrich). MK-801 is a noncompetitive NMDAR antagonist,
acting as a use-dependent ion-channel blocker, and known
to induce psychosis-like hyperactivity in the open field (loss
of inhibition) [37]. Directly post injection, locomotor
activity in open field was analyzed (4 min intervals), with
the first 4 min defined as reference locomotion to express
changes over 120 min as % reference.

Immunohistochemistry

Mice were anesthetized with  Avertin  (2,2,2-
Tribromoethanol, Sigma-Aldrich), and transcardially per-
fused with 4% PFA/Ringer solution (Braun-Melsungen,
Germany). Brains were removed, postfixed in 4% PFA
overnight at 4 °C, and incubated in 30% sucrose/PBS for
2 days at 4 °C. Brains were cryosectioned coronally into
30 um slices and stored in 25% ethylene glycol and 25%
glycerol/PBS at —20°C. Frozen sections (three/mouse;
rostral hippocampus), mounted on SuperFrost®-Plus slides
(Thermo Fisher, Waltham, USA), were used for cell quan-
tification. For CD3 staining, sections were microwaved 3 x
for 4 min in citrate buffer (1 mM, pH 6) and blocked with
5% normal horse serum (NHS), and 0.5% Triton X-100/
PBS for 1h at RT. Incubation with rat anti-mouse CD3
(MCA1477; BioRad, Hercules, USA; 1:100) diluted in 5%
NHS, and 0.5% Triton X-100/PBS was performed for two
nights/4 °C, followed by incubation with goat anti-rat
AlexaFluor®647 (A-21247; Thermo Fisher, Schwerte,
Germany; 1:1000) diluted in 5% NHS, and 0.5% Triton X-
100/PBS for 2 h at RT. For Ibal, GFAP, CD68, and MHC-
IT staining, sections were blocked with 5% NGS and/or 5%
NHS in 0.5% Triton X-100/PBS for 1h at RT. Incubation
with rabbit anti-mouse Ibal (019-19741; Wako-Chemicals
GmbH, Neuss, Germany; 1:1000), or mouse anti-mouse
GFAP (NCL-GFAP-GAS5; Novocastra-Leica, Newcastle
upon Tyne, UK; 1:500), diluted in 3% NGS or 3% NHS,
and 0.5% Triton X-100/PBS, was performed overnight, and
incubation with rat anti-mouse CD68 (MCA1957GA;
BioRad GmbH, Miinchen, Germany, 1:400) and rat
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anti-mouse MHC-II (14-5321; eBioscience, San Diego,
USA, 1:100) diluted in 3% NGS and 3% NHS, and 0.5%
Triton X-100/PBS, was performed over two nights, all at 4 °
C. Incubation with secondary antibodies was performed
with goat anti-rabbit AlexaFluor®555 (A-21428; Thermo
Fisher; 1:500) diluted in 3% NGS, 0.5% Triton X-100/PBS,
or donkey anti-rabbit AlexaFluor®488 (A-21206; Thermo
Fisher, 1:500) or donkey anti-mouse AlexaFluor488
(A21202; Thermo Fisher, 1:500) or goat anti-rat Alexa-
Fluor®647 (A-21247; Thermo Fisher, 1:500), diluted in
3% NGS or 3% NHS, and 0.5% Triton X-100/PBS for
1.5 h at RT. Nuclei were counterstained with DAPI (Sigma-
Aldrich, 0.01 pg/ml) and sections were mounted using
Aqua-Poly/Mount  (Polysciences, Warrington, USA).
Tile scans of hippocampus were acquired using Leica-
DMI6000 epifluorescence microscope (20x objective;
Leica) and Ibal™ and CD3" cells were counted using
cell counter plug-in of FIJI-ImageJ software [29].
GFAP™ cells in the hippocampus were quantified densito-
metrically upon uniform thresholding (expressed as %
respective area).

Statistical analyses

Statistical analyses were performed using SPSSv.17 (IBM-
Deutschland-GmbH, Munich, Germany) or Prism4
(GraphPad Software, San Diego, California, USA). Group
differences in categorical and continuous variables were
assessed using %, Mann—-Whitney U, or Student's r-tests
depending on data distribution/variance homogeneity.
ANOVA was employed as indicated in display item
legends. All p-values are two tailed; significance is set to p
< 0.05; data are presented as mean + S.E.M.

Results
Cross-validation of NMDAR1-AB detection methods

To determine NMDARI1-AB seropositivity in mammals
other than humans, we had to validate the protein-A
detection method [27]. For that, N=72 paired human
serum and ventricular CSF samples, prospectively collected
from random neurosurgical patients, were analyzed by the
usual cell-based assay, employing specific secondary AB
for all Ig classes. A total of N=5 sera turned out
NMDARI-AB positive (titers < 1:100; 3x IgM; 2x IgA;
0x IgG). Ventricular CSF samples were all negative. For
cross-validation of NMDARI1-AB of the IgG class, we used
serum of a seropositive stroke patient [8]. Application of
protein-A method combined with double labeling for
NMDARI-AB M68 confirmed positive and negative
results (Fig. la).
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High seroprevalence of NMDAR1-AB across
mammalian species

We next analyzed by protein-A method serum samples of
dogs, cats, rats, baboons, and rhesus macaques. Strikingly,
all mammalian species, independent of their respective life
expectancy, show high NMDARI-AB seropositivity
(Fig. 1b). Mouse samples were analyzed using specific AB
against murine IgA, IgM, and IgG. As known for humans
[6], NMDARI1-AB of the IgG class were the rarest. For
another cross-validation, all monkey samples (N = 100)
were analyzed in blinded fashion by an independent lab
(Bochum; using specific anti-monkey IgM). IgM-positive
results coincided with the protein-A positivity by >97%
(76 of 78). The fraction of protein-A positive but IgM-
negative monkey samples (total 22%) likely presents
NMDARI-AB of IgA class and IgG class where specific
AB were not available.

Age-dependent NMDAR1-AB seroprevalence except
for nonhuman primates and human migrants

All species revealed age dependence of NMDARI-AB
seroprevalence (7 test; dogs: A1) =115, p=0.01; cats:
7(1)=4.8, p=0.03; rats: y*(1) = 9.5, p = 0.002; and mice:
Fisher’s exact test p =0.032) as for humans [5, 8] with the
exception of baboons (1) = 1.0, p=0.3), where already
>50% of young animals were seropositive. This surprising
result made us investigate another monkey species, rhesus
macaques, showing again high seroprevalence in old and
young animals (,r’(l):O.Z. p=0.6) (Fig. 1b). We won-
dered what the difference between humans, dogs, cats,
mice, and rats, on one hand, and monkeys, on the other
hand, could be, leading to loss of the usual age pattern
regarding seroprevalence. Postulating that captivity/non-
domestication of young monkeys might induce chronic life
stress due to maladaptation to the environment, we inves-
tigated in a hypothesis-driven way whether young human
migrants would display a similar increase in NMDAR1-AB
seropositivity. Of the GRAS data collection, detailed
information on migration was available in a subsample of N
=970 individuals. While nonmigrants show the typical age
association of NMDAR1-AB seroprevalence (4%(1) = 10.7,
p =0.001), migrants do not (,1/2(1) =0.6, p=0.4) (Fig. lc).
Seroprevalence in young migrants is significantly higher as
compared to young nonmigrants (1) =5.381, p = 0.020).
In both monkey species and migrants, the IgM fraction still
follows the expected age trend, while IgA seems to account
for the early increase in NMDARI-AB seroprevalence
(Fig. 1c). Presentation of NMDAR1-AB by Ig class in the
extended GRAS sample (N =4933), with
N = 4632 of likely nonmigrants (available information less
detailed) and N =301 known migrants, illustrates the
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Fig. 1 NMDARI-AB seropositivity and functionality across mam-
malian species. a Cross-validation of assays: paired serum and intra-
ventricular CSF samples from neurosurgical patients were tested using
a HEK293T cell-based clinical standard assay for NMDARI-AB
seropositivity (Euroimmun biochip). For step 1, fluorescently labeled
IgA-specific, IgM-specific, and IgG-specific secondary AB were used;
for method cross-validation (step 2), NMDARI-AB seropositive and
seronegative samples of each Ig class from step 1 were labeled with
protein-A-FITC conjugate and tested for colocalization (yellow) of
protein-A-FITC" (green) and M68" (monoclonal mouse NMDARI1-
AB followed by Alexa555 donkey anti-mouse IgG red). Representa-
tive pictures of both methods using the same seropositive samples
(IgA, IgM, and IgG) are displayed on the right: upper row step 1/lower
row step 2. b NMDAR-AB seropositivity (%) of young and old

abnormal course of IgA vs. IgM/IgG seroprevalence over
age in migrants (Fig. 1d).

Functionality of NMDAR1-AB from different
mammalian species

To assess whether NMDAR1-AB of the tested species are

functional, our endocytosis assay using IPSC-derived
human cortical neurons [10] was employed. All positive

SPRINGER NATURE

34

mammals for all Ig classes combined (*protein-A—FITC/Euroimmun)
or for individual classes (" Euroimmun; *protein-A—FITC/Euroimmun
and cross-validation with Euroimmun/monkey IgM) presented in the
bars; color codes used for consistency and kept also in ¢ and d; age
given in months (m) or years (y); 7* or Fisher's exact test. ¢ NMDAR-
AB seropositivity of subjects with migration (first and second gen-
eration) vs. nonmigration history (GRAS data collection); all Ig classes
presented; age split at 35 years; 5 test. d NMDARI-AB course by Ig
classes in serum over age groups in migrants vs. nonmigrants of the
extended GRAS data collection. Note the different course particularly
for IgA. eFunctionality testing of NMDARI-AB in human IPSC-
derived cortical neurons: degree of internalization expressed as a ratio
of fluorescence intensity measured at 37 and 4 °C; number of neurons
and sera (N) given; Mann—Whitney U test

sera provoked NMDARI internalization, verifying func-
tionality (Mann—Whitney U; all p <0.001) (Fig. le).

BBB d)'sfunction but normal behavior of
ApoE™" mice

We next induced endogenous NMDARI1-AB formation in a
mouse model of BBB dysfunction, ApoE~'~ mice vs. WT
littermates, ApoE™'*. Before that, we confirmed in 12-
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Fig. 2 Behavioral and morphological effects of endogenous NMDAR -
AB of the IgG class in a mouse model with open BBB. a Demonstration
of BBB leakiness in ApoE '~ mice using an intravenously injected
mixture of Evans blue (EB) and sodium fluorescein (NaFl): After brain
cryopreservation/lyophilization, tracers were extracted with formamide
and quantified; Student’s #-test; b Experimental outline; ¢ Immunization:
Left: GluN1 peptides (P1-P4) located in the extracellular part of the
receptor were used for immunization (compare Fig. 3); middle and right:
Time course of anti-ovalbumin and anti-GluN1-AB (IgG) upon
immunization in ApoE '~ and ApoE""* mice; optical density at dilution
1:1000 shown; titers after day 10 reach up to 1:50,000; d Effect of MK-
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801 injection on activity in the open field; results presented as % change
from baseline (first 4 min post MK-801 set to 100%): no difference in
MK-801-induced hyperactivity between genotypes after ovalbumin
immunization (one-way repeated measures ANOVA: treatment X group
interaction: F; j7,=0.2; p = 0.7); increase in hyperactivity (during rise,
plateau, decline, and after-effect phases) upon MK-801 in ApoE '~ but
not ApoE*"* mice immunized against GluN1 (one-way repeated mea-
sures ANOVA: treatment X group interaction: F; 5, = 5.6: p = 0.028).
e Quantification of Ibal” and CD3" cells in the hippocampus to assess
inflammation in the brain; one-way ANOVA; representative pictures of
Ibal (left) and CD3 (right) stainings in the middle
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Table 1 Basic behavioral screening of male and female ApoE'" and ApoE” mice
Males Females
Behavioral paradigms Age ApoE*™"™* ApoE™ p-value Age ApoE*™"* ApoE™ p-value
(month) () ™) (month) () ™
Anxiety and activity
Elevated plus-maze 5 12.6+3.2 19.5+4.0 p=0.14 5 17.5+£2.9 14.8+1.3 p=0.98
(time open [%]) (10) (10) U=30.0 (13) (11) U=T71.0
Exploratory behavior
Hole-board (holes visited [#]) 5 152423 11.9+1.9 p=0.30 5 155+1.8 15.6+2.9 p=0.96
(10) (10) 1(18)=1.07 (13) (13) 1(22)=0.96
Open-field
Locomotion [m] 5 31.8+1.7 32.7x15 p=0.70 5 427+1.3 43.7+3.2 p=0.76
(10) (10) 1(18)=0.39 (13) (13) 1(22)=0.31
Motor learning and coordination
Rotarod day 1 (latency to 6 89.3+11.6 130.0+15.3 p=0.06 5 130.9+14.0 133.3+16.0  p=0.91
fall [s]) (10) (10) 1(18)=2.01 (13) (11 122)=0.11
Rotarod day 2 (latency to 6 140.319.4 145.6+17.8 p=0.81 5 179.0£16.8 160.5+£19.9  p=0.5
fall [s]) (10) (10) 1(18)=0.25 (13) (11) 1(22)=0.69
Muscle strength
Grip-strength [au] 6 1102454 122.0+5.0 p=0.15 6 108.8+3.0 115.1+4.4 p=0.26
(10) (10) #(18)=1.52 (13) (11) 1(22)=1.16
Heat/pain perception
Hot-plate (latency to lick [s]) 5 12.8+0.4 11.9+0.7 p=0.22 5 13.7£0.5 12.4+0.5 p=0.15
(10) (10) 1(18)=1.26 (12) (10) 1(20)=1.5
Vision
Visual-cliff (time on 5 26.5+7.2 22.0+£5.6 p=0.85 5 21.7+5.1 29.0+3.9 p=0.13
“"air" side [%]) (10) (10) U=47.0 (13) (11) U=45.0
Olfaction
Buried food-test (latency to find 5 59.4+9.2 50.6+8.5(9) p=0.52 5 47.8+129 50.7+10.7 p=0.87
cookie [s]) (10) 1(17)=0.66 (12) (11) 1(21)=0.16
Hearing
Acoustic startle at 65dB [AU] 6 0.5+0.04 0.5+0.04 p=0.53 8 0.4+0.1 0.5+0.04 p=0.19
(10) (10) F(1,18)=0.42 (13) (11) F(1,22)=1.82
Acoustic startle at 120dB [AU] 45+1.0 (10)  4.8+1.0 (10) 33105 4.2+0.6
(13) (11)
Sensorimotor gating
Mean pre-pulse inhibition [%) 6 44.8+6.7 40.6+7.4 p=0.69 8 57.7+4.1 50.4+6.3 p=0.35
(10) (10) F(1,18)=0.16 (13) (11) F(1,22)=091
Pheromone-based social preference
Time spent in pheromone 15 1213+50.8 1115+83.7 p=0.33
box [s] (12) (12) 1(22)=1.0
Time spent in control box [s] 780.5+£75.4  751.1+835  p=0.84
(12) (12) 1(22)=0.21
Cognitive performance in IntelliCage
Place-learning [% target corner 15 34.2+1.3 34.2+1.8 p=0.76
visits]* (12) (13) U=72.0
Reversal-learning [% target 342+13 342+1.8 p=0.17
corner visits]* (12) (13) U=52.0
“as previously described in Netrakanti et al. 2015
Note: All data in the table are mean + S.E.M.
month-old mice (age of immunization) BBB leakiness using ~ —10.66, p<0.001; NaFl: #8)=-897, p<0.001)
two fluorescent tracers. While brain water content was  (Fig. 2a). We wondered whether this compromised

similar in both genotypes, pointing against inflammation,
ApoE” ~ mice showed increased tracer extravasation, con-
firming BBB dysfunction (Student’s #-test: EB: #(8)=
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BBB would by itself lead to behavioral abnormalities in
ApoE~'~ mice. A comprehensive behavioral battery,
including tests for anxiety, activity, exploratory behavior,
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motor and sensory function, sensorimotor gating,
pheromone-based social preference, and cognitive perfor-
mance did not reveal any differences between genotypes
(Table 1).

Immunization of ApoE”'~ and ApoE*’* mice against
NMDAR1-peptides

To explore whether endogenously formed NMDARI1-AB
would lead to measurable behavioral and morphological
effects, we immunized 12-month-old ApoE~'~ and ApoE*'*
littermates against four peptides of the extracellular
NMDARI1/GluN1-domain (including NTD-G7; N368/
G369) and ovalbumin or against ovalbumin alone as
immunization control (Fig. 2b—c). GIuN1 shows >99%
sequence homology among all here-tested mammalian
species, with immunizing peptides being 100% homologous
(Fig. 3). Immunization led to high circulating levels of
specific IgG (titers up to 1:50,000). Efficacy of immuniza-
tion and time course of IgG appearance as determined by
ELISA were comparable for NMDAR 1-peptides and oval-
bumin across genotypes, making a simple boosting effect of
NMDARI1-peptides on pre-existing NMDARI1-specific B
cell clones rather improbable (Fig. 2c).

Psychosis-related behavior of ApoE”'~ mice upon
MK-801 challenge

Open-field tests measuring baseline preimmunization and
postimmunization locomotion did not reveal any differences
between genotypes and/or immunization groups (Fig. 2b;
not shown). After 4 weeks, the endogenously formed
NMDARI-AB of the IgG class induced strong hyper-
activity (psychosis-like symptoms [37]) upon MK-801
challenge in ApoE~~ mice only. In contrast, ApoE™"*
mice behaved comparably to ovalbumin-only immunized
mice of both genotypes (Fig. 2d; all p > 0.5). Thus, an open
BBB together with sufficiently high titers of AB (to reach a
threshold loss of NMDARI surface expression) is a pre-
requisite for the observed behavioral perturbation upon
MK-801.

No inflammation in hippocampus of immunized
ApoE™~ and ApoE*"* mice

Immunohistochemistry did not show any evidence of
inflammation in either genotype and/or immunization
group. Numbers of Ibal™ and CD3™ cells as markers of
microglia and T cells, respectively, were comparable for
total hippocampus (one-way ANOVA: Ibal: F(3,18) =0.3;
p=0.8; CD3: F(3,18) =0.4; p=0.8) (Fig. 2e) and for all
hippocampal subfields separately (all p-values > 0.2; not
shown). Also, staining for microglial activity markers,
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CD68 and MHCII, was essentially negative and identical
across groups. Moreover, staining for GFAP did not
reveal any appreciable density increase in the
hippocampus, and thus no sign of astrogliosis (data not
shown).

Discussion

The present work demonstrates high seroprevalence of
functional NMDARI1-AB of all Ig classes across mammals,
indicating that these AB are part of a pre-existing auto-
immune repertoire [11-17]. As in humans, NMDAR1-AB
of the IgG class are the least frequent [6, 20]. The age
related up to >50% NMDARI-AB seropositivity is inde-
pendent of the respective species’ life expectancy, indicating
that the aging process itself rather than years of exposure to
a certain environment triggers NMDARI-AB formation.
However, our knowledge on predisposing factors and
inducing mechanisms is limited. Specific autoimmune-
reactive B cells may get repeatedly boosted by, e.g.,
infections, neoplasms, or the microbiome, and less effi-
ciently suppressed over a lifespan likely owing to a gradual
loss of immune tolerance upon aging [14].

Unexpectedly, we find the age-dependence lost in non-
human primates and in human migrants that all display an
early-life rise in NMDARI1-AB seropositivity, mainly of
IgA. The intriguing possibility that chronic life stress,
known to be present in human migrants [38] and animals in
captivity [39], acts as a trigger of early NMDARI-AB
formation is worth pursuing experimentally in the future. A
large proportion of migrants in our human samples are
suffering from neuropsychiatric illness. This may addi-
tionally support our chronic stress hypothesis since migra-
tion is recognized as an environmental stressor predisposing
to mental disease [40]. Further studies should screen wild-
life monkeys and species in zoos for NMDARI-AB.
Experimental confirmation of our findings provided,
NMDARI1-AB (IgA) may even serve as stress markers. In
fact, earlier reports show that total serum-Ig of all classes,
most prominently IgA, respond to psychological stress [41].
NMDARI1-AB might thus belong to a set of stress-boosted
AB. Interestingly, we also find accumulated seroprevalence
of 23 other brain-directed AB [6] in young migrants vs.
nonmigrants increased (data not shown), suggesting a glo-
bal inducer role of chronic stress in humoral autoimmunity.

Earlier work has shown that AB against brain antigens in
general are common among mammals [42], but no study
has so far systematically screened nonhuman mammals for
NMDARI-AB. As an exception, a recent report described
“anti-NMDARI encephalitis” in the young polar bear Knut
[27]. Based on the present findings, Knut may have
belonged to those nondomesticated species in captivity—
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Peptide 1
MSTMRLLTLALLFSCSVARAACDPKIVNIGAVLSTRKHEQMFREAVNQANKRHGSWKIQLNATSVTHKPNATQMALSVCEDLISSQVYAILVSHPPTPND
MSTMRLLTLALLFSCSVARAACDPKIVNIGAVLSTRKHEQMFREAVNQANKRHGSWKIQLNATSVTHKPNATQMALSVCEDLISSQVYAILVSHPPTPND
MSTMRLLTLALLFSCSVARAACDPKIVNIGAVLSTRKHEQMFREAVNQANKRHGSWKIQLNATSVTHKPNATIQMALSVCEDLISSQVYAILVSHPPTPND
MSTMRLLTLALLFSCSFARAACDPKIVNIGAVLSTRKHEQMFREAVNQANKRHGSWKIQLNATSVTHKPNATQMALSVCEDLISSQVYAILVSHPPTPND
MSTMRLLTLALLFSCSFARAACDPKIVNIGAVLSTRKHEQMFREAVNQANKRHGSWKIQLNATSVTHKPNATQMALSVCEDLISSQVYAILVSHPPTPND
MSTMHLLTFALLFSCSFARAACDPKIVNIGAVLSTRKHEQMFREAVNQANKRHGSWKIQLNATSVTHKPNATQMALSVCEDLISSQVYAILVSHPPTPND
MSTMHLLTFALLFSCSFARAACDPKIVNIGAVLSTRKHEQMFREAVNQANKRHGSWKIQLNATSVTHKPNATQMALSVCEDLISSQVYAILVSHPPTPND

e

HFTPTPVSYTAGFYRIPVLGLTTRMSIYSDKSIHLSFLRTVPPYSHQSSVWFEMMRVYSWNHIILLVSDDHEGRAAQKRLETLLEERESKSKKRNYENLD
HFTPTPVSYTAGFYRIPVLGLTTRMSIYSDKSIHLSFLRTVPPYSHQSSVWFEMMRVYSWNHIILLVSDDHEGRAAQKRLETLLEERESKSKKRNYENLD
HFTPTPVSYTAGFYRIPVLGLTTRMSIYSDKSIHLSFLRTVPPYSHQSSVWFEMMRVYSWNHIILLVSDDHEGRAAQKRLETLLEERESKSKKRNYENLD
HFTPTPVSYTAGFYRIPVLGLTTRMSIYSDKSIHLSFLRTVPPYSHQSSVWFEMMRVYSWNHIILLVSDDHEGRAAQKRLETLLEERESKSKKRNYENLD
HFTPTPVSYTAGFYRIPVLGLTTRMSIYSDKSIHLSFLRTVPPYSHQSSVWFEMMRVYSWNHIILLVSDDHEGRAAQKRLETLLEERESKSKKRNYENLD
HFTPTPVSYTAGFYRIPVLGLTTRMSIYSDKSIHLSFLRTVPPYSHQSSVWFEMMRVYNWNHIILLVSDDHEGRAAQKRLETLLEERESKSKKRNYENLD
HFTPTPVSYTAGFYRIPVLGLTTRMSIYSDKSIHLSFLRTVPPYSHQSSVWFEMMRVYNWNHIILLVSDDHEGRAAQKRLETLLEERESKSKKRNYENLD

QLSYDNKRGPKAEKVLQFDPGTKNVTALLMEAKELEARVIILSASEDDAATVYRAAAMLNMTGSGYVWLVGEREISGNALRYAPDGILGLQLINGKNESA
QLSYDNKRGPKAEKVLQFDPGTKNVTALLMEAKELEARVIILSASEDDAATVYRAAAMLNMTGSGYVWLVGEREISGNALRYAPDGILGLQLINGKNESA
QLSYDNKRGPKAEKVLQFDPGTKNVTALLMEAKELEARVIILSASEDDAATVYRAAAMLNMTGSGYVWLVGEREISGNALRYAPDGILGLQL INGKNESA
QLSYDHKRGPKAEKVLQFDPGTKNVTALLMEARELEARVIILSASEDDAATVYRAAAMLNMTGSGYVWLVGEREISGNALRYAPDGIIGLQL INGKNESA
QLSYDNKRGPKAEKVLQFDPGTKNVTALLMEARELEARVIILSASEDDAATVYRAAAMLNMTGSGYVWLVGEREISGNALRYAPDGIIGLQL INGKNESA
QLSYDNKRGPKAEKVLQFDPGTKNVTALLMEARELEARVIILSASEDDAATVYRAAAMLNMTGSGYVWLVGEREISGNALRYAPDGIIGLQL INGKNESA
QLSYDNKRGPKAEKVLQFDPGTKNVTALLMEARDLEARVIILSASEDDAATVYRAAAMLNMTGSGYVWLVGEREISGNALRYAPDGIIGLQLINGKNESA

Peptide 2
HISDAVGVVAQAVHELLEKENITDPPRGCVGNTNIWKTGPLFKRVLMSSKYADGVTGRVEFNEDGDRKFANYSTIMNLQNRKLVQVGIYNGTHVIPNDRKI
HISDAVGVVAQAVHELLEKENITDPPRGCVGNTNIWKTGPLFKRVLMSSKYADGVTGRVEFNEDGDRKFANYSIMNLQNRKLVQVGIYNGTHVIPNDRKI
HISDAVGVVAQAVHELLEKENITDPPRGCVGNTNIWKTGPLFKRVLMSSKYADGVTGRVEFNEDGDRKFANYSIMNLQNRKLVQVGIYNGTHVIPNDRKI
HISDAVGVVAQAVHELLEKENITDPPRGCVGNTNIWKTGPLFKRVLMSSKYADGVTGRVEFNEDGDRKFANYSIMNLQNRKLVQVGIYNGTHVIPNDRKI
HISDAVGVVAQAVHELLEKENITDPPRGCVGNTNIWKTGPLFKRVLMSSKYADGVTGRVEFNEDGDRKFANYSIMNLQNRKLVQVGIYNGTHVIPNDRKI
HISDAVGVVAQAVHELLEKENITDPPRGCVGNTNIWKTGPLFKRVLMSSKYADGVTGRVEFNEDGDRKFANYSIMNLQNRKLVQVGIYNGTHVIPNDRKI
HISDAVGVVAQAVHELLEKENITDPPRGCVGNTNIWKTGPLFKRVLMSSKYADGVTGRVEFNEDGDRKFANYSIMNLQNRKLVQVGIYNGTHVIPNDRKI

Peptide 3
IWPGGETEKPRGYQMSTRLKIVTIHQEPFVYVKPTLSDGTCKEEFTVNGDPVKKVICTGPNDTSPGSPRHTVPQCCYGFCIDLLIKLARTMNFTYEVHLY
IWPGGETEKPRGYQMSTRLKIVTIHQEPFVYVKPTLSDGTCKEEFTVNGDPVKKVICTGPNDTSPGSPRHTVPQCCYGFCIDLLIKLARTMNFTYEVHLY
IWPGGETEKPRGYQMSTRLKIVTIHQEPFVYVKPTLSDGTCKEEFTVNGDPVKKVICTGPNDTSPGSPRHTVPQCCYGFCIDLLIKLARTMNFTYEVHLY
IWPGGETEKPRGYQMSTRLKIVTIHQEPFVYVKPTLSDGTCKEEFTVNGDPVKKVICTGPNDTSPGSPRHTVPQCCYGFCIDLLIKLARTMNFTYEVHLY
IWPGGETEKPRGYQMSTRLKIVTIHQEPFVYVKPTLSDGTCKEEFTVNGDPVKKVICTGPNDTSPGSPRHTVPQCCYGFCIDLLIKLARTMNFTYEVHLV
IWPGGETEKPRGYQMSTRLKIVTIHQEPFVYVKPTMSDGTCKEEFTVNGDPVKKVICTGPNDTSPGSPRHTVPQCCYGFCIDLLIKLARTMNFTYEVHLYV
IWPGGETEKPRGYQMSTRLKIVTIHQEPFVYVKPTMSDGTCKEEFTVNGDPVKKVICTGPNDTSPGSPRHTVPQCCYGFCVDLLIKLARTMNFTYEVHLY

S1

ADGKFGTQERVNNSNKKEWNGMMGELLSGQADMIVAPLTINNERAQYIEFSKPFKYQGLTILVKKEIPRSTLDSFMQPFQSTLWLLVGLSVHVVAVMLYL
ADGKFGTQERVNNSNKKEWNGMMGELLSGQADMIVAPLTINNERAQYIEFSKPFKYQGLTILVKKEIPRSTLDSFMQPFQSTLWLLVGLSVHVVAVMLYL
ADGKFGTQERVNNSNKKEWNGMMGELLSGQADMIVAPLTINNERAQYIEFSKPFKYQGLTILVKKEIPRSTLDSFMQPFQSTLWLLVGLSVHVVAVMLYL
ADGKFGTQERVNNSNKKEWNGMMGELLSGQADMIVAPLTINNERAQYIEFSKPFKYQGLTILVKKEIPRSTLDSFMQPFQSTLWLLVGLSVHVVAVMLYL
ADGKFGTQERVNNSNKKEWNGMMGELLSGQADMIVAPLTINNERAQYIEFSKPFKYQGLTILVKKEIPRSTLDSFMQPFQSTLWLLVGLSVHVVAVMLYL
ADGKFGTQERVNNSNKKEWNGMMGELLSGQADMIVAPLTINNERAQYIEFSKPFKYQGLTILVKKEIPRSTLDSFMQPFQSTLWLLVGLSVHVVAVMLYL
ADGKFGTQERVNNSNKKEWNGMMGELLSGQADMIVAPLTINNERAQYIEFSKPFKYQGLTILVKKEIPRSTLDSFMQPFQSTLWLLVGLSVHVVAVMLYL

s1 TMD A:

Peptide 4
LDRFSPFGRFKVNSEEEEEDALTLSSAMWF SWGVLLNSGIGEGAPRSFSARILGMVWAGFAMIIVASYTANLAAFLVLDRPEERITGINDPRLRNPSDKF
LDRFSPFGRFKVNSEEEEEDALTLSSAMWF SWGVLLNSGIGEGAPRSFSARILGMVWAGFAMIIVASYTANLAAFLVLDRPEERITGINDPRLRNPSDKF
LDRFSPFGRFKVNSEEEEEDALTLSSAMWFSWGVLLNSGIGEGAPRSFSARILGMVWAGFAMITIVASYTANLAAFLVLDRPEERITGINDPRLRNPSDKF
LDRFSPFGRFKVNSEEEEEDALTLSSAMWFSWGVLLNSGIGEGAPRSFSARILGMVWAGFAMIIVASYTANLAAFLVLDRPEERITGINDPRLRNPSDKF
LDRFSPFGRFKVNSEEEEEDALTLSSAMWFSWGVLLNSGIGEGAPRSFSARILGMVWAGFAMIIVASYTANLAAFLVLDRPEERITGINDPRLRNPSDKF
LDRFSPFGRFKVNSEEEEEDALTLSSAMWF SWGVLLNSGIGEGAPRSFSARILGMVWAGFAMIIVASYTANLAAFLVLDRPEERITGINDPRLRNPSDKF
LDRFSPFGRFKVNSEEEEEDALTLSSAMWFSWGVLLNSGIGEGAPRSFSARILGMVWAGFAMIIVASYTANLAAFLVLDRPEERITGINDPRLRNPSDKF
— P TMD B
Peptide 4

IYATVKQSSVDIYFRRQVELSTMYRHMEKHNYESAAEAIQAVRDNKLHAF IWDSAVLEFEASQKCDLVTTGELFFRSGFGIGMRKDSPWKQNVSLSILKS
IYATVKQSSVDIYFRRQVELSTMYRHMEKHNYESAAEAIQAVRDNKLHAFIWDSAVLEFEASQKCDLVTTGELFFRSGFGIGMRKDSPWKQNVSLSILKS
IYATVKQSSVDIYFRRQVELSTMYRHMEKHNYESAAEAIQAVRDNKLHAF IWDSAVLEFEASQKCDLVTTGELFFRSGFGIGMRKDSPWKQNVSLSILKS
IYATVKQSSVDIYFRRQVELSTMYRHMEKHNYESAAEAIQAVRDNKLHAF IWDSAVLEFEASQKCDLVTTGELFFRSGFGIGMRKDSPWKQNVSLSILKS
IYATVKQSSVDIYFRRQVELSTMYRHMEKHNYESAAEAIQAVRDNKLHAF IWDSAVLEFEASQKCDLVTTGELFFRSGFGIGMRKDSPWKQNVSLSILKS
IYATVKQSSVDIYFRRQVELSTMYRHMEKHNYESAAEAIQAVRDNKLHAF IWDSAVLEFEASQKCDLVTTGELFFRSGFGIGMRKDSPWKQNVSLSILKS
IYATVKQSSVDIYFRRQVELSTMYRHMEKHNYESAAEAIQAVRDNKLHAF IWDSAVLEFEASQKCDLVTTGELFFRSGFGIGMRKDSPWKQNVSLSILKS

Peptide 4
HENGFMEDLDKTWVRYQECDSRSNAPATLTFENMAGVFMLVAGGIVAGIFLIFIEIAYKRHKDARRKQMQLAFAAVNVWRKNLQDRKSGRAEPDPKKKAT
HENGFMEDLDKTWVRYQECDSRSNAPATLTFENMAGVFMLVAGGIVAGIFLIFIEIAYKRHKDARRKQMQLAFAAVNVWRKNLQDRKSGRAEPDPKKKAT
HENGFMEDLDKTWVRYQECDSRSNAPATLTFENMAGVFMLVAGGIVAGIFLIFIEIAYKRHKDARRKQMQLAFAAVNVWRKNLQDRKSGRAEPDPKKKAT
HENGFMEDLDKTWVRYQECDSRSNAPATLTFENMAGVFMLVAGGIVAGIFLIFIEIAYKRHKDARRKQMQLAFAAVNVWRKNLQDRKSGRAEPDPKKKAT
HENGFMEDLDKTWVRYQECDSRSNAPATLTFENMAGVFMLVAGGIVAGIFLIFIEIAYKRHKDARRKQMQLAFAAVNVWRKNLQDRKSGRAEPDPKKKAT
HENGFMEDLDKTWVRYQECDSRSNAPATLTFENMAGVFMLVAGGIVAGIFLIFIEIAYKRHKDARRKQMQLAFAAVNVWRKNLQDRKSGRAEPDPKKKAT
HENGFMEDLDKTWVRYQECDSRSNAPATLTFENMAGVFMLVAGGIVAGIFLIFIEIAYKRHKDARRKQMQLAFAAVNVWRKNLQDRKSGRAEPDPKKKAT

S2 TMD C

FRAITSTLASSFKRRRSSKDTSTGGGRGALQNQKDTVLPRRAIEREEGQLQLCSRHRES
FRAITSTLASSFKRRRSSKDTSTGGGRGALQNQKDTVLPRRAIEREEGQLQLCSRHRES
FRAITSTLASSFKRRRSSKDTSTGGGRGALQNQKDTVLPRRAIEREEGQLQLCSRHRES
FRAITSTLASSFKRRRSSKDTSTGGGRGALQNQKDTVLPRRAIEREEGQLQMCARHRES
FRAITSTLASSFKRRRSSKDTSTGGGRGALQNQKDTVLPRRAIEREEGQLQMCARHRES
FRAITSTLASSFKRRRSSKDTSTGGGRGALQNQKDTVLPRRAIEREEGQLQLCSRHRES
FRAITSTLASSFKRRRSSKDTSTGGGRGALQNQKDTVLPRRAIEREEGQLQLCSRHRES

XP_005266130
XP~014971750
XP_009186049
AB195994/AB1959957NC_006591
XP_011287050
NPZ081257531
XP~006497785

Fig. 3 Alignment of GluN1-1b receptor amino acid sequence across all
mammalian species tested. Regions containing the four peptide
sequences (peptides 1-4: Pl: AA35-53, P2: AA361-376, P3:
AA385-399, and P4: AA660-811) used in the immunization experi-
ment are highlighted in yellow and light brown (compare three-

dimensional presentation in Fig. 2¢) and nonhomologous amino acids
in pink. SP signal peptide, S1, S2 segments of the ligand-binding
domain, TMD A transmembrane domain A, TMD B transmembrane
domain B, TMD C transmembrane domain C
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comparable to monkey species investigated here—that are
affected by chronic early-life stress, inducing NMDARI-
AB seropositivity. Pre-existing NMDAR1-AB of this bear
may have ultimately shaped the clinical picture of an
encephalitis of unexplained origin (likely infectious
according to the zoo’s pathology reports) where an epileptic
seizure led to drowning [27].

This interpretation is supported by our novel auto-
immune model, namely, mice immunized against
NMDARI1-peptides. Even high titers of endogenously
formed NMDARI-AB (IgG; up to 1:50,000) that induce
psychosis-like behavior upon MK-801 challenge in
ApoE" ~ mice, with here-confirmed open BBB, do not lead
to any appreciable signs of encephalitis. This dissociation of
behavioral/symptomatic consequences and inflammation in
the brain is of major importance for clinicians [14]. For
instance, earlier studies reported an influence of NMDARI1-
AB infusions into the hippocampus on learning and mem-
ory in mice [43], and others found increased NMDAR1-AB
seroprevalence in patients with mild cognitive impairment
and Alzheimer's disease [44, 45]. However, while all natu-
rally occurring NMDAR1-AB that have pathogenic potential
irrespective of epitope and Ig class [10], and upon entry to
the brain (or via intrathecal production) can shape brain
functions in the sense of NMDAR antagonism, only a frac-
tion of individuals happens to have underlying encephalitis
of various etiologies, which is then called anti-NMDAR
encephalitis. The highly variable neuropathology and
response to immunosuppression of this condition [2, 3, 46]
may point to a broad range of possible encephalitogenic
mechanisms (from infection to oncology or genetics) which
need to be diagnosed and specifically treated [14].

Even though it is unclear how NMDARI-AB are
generated by chronic stress, it should be considered that
NMDARI are not only expressed in the brain but also by
peripheral organs and tissues, including adrenal glands
and gut [47] which may be involved in triggering
NMDARI1-AB formation but may also be functionally
modulated by them. Since NMDAR antagonists are
increasingly recognized as antidepressant, anxiolytic, and
anti-inflammatory agents [48-52], we speculate that
stress-induced NMDARI1-AB could serve as endogenous
stress protectants. Remarkably, also in stroke, NMDARI-
AB can be protective [8].

In conclusion, the widespread occurrence of NMDAR1-
AB across mammals, as well as the failure of even high
titers of endogenously formed NMDARI1-AB of the IgG
class to induce any signs of brain inflammation should lead
to rethinking current concepts that link NMDARI-AB to
neuropsychiatric disease including encephalitis.
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3. Project I1:
Multiple inducers and novel roles of autoantibodies
against the obligatory NMDAR subunit NR1: A

translational study from chronic life stress to brain
injury
Overview of project I1

After we investigated the effects of NMDAR1-AB in both WT and ApoE~- mice
with compromised BBB (Pan et al., 2019), the next question which intrigued us
was: what are the inducers of the NMDAR1-AB formation?

In this project, we employed multiple approaches, e.g. brain lesion, checkpoint

inhibitor treatment, and chronic life stress, to answer our questions.

(I) The course of the NMDAR1-AB in mice and humans. We observed
both in WT and ApoE~- mice, that the NMDAR1-AB can stay positive, or stay
negative, or being transiently positive (loss or gain of Ig classes) over a period of
3-6 months. Similar observations were made in human patients, from 24h till 1-

3 years after ischemic stroke.

(II) Brain lesion (cryolesion in mice) as a potential inducer. We used a
standardized brain lesion model: cryolesion (Sirén et al., 2006) in 4 weeks old
male C57BL/6J mice, and detect the NMDAR1-AB seroprevalence 4 months after
the surgery/sham. We found increased level of IgG and IgM classes of NMDARI1-
AB in the cryolesion group compared to the sham group, also a slight increase of

AB diversity in the cryolesion group.

(IIT) CTLA4 genetic predisposition in human & CTLA4-AB treatment
in mice. In human, CTLA4 (Cytotoxic T-Lymphocyte Associated antigen 4)
gene, is associated with autoimmune diseases, and there were studies which
reported that the patients treated with checkpoint inhibitor: CTLA4-AB (also
named as ipilimumab) often developed autoimmune diseases (Bartels et al.,
2019; de Moel et al., 2019; Ikegami et al., 2006; June et al., 2017; Plenge et al.,
2005). We found in our GRAS database, that two SNPs: rs3087243 (A/G) and
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rs11571316 (A/G) of the human CTLA4 gene were associated with NMDAR1-AB
IgA+IgG seropositivity. However, in our mouse study with CTLA4-AB treatment
for 4 weeks, we did not find an increase of NMDAR1-AB in the CTLA4-AB treated
group compared to the control IgG treated group 5 weeks after the last treatment.
These negative results triggered our next hypothesis: there might be immune

challenges required in addition to CTLA4-AB treatment.

(IV) Chronic stress mouse model. According to our previous report that
there is a high seroprevalence of NMDAR1-AB (especially the IgA class) in young
migrants and monkeys (baboons and rhesus macaques), and we hypothesized
that chronic life stress might contribute to the NMDAR1-AB production in those
young individuals (Pan et al., 2019). To prove it, we designed a chronic life stress
model in mice by housing the mice in rat environment, while the control mice
stayed in the standard mouse environment. Here, we observed higher NMDAR1-
AB seroprevalence, especially IgA carriers, in WT mice housed in rat environment
compared to mouse environment. Besides, mice (NMDAR1-AB negative) housed
in rat environment also showed a depressive phenotype in tail suspension test.
ApoE~/- mice (compromised BBB) who carried the NMDAR1-AB showed anti-
depressant behavior compared to WT NMDAR1-AB carriers by tail suspension
test. Moreover, human ApoE4+NMDAR1-AB carriers have lower depressive and
anxious rating as compared to the controls who were ApoE4- and/or NMDARI1-

AB negative.
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Personal contribution: I was responsible for the conduction of most of the
experiments, and data analyses under the supervison of HE and FL: blood
collection from all mice; NMDAR1-AB determination in old WT and ApoE~-mice
(Figure 1a,b,c,d), human stroke patients (Figure 1e,f), human migrants (Figure
3f), CTLA4-AB/control IgG treated mice (Figure 2h), chronic stress mice (Figure
3c,d,e); data organization and analysis of cryolesion mice seropositivity (Figure
2b,c); CTLA4-AB confirmation by flow cytometry (Figure 2f, under the guidance
of FL) and spleen cytospin (Figure 2g); cFos experiment and quantification
(Figure 3a); illustration images generation (Figure 2g, Figure 3a right panel); flow
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(data not shown); behavioral tests in the chonic stress young cohort (Figure 3g).
After all the data analyses, I prepared the figures under the guidance of HE, and

contributed to the paper writing.
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Abstract

Circulating autoantibodies (AB) of different immunoglobulin classes (IgM, IgA, and IgG), directed against the obligatory
N-methyl-p-aspartate-receptor subunit NR1 (NMDARI1-AB), belong to the mammalian autoimmune repertoire, and appear
with age-dependently high seroprevalence across health and disease. Upon access to the brain, they can exert NMDAR-
antagonistic/ketamine-like actions. Still unanswered key questions, addressed here, are conditions of NMDARI1-AB
formation/boosting, intraindividual persistence/course in serum over time, and (patho)physiological significance of
NMDARI1-AB in modulating neuropsychiatric phenotypes. We demonstrate in a translational fashion from mouse to human
that (1) serum NMDAR1-AB fluctuate upon long-term observation, independent of blood-brain barrier (BBB) perturbation;
(2) a standardized small brain lesion in juvenile mice leads to increased NMDAR1-AB seroprevalence (IgM + IgG), together
with enhanced Ig-class diversity; (3) CTLA4 (immune-checkpoint) genotypes, previously found associated with autoimmune
disease, predispose to serum NMDARI1-AB in humans; (4) finally, pursuing our prior findings of an early increase in
NMDARI1-AB seroprevalence in human migrants, which implicated chronic life stress as inducer, we independently
replicate these results with prospectively recruited refugee minors. Most importantly, we here provide the first experimental
evidence in mice of chronic life stress promoting serum NMDARI1-AB (IgA). Strikingly, stress-induced depressive-like
behavior in mice and depression/anxiety in humans are reduced in NMDARI1-AB carriers with compromised BBB where
NMDARI-AB can readily reach the brain. To conclude, NMDARI-AB may have a role as endogenous NMDAR
antagonists, formed or boosted under various circumstances, ranging from genetic predisposition to, e.g., tumors, infection,
brain injury, and stress, altogether increasing over lifetime, and exerting a spectrum of possible effects, also including
beneficial functions.
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Introduction

N-methyl-p-aspartate receptors (NMDAR) are abundantly
expressed in mammalian brain. Acting as glutamate-gated
cation channels, they form heteromers of NR1, NR2, and
NR3 subunits, with NRI as the mandatory partner
(NMDARL1, new nomenclature GluN1 disregarded here for
consistency with most of the respective autoantibody lit-
erature). NMDAR are crucial for regulating neuronal/
synapse function, but are also expressed by, e.g., astrocytes,
oligodendrocytes, as well as different cell types in the
periphery, where their role is less understood [1-6].

NMDARI autoantibodies (NMDARI-AB) of the
immunoglobulin G (IgG) class in serum and CSF have
originally been described as pathognomonic for “anti-
NMDAR encephalitis”, characterized by psychosis, cogni-
tive decline, dyskinesia, epileptic seizures, loss of
consciousness, and autonomic instability [7-10]. As a
pathophysiological mechanism, NMDARI-AB-induced
receptor internalization had been proposed [11]. Shortly
thereafter, NMDAR1-AB of other Ig-classes (IgM and IgA)
were also deemed relevant for neuropsychiatric phenotypes
[12-17]. In vitro assays revealed similar effects of
NMDARI-AB, independent of Ig-class, on receptor inter-
nalization in human IPSC-derived and primary mouse
neurons, as well as on glutamate-evoked currents in Xeno-
pus laevis oocytes [17-19]. In vivo studies confirmed
comparable influence of serum NMDARI-AB of all Ig-
classes on brain functions, with blood—brain barrier (BBB)
permeability deciding on their pathophysiological sig-
nificance [16-21].

Entirely unexpected was the demonstration of age-
dependent >20% NMDARI-AB seroprevalence in
humans, including IgM, IgA, and IgG, with comparable
titers and epitopes in health and disease [16-18, 21-23].
Thus, other mammals, namely, dogs, cats, rats, and mice,
were screened and found age-dependently highly ser-
opositive for functional NMDARI1-AB [20]. This age
dependence was lost in baboons and rhesus macaques, i.e.,
non-human primates in captivity, and in human migrants,
raising the intriguing possibility that NMDARI1-AB for-
mation (predominantly of the IgA class) is related to early
chronic life stress [20]. Apart from these newer observa-
tions, the occurrence of NMDARI1-AB has previously been
associated with oncological conditions (teratoma) [7],
influenza A/B seropositivity [17, 21], and herpes encepha-
litis [13]. A possible genetic predisposition was explored by
a genome-wide association study, uncovering the genetic
marker, rs524991, related to NMDAR biology [17].

Together, these findings indicate that naturally occurring,
functional NMDAR1-AB belong to the normal autoimmune
repertoire of mammals, and may have physiological roles as
well as pathogenic potential, irrespective of the epitope and
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Ig-class [18, 20]. In the present translational work from
mouse to human, we address for the first time the sponta-
neous intraindividual course of NMDARI1-AB in serum
over time, describe novel conditions of NMDARI-AB
formation/boosting, e.g., experimental chronic life stress,
and demonstrate thus far unrecognized properties of
NMDARI1-AB in modulating neuropsychiatric phenotypes,
i.e., ketamine-like antidepressant effects.

Materials and methods
Ethical approvals

Ethics Committees of Georg August University, Gottingen,
and collaborating centers approved the Gottingen Research
Association for Schizophrenia (extended GRAS) data col-
lection [16, 17, 21, 22, 24, 25], Ethics Committee of
Hannover Medical School permitted inclusion of stroke
patients, all in agreement with Helsinki Declaration.
Participants gave written informed consent. Mouse experi-
ments were approved by the local animal care/use com-
mittee (LAVES). Experiments were performed by
investigators unaware of group assignment/treatments (fully
blinded).

Human studies
Stroke patient follow-up

Paired blood samples of ischemic stroke patients (within 24
h after stroke and at 1-3 years follow-up; N =114, 60.5%
men, age at stroke 73.4 + 11.0 [48-95] years) were collected
prospectively at Hannover Medical School.

CTLA4 genotypes and NMDAR1-AB seropositivity

Genetic information and serology were available for
2934 subjects (63% men, age 42.9 +16.3 [17-95] years) of
extended GRAS (N = 1082 schizophrenia/schizoaffective
disorder, N= 1256 healthy, N =260 Parkinson, N =248
other neuropsychiatric diseases, and N = 88 stroke) after
random exclusion of one individual/pair of second-degree
relatives (PIHAT >0.185, N = 83) to avoid spurious asso-
ciations due to relatedness. Genotyping was performed
using our semicustom Axiom-myDesign genotyping-array
(Affymetrix, Santa Clara, CA, USA) described before
[17, 26]. Two CTLA4 (£5kb flanking regions) variants,
rs11571316 (MAF =0.42) and rs3087243 (MAF = 0.46),
were selected due to the highest MAF, providing maximal
statistical power. Both variants were in Hardy—Weinberg
equilibrium (p>0.05) and strong linkage disequilibrium
(R*=0.94).
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NMDAR1-AB seropositivity in migrants and age-matched
controls

Prospectively recruited healthy migrants (N =46;21.9+4.4
[17-33] years), at the time of immigration to Germany aged
18.7+4.6 years, and N =821 age-matched non-migrant
controls of extended GRAS were analyzed.

Psychopathology in APOE4-positive NMDAR1-AB carriers

GRAS individuals (N =1046) with schizophrenia/schi-
zoaffective disorder according to Diagnostic and Statistical
Manual of Mental Disorders (DSM-IV-TR) and information
on NMDARI-AB serostatus, APOE4-carrier status [19],
and Brief Symptom Inventory [27] items depression or
anxiety were included.

Serological analyses
NMDAR1-AB determination

An established commercial assay, based on NMDARI-
transfected HEK293 cells (Euroimmun, Liibeck, Germany),
was used to detect NMDAR1-AB in serum/plasma with the
respective  secondary antibodies against human (Euro-
immun, Liibeck, Germany) [8, 28] or mouse IgA, IgG, or
IgM (62-6700, custom-labeled with Alexa-Fluor488; A-
21202; A-21042; ThermoFisher Scientific, Waltham, USA).
For cryolesion experiment, an analogous noncommercial
assay (HEK293T cells, mycoplasma free, Hollmann-Lab,
Bochum) was used [18, 20]. The results were evaluated by
three independent investigators (Figs. 1-3).

Mouse studies
Right parietal cortical cryolesion model

This model was described in detail earlier [29]. In brief,
4-week-old WT C57BL/6J male mice received a standar-
dized cryolesion using a liquid nitrogen-cooled copper cone
with 1-mm-diameter tip, placed stereotactically for 60 s on
the right parietal skull after scalp incision. Sham surgery
was performed with the uncooled cone.

CTLAA4-AB purification

CTLA4-AB was purified from hamster UCI10-4F10-11
hybridoma (HB-304, ATCC, Manassas, USA). Cells were
expanded in RPMI-1640 medium, and, upon appropriate
density, cultured in PFHM-II (both ThermoFisher) for
2 weeks. Protein purification of CTLA4-AB from cell cul-
ture supernatant was conducted using 1 ml HiTrap-Protein-
G High-Performance Columns (GE Healthcare, Chicago,
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USA). Eluted fractions were desalted using PD-10 desalting
columns (GE Healthcare). CTLA4-AB was eluted in PBS
and quantified using Nanodrop (Peqlab, Radnor, USA).

CTLA4-AB confirmation by flow cytometry

Purified CTLA4-AB was labeled with SeTau647-di-NHS
(SETA-BioMedical, Urbana, USA). Labeled antibodies
were separated from unconjugated dye via PD-10 desalting
columns (GE Healthcare), eluted (PBS), and concentrated
using Pierce Protein-Concentrators (10K, ThermoFisher).
Single-cell suspension was prepared from lymph nodes
(C57BL/6 mouse) and resuspended after centrifugation in
FACS buffer (2% BSA, PBS). Cells were stained with
following antibodies for 30min/4°C: CD4-PE/Cy5
(1:1000; 130312, BioLegend, San Diego, USA), CD25-
biotin (1:200; 553070, BD-Biosciences, San Jose, CA,
USA) plus FITC Streptavidin (1:200; 405202, BioLegend).
Filtered samples were acquired on a FACSAria Sorp (BD-
Biosciences), and data analyzed by FlowJo software (BD-
Biosciences).

CTLA4 confirmation by immunocytochemistry

Single-cell suspension was prepared from spleen (C57BL/6).
After washing with HBSS, cells were fixed, permeabilized,
and stained with CTLA4-SeTau647 (1:100) and FoxP3-PE
(1:100) antibodies (FoxP3 kit, 72-5775, ThermoFisher).
Nuclei were stained with DAPI for 5 min (1:5000; D9542,
Sigma-Aldrich, St. Louis, USA) at room temperature (RT).
After washing twice with 1 x permeabilization buffer, cells
were spotted on slides (cytospin, ROTOFIX 32A, Hettich,
Kirchlengern, Germany), 1200 rpm/7 min, dried overnight,
and mounted with Aqua-Poly/Mount (18606-20, Poly-
sciences, Warrington, USA). Representative images (2048 x
2048) were taken with Leica-TCS-SP5 confocal-microscope
(63 x glycerol-immersion objective, 0.5 um intervals, Leica-
Microsystems, Mannheim, Germany), then processed with
FlJI-ImagelJ-software (https:/fiji.sc/).

CTLA4-AB mouse study

Female C57BL/6N mice (N=41) were used (details in
Fig. 2e). Based on baseline NMDARI-AB seropositivity,
mice were equally distributed into groups receiving CTLA4-
AB (N =21) or isotype-control IgG (N = 20; BE0091, Bio
X Cell, West Lebanon, USA) intraperitoneally.

cFos immunohistochemistry

For stress pilot experiment (Fig. 3a), mice were anesthetized
(Avertin, 2,2,2-Tribromoethanol; T48402, Sigma-Aldrich),
transcardially perfused with Ringer (Braun-Melsungen,
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Fig. 1 Fluctuation of NMDARI1-AB in mice and human upon
longitudinal observation, independent of BBB perturbation.
a Intraindividual comparison of NMDARI1-AB seropositivity and Ig-
class distribution in aged WT mice at two different time points.
b Course of serum NMDARI-AB in WT mice. ¢ Intraindividual
comparison of NMDAR1-AB seropositivity and Ig-class distribution

Germany) for 2 min and 4% formaldehyde for 10 min. Brains
were 24 h post-fixed in 4% formaldehyde, cryoprotected in
30% sucrose, frozen and embedded in Tissue-Tek (4583,
Sakura-Finetek-Europe, Netherlands). Coronal 30 um-thick
sections (cryostat; Leica-CM1950; Leica-Microsystems,
Buffalo Grove, IL, USA) were kept in 25% ethylene glycol
and 25% glycerol/PBS. Free-floating sections were blocked
(1 h/RT) in 5% normal horse serum (NHS) in PBST (1 x PBS
+0.3% Triton X-100) and incubated with rabbit anti-cFos
(226003; Synaptic Systems, Gottingen, Germany) 1:1000 in
PBST + 5% NHS overnight/4 °C. After washing with PBS,
secondary antibody donkey anti-rabbit IgG-Alexa Fluor 647
(A-31573, ThermoFisher) 1:500 in PBST + 3% NHS was
incubated for 2h/RT. Nuclei were visualized with DAPI
(Sigma-Aldrich) 1:5000 for 10 min. Sections were mounted
using Aqua-Poly/Mount (Polysciences). Tile scans of hippo-
campus/hypothalamus were acquired using the 20x air-
objective from Nikon-Ti2 Eclipse (Nikon, Tokyo, Japan)
and cFos+ cells counted using cell-counter-plugin of
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d Course of serum NMDAR1-AB in ApoE”- mice
(N=15; intraindividual follow-up)

14-19 to 17-25 months N number Percentage
Stayed seronegative 5 33.3%
Stayed seropositive (any Ig class) 1 6.7%
Acquired any Ig class 5 41.7%
Lost any Ig class 4 33.3%

f Course of serum NMDAR1-AB post-stroke
(N=114; intraindividual follow-up of patients)

24h to 1-3 years N number Percentage
Stayed seronegative 74 64.9%
Stayed seropositive (any Ig class) 10 8.8%
Acquired any Ig class 13 11.4%
Lost any Ig class 17 14.9%

in aged ApoE " mice at two different time points. d Course of serum
NMDARI-AB in ApoE™~ mice. e Intraindividual follow-up of
NMDARI-AB seropositivity in stroke patients at two different time
points after stroke. f Course of serum NMDARI-AB in stroke patients.
a, ¢, e N numbers/percentage displayed in bars; McNemar’s test.

FIJI-Imagel-software. Representative images (1024 x 1024; 1
um intervals) were taken with Leica-TCS-SP5, then processed
with FIJI-Image].

Chronic stress study

Details of the experimental setup are given in Fig. 3. All
mice were housed in standard laboratory conditions (22 +
1°C, 55% humidity, food/water ad libitum), and after
moving kept in cages with simple top lid to allow direct
contact with environment air. Blood was collected from
orbital sinus at indicated time points for FACS and
NMDARI1-AB determination.

Behavioral tests
Tail-suspension test Mice were gently fixed with adhesive

tape 20mm from the tail tip, and time spent immobile
recorded for 6 min with a digital camera [30].
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Fig. 2 Inducers/boosters of serum NMDARI1-AB. a Experimental
outline of the cryolesion experiment (cryolesion according to Sirén et al.
[29]). b Higher Ig-class diversity of serum NMDARI1-AB at 4 months
after cryolesion versus sham operation. ¢ Increased percentage of serum
NMDARI-AB upon cryolesion is due to IgG and IgM. N numbers/
percentage displayed in bars; chi-square test (IgA, IgM, and IgG + IgM)
or Fisher’s exact test (IgG), two sided. d Human CTLA4 SNPs predis-
pose to serum NMDARI-AB (IgA +IgG) as seen in both allelic and
genotypic analyses (minor variation in N numbers due to missing
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information). e Experimental outline of CTLA4-AB treatment of mice.
f CTLA4-AB validation by flow cytometry on cells from murine lymph
nodes (FACS): left, control staining (without CTLA4-AB), right,
CTLA4-AB staining; cells pre-gated on CD4+. g Representative images
of FoxP3 +CTLA4-AB staining of murine spleen cells, demonstrating
specific double labeling of regulatory T-cells. h Intraindividual follow-up
of NMDARI1-AB seropositivity upon CTLA4-AB versus isotype-control
IgG treatment. N numbers displayed in bars; Cochran—Armitage test for
trend or chi-square test, two sided.
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Baseline and post-MK-801 locomotion in open field this
test using the non-competitive NMDAR antagonist MK-801
(M107, Sigma-Aldrich), intraperitoneally injected (0.3 pg/
10 ul of PBS/g body weight), was performed as described
previously [17, 20].

Flow cytometry
Blood

50 ul of blood was 1:1 diluted in PBS; lymphocytes were
separated using 100pul Lymphocyte Separation Medium
1077 (C-44010, PromoCell, Heidelberg, Germany). Cells
were stained for 30 min/4 °C with: CD4-PE/Cy5 (1:1000;
130312), CD8a-PE/Cy7 (1:500; 100722), B220-BV510
(1:300; 103248), Gr-1-PE (1:1000; 108408), CDI11b-
PerCP/Cy5.5 (1:1000; 101227), F4/80-FITC (1:1000;
123107, all from BioLegend). Filtered samples were
acquired on FACSAria Sorp (BD-Biosciences), and data
analyzed by FlowJo software (BD-Biosciences).

Lung and small intestine

Tissue was collected in RPMI-1640 containing 10% FBS on
ice to maximize cell viability. Isolation/analysis of immune
cells was performed according to Li et al. [31]. 7-/B-cell
panel: CD45-FITC (103108), CD45R/B220-PerCP/Cy5.5
(103235), CD138-PE (142503), CD4-APC/Cy7 (100525),
CDB8a-APC (100712), and Zombie Aqua (423101), all from
BioLegend, 1:200 dilutions; myeloid panel: CD45-PerCP/
Cy5.5 (103132), Ly6C-APC (128016), Ly6G-BV421
(127628), F4/80-FITC (123107), and Zombie NIR
(423105), all from BioLegend, 1:200 dilutions, and CD11b-
PE (1:200; 12-0112-81, eBioscience, San Diego, USA).
Filtered samples were acquired on FACSAria-1 (BD-Bios-
ciences), data analyzed by FlowJo software (BD-
Biosciences).

Statistical analysis

Statistical analyses were performed using SPSSv.17 (IBM-
Deutschland-GmbH, Munich, Germany) or Prism5
(GraphPad-Software, San Diego, California, USA). Allelic
and genotypic association tests were done in PLINKv1.90
(www.cog-genomics.org/plink/1.9/) [32]. Group differences
in categorical/continuous variables were assessed using
Cochran—Armitage test for trend, chi-square, Fisher’s exact,
McNemar’s, Mann—Whitney U, or Student ¢ tests, depen-
dent on data distribution/variance homogeneity, ANOVA,
or generalized estimating equation employed as indicated in
the figures. All p values are two tailed unless stated other-
wise; significance threshold set to p <0.05; mean + SEM
presented. Based on previous work, sample sizes (humans,
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mice) were selected to have statistical power to detect dif-
ferences. Care was taken to use a minimum number of
animals (RRR principle). Datasets were routinely screened
for statistical outliers to be excluded if indicated.

Results

Analysis across species of the spontaneous course of
NMDAR1-AB in serum reveals intraindividual
fluctuations

We investigated the spontaneous intraindividual course of
serum NMDARI1-AB in long-term observational studies in
humans and mice. Older mice have a high probability to be
seropositive [20]. Therefore, cohorts of WT and ApoE ™'~
mice were screened for seroprevalence at age
14-19 months. Testing was repeated for all individuals
3-6 months after the first sampling. As illustrated in
Fig. la—d, genotype groups showed an average of >40%
seropositivity at both time points without considerable
changes in overall Ig-class distribution. Analyzing the
intraindividual course of serum NMDAR1-AB, remarkable
fluctuations became obvious, comparable for both geno-
types, with individual mice acquiring or losing NMDARI-
AB, others remaining seronegative or seropositive (Fig. 1b,
d). Translating to older humans, a stroke population could
be evaluated at 24h post stroke and again 1-3 years
thereafter. Here, a similarly undulating picture arose, with
no change in absolute percentage of seropositivity or Ig-
class distribution but obvious intraindividual shifts.
Acquisition or loss amounted to lower overall percentages
(<15%) as compared with mice (>30%) (Fig. le, f). Total
plasma IgG, IgM, IgA, albumin, and CRP at 24 h after
stroke did not differ between NMDARI1-AB carriers and
non-carriers (all p>0.3). In addition, we analyzed con-
secutive samples of non-human primates (baboons, rhesus
macaques) showing equivalent fluctuations (data not
shown). Together, these data across species reveal “oscil-
lations” of serum NMDARI1-AB over time, and addition-
ally, show that chronic BBB permeability in ApoE "~ mice
and poststroke patients does not seem to measurably influ-
ence serum NMDARI1-AB. The slightly (non-significantly)
lower overall seropositivity in ApoE "~ compared with WT
mice may point to NMDARI-AB continuously being
trapped in brain [18] (see also below).

Small cortical brain lesion in juvenile mice enhances
NMDAR1-AB seroprevalence and Ig-class diversity

We next wondered whether a brain lesion at young age
would induce NMDARI-AB formation, possibly due to
early accessibility of the brain to immune cells via BBB
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numbers given in the bars; generalized estimating equation, one sided.
f NMDARI-AB seroprevalence (IgM) is higher in prospectively recruited
young migrants compared with age-matched controls of the GRAS data
collection; N numbers given in the bars; Fisher's exact test, two sided.
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breakdown [29]. Indeed, stereotactic application of a small
standardized cryolesion to the right parietal cortex of mice
at age 28 days, leading to BBB leakiness as described in
detail before [29], induces higher overall Ig-class diversity
as well as increased NMDARI1-AB seroprevalence (IgM or
IgG, but not IgA), compared with the skin-only lesion
(scalp incision) of sham-operated mice (Fig. 2a—c). This is
in some contrast to human stroke (an “old-age lesion”, also
with compromised BBB) and perhaps explained by species
differences or—more likely—the different responsiveness
of the immune system at young age [33, 34]. It cannot be
excluded at this point and may be interesting to explore in
the future, whether lesions of other organs in young mice,
e.g., the gut, would result in similar increases in NMDAR1-
AB seroprevalence.

Immune-checkpoint CTLA4 SNPs predispose to the
presence of serum NMDAR1-AB in humans

The SNPs rs3087243 (A/G) and rs11571316 (A/G) of the
human CTLA4 (cytotoxic T-lymphocyte antigen4) gene on
chromosome 2q33 have been associated with susceptibility
to autoimmune disease, e.g., type 1 diabetes, Graves’ dis-
ease, autoimmune hypothyroidism, systemic lupus, and
Addison’s disease [35-42]. Interestingly, this allelic varia-
tion can alter regulatory T-cell frequency and the signaling
threshold of CD4+ T-cells [35, 39]. We therefore asked
whether also NMDARI1-AB as components of the mam-
malian autoimmune repertoire would be associated with
these immune-checkpoint C7LA4 variants. Indeed, we
obtained significant associations upon screening of N =
2934 human subjects (healthy or suffering from neu-
ropsychiatric diseases) of our GRAS database (Fig. 2d).
Would this finding bring us closer to understanding auto-
immune mechanisms regarding NMDARI1-AB?

Checkpoint-inhibitor treatment (anti-CTLA4-AB) of
healthy adult mice does not further enhance their
already high NMDAR1-AB seroprevalence

Since treatment of cancer patients with checkpoint-
inhibitors (anti-CTLA4) has led to autoimmune diseases
as serious adverse events [43—46], we next treated healthy
female WT mice with CTLA4-AB, starting at age 11 weeks
(Fig. 2e). Whereas the CTLA4-AB used (purified from
monoclonal AB-producing UC10-4F10-11 hybridoma line
[47]) proved functional in lymph node FACS and spleen
cytospin preparation (double labeling with CD25 or FoxP3,
Fig. 2f, g), there were no increased serum NMDARI1-AB at
4 weeks after 1 month of weekly injections (week 8 after
treatment start, Fig. 2h). Seropositivity, also in controls at
that time point, however, was already >40%. To summarize,
CTLA4 (immune-checkpoint) SNPs and CTLA4-AB
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treatment, previously associated with autoimmune disease,
predispose in humans, as uncovered here, also to
NMDARI-AB, while checkpoint-inhibitor treatment
(CTLA4-AB) of healthy adult mice without additional
immune stimulation does not further enhance their already
high NMDAR1-AB seroprevalence.

Modeling chronic life stress in WT mice leads to
stress-induced enhancement of NMDAR1-AB
seroprevalence mainly of the IgA class

Previously, we reported high early seroprevalence of
NMDARI-AB in non-human primates in captivity and
human migrants, determined retrospectively, and interpreted
these findings as a reflection of persistent life stress as
potential inducer of NMDARI1-AB [20]. Searching now for
a chronic stress paradigm that would not require too much
interference with daily life in the cage, e.g., by handling, we
developed the idea to expose mice to housing in close
vicinity of their natural enemy/predator, the rat [48]. In
order to evaluate the reaction of mice to this new environ-
ment, we compared the number of cFos+ cells (immediate
early-gene expression as stress marker) [48] in hippo-
campus and hypothalamus of three subgroups of male
animals, namely, mice 1 h after moving either to a rat room
(cage surrounded by rat cages), or within a mouse room, or
not moving at all. Figure 3a illustrates the clear stair pattern
for both brain regions, with moving to the rat room reaching
the highest values. We therefore chose this stress
paradigm and exposed two cohorts of WT versus ApoE ™~
mice (young and old; groups balanced for gender), to
either mouse or rat environment. Blood samples for
NMDARI1-AB determinations were drawn at baseline and
after 16, 24, and ~33 weeks of transfer (Fig. 3b). This
prospective experimental stress study yielded in WT mice,
living in rat environment, an overall increase in serum
NMDARI-AB, dominated by NMDARI-AB of the IgA
class (young cohort shown in Fig. 3c, d; old cohort
similar—not shown). In contrast, the serum pattern obtained
in ApoE~~ mice with their leaky BBB looks “less orga-
nized” and seems not clearly interpretable, most likely due
to irregular transfer to and massive trapping of NMDARI1-
AB in brain (Fig. 3e) [18, 49]. This binding to brain tissue
on the other hand explains the distinct behavioral effects
observed in ApoE~’~ mice. In fact, the MK-801 open-field
test resulted, as expected from our previous work [17, 20],
in a clear distinction between NMDAR1-AB carriers with
or without compromised BBB. Seropositive ApoE™~ mice
showed increased locomotion after MK-801 compared with
seropositive WT, independent of environment (mouse ver-
sus rat room) and age group (young as well as old cohort).
While these results indicate functionality of the NMDARI-
AB upon access to brain, immunohistochemistry did not
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yield differences dependent on NMDARI-AB ser-
opositivity regarding microglia or T-cell numbers as read-
outs of brain inflammation. This is less surprising when
considering the complete lack of any quantifiable cellular
response of that kind in the brain even upon immunization
against NMDARI peptides, leading to extremely high cir-
culating titers of functional NMDARI1-AB of the IgG class
[20]. In addition, extensive repeated FACS of blood as well
as terminal FACS of lung and gut did not reveal any con-
siderable changes in major immune cell composition (data
not shown).

Chronic life stress in humans: replication of our
previous findings of enhanced NMDAR1-AB
seroprevalence in young migrants

We next tried in humans to further consolidate, in a
straightforward, hypothesis-driven fashion, the stress
association of NMDARI1-AB seroprevalence. This had
previously been suspected for non-human primates in
captivity and human migrants [20], and has now experi-
mentally been confirmed here in mice, housed close to
their natural enemies. Thus, we prospectively recruited
young migrants (N =46) from different countries/ethni-
cities (Africa/Middle East/Europe). They were 18.7 +4.6
years old at the time of flight as war or political refugees,
many as unaccompanied refugee minors. The NMDARI -
AB seroprevalence of these refugees, determined on
average 2.5 years later and compared with that of N = 821
age-matched individuals of the GRAS data collection
without migration background, revealed again a highly
significant increase. This increase consisted in this very
young population still of IgM, likely before the expected
class switch to IgA (Fig. 3f).

Novel antidepressive, ketamine-like role of
NMDART1-AB upon access to the brain in humans
and mice

We next wondered whether housing in a rat environment
would result in a depressive-like phenotype in mice as
determined by an established depression measure, the tail-
suspension test [5S0]. Indeed, pooling all NMDARI1-AB
seronegative WT and ApoE ™'~ mice, and comparing indi-
viduals in mouse environment with those in rat neighbor-
hood, showed a significant increase in immobility of the
latter. Strikingly, NMDAR 1-AB seropositive ApoE '~ mice
with their permeable BBB exhibited in the rat environment
a clearly lower depressive-like phenotype compared with
seropositive WT (Fig. 3g). Would we be able to see similar
effects in humans? To address this question, we again
employed deeply phenotyped subjects of the GRAS data
collection. As shown in Fig. 3h, NMDAR1-AB seropositive
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APOE4 carriers (N =34; permeable BBB [51-53]) had
significantly lower depression and anxiety ratings as com-
pared with all controls (N = 1013) that do not combine both
markers (APOE4+ and NMDARI1-AB+).

Discussion

The present study addressed several yet unclear topics in the
NMDARI1-AB field, which are relevant for basic and clin-
ical research and practice, but likely also for our under-
standing of (patho)physiological autoimmunity beyond
NMDARI1-AB.

In older subjects, mice and humans, the course of serum
NMDARI-AB fluctuates remarkably, independent of BBB
intactness. Similar fluctuations have been observed pre-
viously with other autoantibodies, determined as predictors
of disease probability, e.g., in type I diabetes [54].
Assuming that NMDAR1-AB are part of the normal auto-
immune repertoire, the detected fluctuations might be due to
just periodical boosting of the respective B cells by various
possible inducers [13, 17, 21, 55], in sum adding up to the
age-dependently increasing total numbers. In absence of
any persistent or reappearing inducers/boosters, levels
would probably rather decline over time. Another potential
mechanism of fast fluctuations or rapid decrease may be the
trapping of NMDAR1-AB in brain upon BBB perturbation
[21], which may lead to disappearance of previously mea-
surable serum titers. In fact, since NMDARI-AB serum
levels decreased 2 days after stroke [16], we hypothesized
earlier that brain tissue with its densely expressed
NMDARTI (acutely accessible after BBB breakdown due to
stroke) may “extract” circulating NMDARI-AB [16, 21].
Indeed, we could experimentally prove in mice that the
brain acts as “immunoprecipitator” [21].

Despite the well-known continued BBB leakiness after
stroke, and the accessibility of immune cells to the brain, we
did not find evidence of stroke to induce further serum
NMDARI1-AB. This apparent lack of an effect may be due,
at least in part, to stroke lesion-induced neuropathology,
which often continues to progress over time from the point
of the initial lesion, especially in the elderly, once again
serving as an “‘immunoprecipitator” [21]. This could
potentially veil increased amounts of NMDAR1-AB. Fur-
ther stroke follow-up work will be needed to test this
possibility.

In contrast to stroke (as a brain lesion of old age), a small
standardized cryolesion of the right parietal cortex in
juvenile mice enhanced seroprevalence and Ig-class diver-
sity of NMDARI-AB. Strikingly, when comparing
NMDARI-AB Ig-classes post cryolesion (physical brain
damage) with those induced by chronic life stress (“only”
psychological brain trauma), we see IgG/IgM prevailing in
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the former, IgA in the latter condition. While we already
suggested an association of stress with NMDAR1-AB of the
IgA class in previous work on monkeys and migrants [20],
the increase in IgG/IgM (but not IgA) NMDARI1-AB ser-
oprevalence upon brain lesion was unexpected and will
require experimental and clinical follow-up studies to fur-
ther confirm and explore the mechanisms underlying this
highly interesting class-specific response. Since IgA is seen
as “mucosal Ig”, we wondered whether chronic life stress,
known to be commonly associated with an abnormal
breathing pattern or with a tendency to develop diarrhea or
constipation, would reveal an altered immune cell compo-
sition in lung [56] and/or gut [57] of our experimental
animals. However, neither FACS of these organs nor of
blood uncovered any appreciable changes in the proportion
of the main immune cell subsets. Therefore, numerical
alterations do not aid in explaining the here-observed Ig-
class-specific response, and future work on NMDAR1-AB
formation will have to explore the mechanisms prompting
inducer-specific Ig-class formation.

In a first search of cellular mechanisms relevant for
(patho)physiological —autoimmunity in general, and
NMDARI-AB in particular, we focused here on the gene
encoding CTLA4, an Ig-superfamily member and dampener
of T-cell activation, with recognized susceptibility to var-
ious autoimmune diseases [35-42]. Correspondingly, anti-
CTLA4 treatment of cancer patients can result in auto-
immune disease as serious adverse event [43-46]. CTLA4
is an important regulator of the immune response, exerting
its influence on reactivity to both foreign and self-antigens.
Allelic variation of CTLA4 as well as CTLA4 blockade/anti-
CTLA4 treatment influences the signaling threshold of CD4
T-cells [39, 45], thereby augmenting antitumor immunity
but also exacerbating/inducing autoimmune disease. Would
NMDARI-AB as components of the natural autoimmune
repertoire follow the rules observed for autoimmune dis-
eases? While we could demonstrate an association of
CTLA4 SNPs with  NMDARI-AB seroprevalence in
humans, our first treatment approach in mice did not yield
the expected increased NMDARI1-AB seroprevalence. This
negative result may be explained by the here performed
anti-CTLA4 treatment under basal housing and cage-life
conditions and, accordingly, a lack of particular immune
stimulation that would have led to the necessary threshold
of T-cell activation. Another factor to be changed in a
follow-up study might be the relatively old age of mice at
treatment start with an already high percentage of
NMDARI-AB carriers at the time point of analysis.

Finally, the perhaps most intriguing finding of the pre-
sent study is the antidepressive action of circulating
NMDARI-AB, induced upon experimental chronic life
stress in mice, and analogously demonstrated in human
NMDARI-AB carriers. The presence of NMDARI1-AB in
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serum, together with a compromised BBB, allowing their
access to brain, reduces depression and anxiety. The anti-
depressive effect of the NMDAR antagonist ketamine is
well established and increasingly applied in the clinical
setting [58-61]. Our across-species findings with
NMDARI1-AB as “endogenous antagonists” do not only
replicate in vivo functionality of NMDARI1-AB, but also
raise the intriguing possibility that the body can, under
certain circumstances, produce its own antidepressants.
Recent work reports sustained rescue of prefrontal circuit
dysfunction by ketamine-induced spine formation as
potential antidepressive mechanism [62, 63]. The question
of whether NMDARI-AB as endogenous antidepressants
act in a similar fashion will have to be pursued in follow-up
studies, searching for further mechanistic insight.

To summarize, the present translational work demon-
strates that the abundantly detected NMDAR1-AB in serum
of mammals fluctuate spontaneously, are Ig-class specifi-
cally induced by brain lesion or chronic life stress, parti-
cularly at young age, and can act in an antidepressive
fashion upon brain access. Building here on the highly
frequent NMDARI1-AB as a convenient research tool, these
findings may extend beyond NMDAR1-AB, indicate gen-
eral modulatory roles of autoantibodies regarding a wide
range of biological functions, and inspire a broader per-
spective on (patho)physiological autoimmunity.
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Summary and outlook

From the previous work of our group in this field, we found comparable
seroprevalence of NMDAR1-AB in human across healthy and disease groups,
increasing with age. The NMDAR1-AB in those individuals are also functional
confirmed by internalization test, electrophysiology test, and they share similar
epitopes among different Ig classes (IgA, IgG and IgM) (Castillo-Gomez et al.,
2017; Dahm et al., 2014; Ehrenreich, 2017, 2018; Hammer et al., 2014).

In the 1stproject, we explored the seroprevalence in non-human mammals, and

studied the effects of NMDAR1-AB in mice by an immunization model.

(I) The seroprevalence of NMDAR1-AB in non-human mammals. We
detected the NMDAR1-AB in dogs, cats, mice, rats in an age-dependent pattern.
The NMDAR1-AB in baboons and rhesus macaques are exceptional, as they
already had a high seroprevalence at an early age. Thus, we hypothesized that
chronic life stress maybe related to the NMDAR1-AB production. Driven by this
hypothesis, we tested human migrants who also had chronic life stress and found

a high seroprevalence of NMDAR1-AB (prominent IgA class) at an early age too.

(II) We used an active immunization mouse model to study the effect
of carrying NMDAR1-AB. We immunized both ApoE7/- and WT mice with
GluN1 antigen cocktail containing 4 different peptides against NMDA receptor
extracellular structure. We confirmed the high titer of NMDAR1-AB IgG class by
ELISA, and the kinetics of NMDAR1-AB production is similar to ovalbumin. In
addition, the ApoE~- mice who also carried the NMDAR1-AB showed higher
locomotion in open field after MK801 challenge compared to the WT mice AB
carriers. This result confirmed the functionality of the endogenously produced
NMDAR1-AB in terms of hypofunction hypothesis of NMDA receptors (Hammer
et al., 2014; Vishnoi et al., 2015). However, the mice did not develop anti-
NMDAR encephalitis although there were high titers of NMDAR1-AB IgG class
produced endogenously, which is contradictory to the findings of Dalmau
(Dalmau et al., 2008; Dalmau et al., 2018; Dalmau et al., 2011; Dalmau et al.,
2007). In our mouse model, circulating NMDAR1-AB (IgG class) in healthy mice
does not result in anti-NMDAR encephalitis.
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Jones et al. published an immunization mouse model in July 2019 with NMDA
receptor holoprotein, and they reported that the mice developed fulminant anti-
NMDAR encephalitis (Jones et al., 2019). Although we found the immunization
strategy is elegant, there are still some questions remaining to be addressed in
this study. For example, saline or empty liposome was used as controls which may
not be adequate to control for the liposome-embedded native NMDA receptors.
It would be interesting to add an additional liposome-embedded protein (e.g.
GABA receptor) as controls (Ehrenreich et al., 2019). Our hypothesis remains
that pre-existing encephalitis plus the circulating NMDAR1-AB will cause the
typical Dalmau anti-NMDAR encephalitis model. The project aiming to prove the
hypothesis is currently running in our group, we hope to uncover the mechanism

behind the disease soon.
The 2nd project aimed to find the potential inducers of the NMDAR1-AB.

(I) We observed the spontaneous NMDAR1-AB course in a
longitudinal study both in mice and humans. We found the fluctuation of
the NMDAR1-AB in both ApoE~7/-and WT mice, which means that we saw one can
gain or lose the AB, or stay positive or negative over a 3-6 months’ time period.
The same phenomenon was seen in human ischemic stroke patients from 24h of
the symptom onset till 1-3 years after stroke. These findings indicated that
NMDAR1-AB belong to the normal autoantibody repertoire, and the specific B
cell clone can be stimulated under certain circumstances, e.g. infection or trauma,
etc. Similar fluctuation of autoantibodies were seen in other studies, for instance
for type 1 diabetes (Endesfelder et al., 2019); or SLE (Arbuckle et al., 2003).

In type 1 diabetes, Endesfelder et al performed a longitudinal study in children
who were at risk genetically for developing type 1 diabetes, which was published
in 2019. The authors reported the children were stable-positive for insulin
autoantibodies (IAA) and insulinoma-associated antigen 2 autoantibodies (IA-
2A) on follow up had the highest risk of diabetes compared to those who were
transitionally positive or negative (Endesfelder et al., 2019). In SLE,
autoantibodies including antinuclear antibodies (ANAs), anti—double-stranded
DNA antibodies, etc. are typically present many years before the diagnosis
(Arbuckle et al., 2003). It’s also common to find ANA positivity in the general
population, also supporting the fact that autoantibodies are part of a healthy
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immune response supported together with our findings (Castillo-Gomez et al.,
2017; Dahm et al., 2014; Hammer et al., 2014; Pan et al., 2019). Thus detecting
of autoantibodies is not sufficient to predict diseases, it remains a challenge to
uncover the mechanism of the transition from health to disease (Olsen et al.,
2014).

(I1) We conducted cryolesion surgery (brain injury model) in mice as
a potential inducer, and a higher diversity of NMDAR1-AB in the lesion mice
was observed compared to the sham mice. The cryolesion mice also had more IgG
and IgM classes compared to the sham mice, however, the IgA class stays
comparable between the two groups. This is an interesting finding, as we
observed that brain lesion had an effect on the young mice, but not in the stroke
patients (relatively old) who also had a lesion in the brain. This could probably be
explained by the efficacy of the immune system at young and old age (Linton et
al., 2004; Nikolich-Zugich, 2018).

(IIT1) We tried the immune check point inhibitor CTLA4-AB as a
potential inducer, as we found CTLA4 SNPs (rs3087243 and rs11571316)
were associated with NMDAR1-AB in human. However, in our experimental
setup, no increase of NMDAR1-AB in mice treated with CTLA4-AB was observed

compared to the control IgG treated mice.

CTLA4 is cytotoxic T lymphocyte associated protein 4, exclusively expressed on T
lymphocytes, constitutively by Treg cells and transiently on activated T cells. It
works as a co-inhibitory signal, and it is an essential immune checkpoint to
maintain self-tolerance and protecting the host form tissue damage (Murphy,
2012). Checkpoint inhibitors are used for treating cancers, and the findings were
awarded for Nobel Prize in 2018. The antibody against CTLA4 (ipilimumab) was
approved for treating metastatic melanoma by the Food and Drug Administration
(FDA) in 2011. The treatment mechanism is by blocking CTLA4 (competing with
CD28 to bind with B7 ligand), CD28 on the T cell surface could to bind with B7
ligand on the antigen presenting cells (APCs), thus T cells can be activated, and
migrate to the cancer tissue, resulting in attacking cancer cells (Abril-Rodriguez
et al., 2017). There were studies showed that melanoma patients after treatment
with ipilimumab often developed autoantibodies (Bartels et al., 2019), and many

autoimmune diseases such as colitis, dermatitis, hepatitis etc. (de Moel et al.,
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2019; June et al., 2017). There were also studies reporting that the CTLA4
expression increase with aging in both humans and mice (Channappanavar et al.,
2009; Leng et al., 2002), and we reported that the NMDAR1-AB increase with
aging in both human and animals (Castillo-Gomez et al., 2017; Dahm et al., 2014;
Hammer et al., 2014; Pan et al., 2019). We still cannot exclude the probability
that CTLA4-AB being an inducer of NMDAR1-AB formation. Therefore, we
updated our hypothesis: to stimulate NMDAR1-AB production by the treatment
of CTLA4-AB, additional immune challenges need to be considered. The project

driven by this hypothesis is also running in our group currently.

(IV) We used a chronic stress mouse model to prove our hypothesis
from project 1: Chronic life stress may relates to NMDAR1-AB
production. We designed a mouse model that allowed us to apply chronic stress
in mice without interfering in their daily lives. The mice were transferred to the
rat (predator of mice) environment. They did not have direct contact with rats,
but they had direct access to the same environment air. We observed an increase
of NMDARI1-AB especially IgA class in the WT mice housed in the rat
environment compared to the mice housed in the mouse environment as controls.
However, we did not observe NMDAR1-AB changes in ApoE-/- mice. The
possible explanation is that the NMDAR1-AB could reach the brain through the
compromised BBB and bind to the NMDA receptors, thus there was no difference
in the periphery (Castillo-Gomez E, 2016; Zerche et al., 2015). Meanwhile, the
mice in the rat environment showed depression signs as compared to the controls
in the tail suspension test. Moreover, the ApoE~- mice who had a compromised
BBB and also carried the NMDAR1-AB showed less depressive phenotype
compared the WT mice who carried NMDAR1-AB. In our human study, we
observed that individuals who had a compromised BBB (APOE4+) and were

NDMAR1-AB carriers had less depression and anxiety score.

We proved that the rat environment is stressful for the mice by cFos
quantification in the hippocampus and hypothalamus in the mouse brains. cFos
is an immediate early gene, it was used as a stress marker as it reflects the activity
of the cells (Canteras et al., 2008; Cullinan et al., 1995; Hoffman GE, 1993;
Martinez et al., 2008). However, we did not have a good chronic stress marker, as
it was a mild chronic stress paradigm over 30 weeks. The classical stress marker

corticosterone is frequently used in acute stress paradigms (Sapolsky et al., 2000)
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or reported reflecting variation in metabolic rate independent of stress (Jimeno
et al., 2018), we did not see any difference in a chronic period (data not shown).
Besides, the blood sampling methods seem also to have an impact on the level of
plasma corticosterone, the samples obtained from retro-orbital (our strategy)
have a much higher level of corticosterone compared to other methods, e.g. via
tail snip. (Kim, S. et al., 2018). However, we did not have other choices as we need
sufficient amount of blood samples (minimizing invasion to the mice) for both
flow cytometry and NMDAR1-AB determination in the plasma. We also tried with
another marker: ghrelin. Ghrelin is a hormone produced in gastrointestinal tract,
it regulated food intake and body weight, also controls glucose metabolism
(Sakata et al., 2010; Wiedmer et al., 2007). It was proposed to be related to stress
response and used as a stress marker (Sominsky et al., 2017; Yousufzai et al.,
2018). However, we did not observe any difference between the mice house in the
mouse and rat environment at the end of the study (data not shown). We also did
not observe any difference regarding food intake and body weight (data not
shown) between the mice in mouse and rat environment, which fits to the ghrelin
results. The possible explanation could be that our stress paradigm is too mild to
induce the endocrine hormone changes, or the mice slowly adapt to the rat
environment so that we could not detect the differences at these time points. As
we observed the depressive behavior in the mice in the rat environment by tail
suspension test, we believe the paradigm is valid enough to study the impact of
chronic stress on NMDAR1-AB formation. Indeed, we observed there was an
increased NMDAR1-AB seropositivity in the mice housed in the rat environment,
especially IgA class, which fits to our hypothesis. Compared to the results from
the cryolesion mice where we observed IgG+IgM increase instead of IgA; it
became very interesting. So far, there were no studies reporting the Ig class

specificity by the inducers, and the mechanism behind needs to be pursed further.

As IgA is secreted by the mucosal membrane, we wondered whether there is a
difference regarding the immune system in the lung and small intestine.
However, we did not observe considerable changes in the major immune cells
composition neither between the two environments, nor seropositive and
seronegative mice in flow cytometry analysis in blood, lung and small intestine.

These results suggested that there is no inflammation in the periphery in the mice
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from the chronic stress study. In addition, we are still analyzing the inflammation

markers in the brain in the mice from the chronic stress study.

Besides discussed above, there are still a lot of questions which need to be
addressed in the future work. For example, under which circumstances, the
specific B/T cell clone will be activated? As B1 cells were thought to be associated
with autoimmune disease (Linton et al., 2004), are they also involved in the
NMDAR1-AB production? Some of the questions are integrated in current
running projects in our group. We hope to uncover the mechanism of the anti-
NMDAR encephalitis induction and NMDAR1-AB production.
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List of abbreviations

AIRE
ANAs
APCs
ApoE
APS-1
BBB
CNS
CSF
CTLA4
CypA
ELISA
EPSP
FACS
IA-2A
IAA
IEN-y
Ig
iGIluR
IL17
LTP
mGluR
MK801
NMDA receptor
NMDARI-AB
SLE
SNP
Th cells
TLR
TNF-a
Tregs
wT

Autoimmune regulator

Antinuclear antibodies

Antigen presenting cells

Apolipoprotein E

Autoimmune polyendocrine syndrome type 1
Blood-brain barrier

Central nervous system

Cerebrospinal fluid

Cytotoxic T-lymphocyte-associated antigen 4
Cyclophilin A

Enzyme-Linked Immunosorbent Assay
Excitatory postsynaptic potential
Fluorescence-activated cell sorting
Insulinoma-associated antigen 2 autoantibodies
Insulin autoantibodies

Interferon gamma

Immunoglobulin

Ionotropic glutamate receptor

Interleukin 17

Long-term potentiation

Metabotropic glutamate receptor
Dizocilpine

N-methyl-D-aspartate receptor

Antibodies against NMDA receptor subunit GluN1 (NR1)
Systemic lupus erythematosus
Single-nucleotide polymorphism

T helper cells

Toll-like Receptor

Tumor necrosis factor alpha

Regulatory T cells

Wildtype
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