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Abstract

Background

Cerebral manifestations are common in autoimmune diseases. In systemic lupus
erythematosus (SLE) and primary Sjogren's syndrome (pSS) cognitive dysfunction is
frequently reported, affecting up to 50% of the patients in population-based studies.
Several pathogenetic mechanisms for cerebral involvement are operative, including

disturbances of cerebral circulation and neuro-reactive autoantibodies.

Anti-NR2 antibodies represent one of the players, and bind to the NR2 subtype of N-
methyl-D-aspartate receptors. These are glutamate receptors that are abundant in
hippocampus and are essential for memory formation. Anti-NR2 antibodies cause
neuronal death in hippocampus and amygdala through excitotoxicity, followed by

memory impairment and emotional disturbances.

It is common to observe global and/or regional atrophy as well as hyperintense white
matter (WM) lesions in patients with SLE; but it is unclear whether these changes

appear more frequently in patients with pSS than in healthy subjects.

Main objectives

e Summarize knowledge about the effect of anti-NR2 antibodies in animal
models and in patients with SLE.

¢ Investigate whether presence of anti-NR2 antibodies influence cognitive
function in patients with pSS and whether pSS patients have smaller
hippocampi than healthy control subjects.

e Explore whether anti-NR2 antibodies are associated with hippocampal atrophy
in patients with pSS and/or SLE.

e Explore whether patients with pSS have global or localized loss of brain matter
compared to healthy subjects and investigate whether the total grey matter

(GM) and WM volumes are related to clinical variables and/or disease factors.
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Subjects and methods

All patients who received a diagnosis of SLE or pSS at Stavanger University Hospital
between 1980 and 2004 were invited to participate in the study. Eighty-six SLE
patients fulfilling the American College of Rheumatology classification criteria and 99
pSS patients fulfilling the American-European Consensus Group classification criteria
were identified. Of these, 68 SLE- and 72 pSS patients gave informed consent to
participate. 106 healthy control subjects were recruited among friends and neighbours

of the patients, hospital staff and friends and neighbours of hospital staff.

All study participants were extensively examined by specialists in internal medicine
and neurology, and cerebral MRI scan was performed. Cognitive function was
evaluated by a specialist in neuropsychology and lumbar puncture was performed in

all patients who accepted this procedure.

Anti-NR2 antibodies in serum and cerebrospinal fluid (CSF) were assessed by ELISA

and electrochemoluminescence, respectively.
MRI analyses were performed by applying the SPM8 software and extensions to that.
Results

e Presence of anti-NR2 antibodies was in serum associated with worse
performance in six out of ten, and in CSF with worse performance in eight out
of ten memory tests, respectively

¢ A higher proportion of pSS patients with mental depression had anti-NR2
antibodies detectable in serum than pSS patients without depression

e pSS patients had smaller hippocampi than age- and gender matched healthy
control subjects. Within the group of pSS patients, no differences in total
hippocampal sizes between patients with and without anti-NR2 antibodies were
revealed when corrections were made for age and gender

¢ In the combined cohort of the SLE- and the pSS patients, the patients with anti-
NR?2 antibodies in CSF had less hippocampal GM in voxelwise comparisons

with patients without anti-NR2 antibodies. There were no localized differences
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in GM volumes between SLE- and pSS patients, and no effects of anti-
phospholipid antibodies, disease duration or present use of corticosteroids on
hippocampal size were revealed

e pSS patients had lower global WM volumes than age- and gender matched
healthy control subjects, but no localized atrophy. There were no global or
localized differences in GM between the groups. Only gender influenced WM
and GM volumes, no effects of tested disease characteristics or other variables

could be seen

Conclusions

This work supports the hypothesis that anti-NR2 antibodies cause cognitive
dysfunction, mental depression and can induce hippocampal neuronal death. Patients
with pSS have less cerebral WM than matched healthy control subjects, suggesting

that disease-related processes exert a deleterious effect on WM.
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1. Background

1.1 The immune system

The immune system is commonly divided into the immediately acting "innate" and the
slower, but more specifically acting "adaptive" immune system, the two parts being

closely integrated and interdependent.

The innate immune system is the evolutionary oldest and represents "first line

defence" against pathogens. It consists of physical and biochemical barriers,
phagocytic cells and natural killer (NK) cells, cytokines, the complement system, acute
phase proteins and other proteins. Pathogens are rapidly detected by pattern
recognition receptors (PRRs) on innate immunity cells that recognize highly conserved
molecular structures on pathogens, for instance peptidoglycans in Gram positive

bacteria (1). Innate immune responses include (2):

- phagocytosis and intracellular killing of pathogens that are recognized by PRRs,
complement receptors, or receptors for the constant part of immunoglobulins, i.e. Fc
receptors

- killing by NK cells, antimicrobial peptides, proteolytic enzymes or complement
membrane attack complex

- chemokine and cytokine production important for recruitment of other phagocytizing
cells and immune regulation

- antigen presentation for cells of the adaptive immune system

In the adaptive immune system the B- and T-cells have specific receptors that
recognize unique and specific antigens. Somatic recombination of DNA segments
coding for the antigen binding region of the receptor result in an enormous repertoire
of T and B lymphocyte receptors (TCR and BCR, respectively) (3). Given the vast
recombination of genes, also T- and B lymphocytes with reactivity against “self” will
develop. Thus, before the cells leave the primary lymphoid organs they will undergo
negative selection by which autoreactive lymphocytes are deleted or lose their ability

to respond to antigen binding. In addition to TCR and BCR the lymphocytes express



18

different co-receptors, cytokine receptors, as well as PRRs, all essential in further

maturation into effector cells (4).

Naive T- and B cells reside in secondary lymphoid organs (e.g. lymph nodes, mucosa
associated lymphoid tissues) waiting for "their" antigen. Detection and binding of the
specific antigen start the process where the inactive cells mature into effector cells and
start clonal expansion, given the right microenvironment with supporting cells bearing

essential co-receptors and stimulating cytokines (5).

T-lymphocytes recognize processed peptide antigens presented on major
histocompatibility complexes (MHC). They are broadly divided into CD8+ cytotoxic
T cells recognizing MHC I/peptide complex and CD4+ T cells recognizing MHC
[I/peptide complexes. MHC 1 is constitutively expressed on the cell-membrane of all
nucleated cells, where it presents peptide sequences from intracellular proteins that
have become “cut-up” in the proteasome. If non-self-peptides — for example viruses -
are detected, the cytotoxic T cells induce apoptotic cell death of the antigen-presenting
cell. The MHC II expression is limited to the professional antigen-presenting cells, e.g.
B-cells, macrophages, monocytes and dendritic cells, which present processed protein
fragments. Depending on the cytokine milieu, CD4+ T cells can develop into four

subtypes, with different and specialized effector responses (5-8):

- T helper (Th)-1 cells mainly producing interferon (IFN)-y and interleukin (IL)-2, both
activating macrophages and cytotoxic T-cells essential for defence against intracellular
pathogens

- Th-2 cells mainly producing IL-4, -5 and -6 and stimulating B cell antibody
production

- Th-17 cells producing the pro-inflammatory cytokine IL-17 important for defence
against extracellular pathogens

- Regulatory T cells (Treg) suppressing effector T cells by several mechanisms,
including production of inhibitory cytokines like IL-10 and -35 and inducing cytolysis

of both cytotoxic- and Th cells, as well as dendritic cells

Activated B-cells mature into antibody producing plasma cells. Antibodies are

structurally similar to the membrane bound BCR and have several important functions;
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they mark antigens for phagocytosis, can activate precursors of the complement

system and neutralize antigens (5).

Both T- and B-cell responses require activation of different co-stimulatory receptors in
addition to binding their specific antigen, and these co-receptors can be up- and down
regulated in order to fine-tune and eventually turn off the immune response. A special
feature of the adaptive immune system is that some of the activated B- and T-cells
develop into long-lived memory cells that give a faster and stronger response if a

second infection by the same antigen is encountered (3).

1.2 Autoimmunity

Despite the deletion and inactivation of autoreactive T- and B cells in the primary
lymphoid organs, and the complex regulation of the immune response, immune
reactions directed against self-antigens may occur in the predisposed individual, and
prolonged inflammatory responses directed against self can thus cause extensive tissue
damage. Autoreactive T-cells can mediate cytolysis and produce inflammatory
cytokines; autoantibodies can mediate tissue damage through immune complex
formation, induce phagocytosis of antibody-tagged cells, and interfere with normal cell
functions through binding to cell surface receptors, like in Graves' disease and
myasthenia gravis. During lifetime 5 — 10% of humans will develop autoimmune
diseases (9). This includes a wide spectrum of conditions; some of them organ-specific
like type 1 diabetes mellitus and autoimmune thyroiditis, while others involve multiple

organs, i.e. the systemic autoimmune diseases.

The aetiology of autoimmune diseases is multifactorial with genetic factors playing
major roles (10, 11). Mutations in a single gene may cause a dramatic increased risk
for autoimmune disease, such as homozygote deficiency of Clq and C1r/Cls
complement proteins, in which subjects have a 90% risk of developing systemic lupus
erythematosus (SLE) (12). However, such mutations are rare. Most genetic variance
between individuals are due to minor variations in the gene sequence, single-

nucleotide polymorphisms (SNPs) being most common (13). SNPs are changes in the
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DNA-sequence involving changes in only one base-pair, where both variants have a
frequency > 1% in the population. If a SNP falls within the coding regions of genes, it
may change the sequence or composition of amino acids in the gene product. Genetic
susceptibility to autoimmunity are commonly thought to be modulated by stochastic
combinations of variants of genes; mainly in MHC-coding regions, but also in other
regions involved in innate and adaptive immune regulation mechanisms, leading to

disturbed function of these (14, 15).

The 24% concordance rate of SLE in monozygotic twins illustrates that also other
factors than genomic variance are of importance (16). Environmental factors can
induce chemical DNA modifications (e.g. DNA methylations and histone
modifications) that modify gene transcription without altering the base-pair sequence
(17). These DNA modifications are commonly called epigenetic changes (17).
Cigarette smoking and sun exposure are examples of environmental factors that can
cause epigenetic changes, and lead to increased risk of autoimmunity (18). Also, a
number of drugs may cause autoimmunity through epigenetic effects (17). Other
epigenetic mechanisms are modulation of gene expression by microRNA (miRNA),
small endogenous RNA sequences that downregulate translation by binding to
messenger RNA (19). Up- or down-regulated expression of miRNAs that may
influence lymphocyte co-receptor expression and cytokine production have been
observed in SLE patients, and animal experiments indicate that miRNAs may play

important roles in SLE pathogenesis (19).

Most autoimmune diseases have a much higher prevalence in females than in males.
Sex hormones influence immune cell development via specific receptors on the cell
surface. Oestrogen stimulates the production of B-cell stimulating cytokines (IL-4, IL-
5, IL-6 and IL-10) from Th2 cells, and through this increases survival of autoreactive
B cells (20). In addition, X chromosome abnormalities including skewed X
chromosome inactivation, X duplication, X monosomy and X trisomy as well as
translocation or epigenetic changes of specific gene sequences, are reported in
autoimmune diseases and may contribute to the increased susceptibility observed in

females (21).
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Autoimmunity can arise during infections in which antibodies against the pathogen
cross-react with self-antigens sharing high structural similarity with the pathogen.
Also, autoreactive lymphocytes may arise due to the polyclonal activation that occurs
during infections, and previously hidden self-antigens can be exposed as a
consequence of tissue damage. Further, drugs can bind to the cell membrane and
generate neo-antigens; for example penicillin and cephalosporin that cause haemolytic
anaemia (22). Once autoreactive cells are activated in the predisposed subject, the
complex interactions between the different cells and humoral components of the
immune system may create a vicious circle where an increasing number of
autoreactive cells find their previously cryptic self-antigens as a result of tissue

damage, leaving the initiating event unidentified.

1.2.1 Systemic lupus erythematosus

SLE is often considered as the prototype of autoimmune diseases. Immunological
abnormalities in SLE patients are observed both in the innate and the adaptive immune
system. A variety of autoantibodies are produced, including antibodies against double-
stranded DNA, considered a hallmark of the disease. Formation of immune complexes
and complement activation may cause inflammation and damage organs. Common
clinical presentations of SLE include arthritis, dermatitis, glomerulonephritis,
neurological manifestations, serositis, blood cytopenias, and thrombosis (23). The
American College of Rheumatology (ACR) classification criteria for SLE are widely
used for research purposes, and they are to some degree also used as diagnostic criteria
(24). The prevalence of SLE in Scandinavian countries is 46-85 per 100,000
inhabitants; women affected almost 10 times more often than men, and with an

observed median age at diagnosis of 47 years (25-27).

Involvement of the peripheral and the central nervous system (CNS) are reported in up
to 50% of the patients (28-30), and are collectively named “neuropsychiatric SLE”
(NPSLE). This implies that manifestations may be of neurologic as well as psychiatric
origin. The reported prevalences of NPSLE vary greatly, probably due to different

criteria used to establish such diagnoses.
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CNS involvement may be diffuse like in cases with headache or depression, or focal
like in stroke. To facilitate research ACR defined 19 NPSLE syndromes in 1999,
proposed case definitions for the syndromes, and included algorithms for diagnoses

and exclusion criteria (31).

1.2.2 Primary Sjogren's Syndrome (pSS)

Primary Sjogren's syndrome (pSS) is a systemic autoimmune disease
histopathologically characterized by chronic inflammation and lymphocytic infiltration
of exocrine glands, and immunologically by B cell activation and presence of anti-
SSA- and anti-SSB antibodies (32). Classical symptoms are dry mouth and eyes due to
disturbed glandular function, but also joint and muscular pain, fatigue and other
general symptoms are commonly experienced. The clinical characteristics of Sjogren's
syndrome may also present concomitant with other autoimmune diseases, e.g. SLE or

rheumatoid arthritis; in these cases it is termed secondary Sjogren's syndrome.

pSS affects mainly women, with highest incidence between 40 and 60 years of age
(32). The prevalence in the general population in Norway was recently found to be 50

per 100,000 (33).

A number of different classification criteria for pSS have been proposed and used over
time, varying in the demand for subjective symptoms, signs, or other items or
manifestations to be fulfilled. Today the American-European Consensus Group
(AECQG) criteria (34) are widely accepted and used although proposals for new and

more objective and stringent criteria have been published (35).

As in SLE, both the peripheral- and the CNS may be involved in pSS, however, with
large variations in reported prevalences (36). There are several possible explanations
for this variance, the most obvious being bias in recruitment; patients examined in
neurological departments will tend to have more neurological involvement than
patients from population-based cohorts. Also tertiary hospitals tend to have more
complicated cases than community-based health services. Further, use of different

classification criteria and lack of agreement upon which manifestations to include
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(confer the ACR case definition on NPSLE) may influence this. Finally, differences in
neurological involvement may be due to genetic and environmental factors. Applying
the AECG criteria in a close-to population based cohort we found that most pSS
patients had at least one neuropsychiatric manifestation; headache, peripheral

neuropathy and cognitive dysfunction being the most common (30).

1.3 The brain and its protection

Largely, the brain tissue is composed of neurons with their dendrites and axons, glia
cells and capillaries, and is divided into grey matter (GM) and white matter (WM).
GM mainly comprises neuronal cell bodies and glia cells with sparse myelinated axons
and is located in the cerebral and cerebellar cortex as well as in deep nuclei in
cerebrum, cerebellum and the brain stem. WM on the other hand mainly comprises
myelinated axons and glia cells and few neuronal cell bodies (37). The glia cells
include oligodendrocytes that form the myelin sheets surrounding the neuronal axons,
astrocytes that through different mechanisms maintain homeostasis (e.g. being part of
the blood-brain barrier [BBB], providing nutrients to neurons, regulating blood flow
and recycling neurotransmitters), and microglia that are brain residing macrophages
(37). The brain is surrounded by cerebrospinal fluid (CSF), mainly produced by
ependymal cells in the central ventricles of the brain, while a small proportion results
from drainage of brain interstitial fluid (38, 39). The exchange of soluble molecules
and cells between the blood and brain is tightly regulated by the BBB. The BBB
comprises endothelial cells connected with tight junctions without intracellular
fenestration, the capillary basement membrane and astrocytes (40). The passive
exchange of molecules through the BBB is highly restricted, but there are several
mechanisms for controlled transfer of specific molecules and substances. These
transport mechanisms can be up- or down regulated according to the requirements of
the CNS (40). There is a constant communication between neurons, glial cells and the
endothelial cells, as well as the peripheral immune cells. This crosstalk is mediated
through neurotransmission, cytokines and vasoactive substances (41). Activated T-

cells from peripheral blood are able to pass the BBB into the CSF where they are
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presented to antigens by meningeal and perivascular macrophages (42). In rats
intrathecal antibody production can occur in the presence of an intact BBB (43). This
indicates that activated B-cells are able to pass the BBB and in presence of "its"
antigen and T-cell help, develop into antibody producing plasma cells (43). In
humans, presence of "oligoclonal bands" in CSF (not corresponding with findings in
blood) and increased IgG indexes are signs of intrathecal antibody production.
Oligoclonal bands are narrow IgG bands visualized by electrophoresis/isoelectric
focusing, and represent antibodies arising from specific clones (44). The IgG index is
calculated as a ratio of (CSF IgG / CSF albumin) to (serum IgG / serum albumin).
Albumin is not produced in the CNS, thus the CSF albumin to serum albumin ratio (Q-
albumin) reflects the BBB permeability (44). Disruption of the BBB may occur during

infections, smoking and hypertensive states (45-47).

1.4 Cognition and cognitive dysfunction

Cognition relates to the mental processes involved in acquisition of information,
understanding, learning, remembering, decision making and problem solving. These
processes of generating adequate responses to a given environment are the essential
functions of the brain, and the mechanisms have engaged researchers for centuries.
Early autopsy studies and observation of clinical consequences of cerebral lesions as
well as more recent imaging techniques (like functional magnetic resonance imaging
[MRI] and diffusion tensor imaging) have resulted in an understanding that cognitive
functions involve widely distributed neuronal networks (i.e. cortical areas and

neuronal fibres connecting these) (48).

Cognitive dysfunction is one of the NPSLE manifestations proposed by the ACR, and

with the following diagnostic criteria (49):

- Documented impairment in one or more of the cognitive domains (simple attention,
complex attention, memory, visuospatial processing, language, reasoning/problem
solving, psychomotor speed, executive functions)

- The deficits represent a significant decline from a former level of functioning (if

known)
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- The cognitive deficits may cause varying degrees of impairment in social, educational

or occupational functioning

The reported prevalence of cognitive dysfunction in SLE patients varies; some of this
variance could be explained by differences in patient recruitment. Further, differences
in neuropsychological testing probably add to this variation for example whether
systematically neuropsychological testing are performed, the selection of tests applied,
which population define the normative test score and the cut-off set for impairment. In
an early study in which systematic neuropsychological assessment were performed in
consecutive in- and outpatients, cognitive dysfunctions were found in 40-80%; the
highest prevalence in patients with prior major NP involvement (e.g. hemiparesis,
seizure) (50). In our population-based cohort we revealed cognitive impairment in
46% of the patients; 22% with mild and 24% with moderate to severe impairment (30).
In another Nordic population-based SLE cohort, cognitive dysfunction was reported in
81% of the patients (28). However, the impairment was considered mild in 70%,
giving a 24% prevalence of moderate to severe cognitive impairment. The cognitive
dysfunction in SLE patients seems to fluctuate over time, is in general not progressive,
and improvement may occur (51-53). All cognitive domains can be affected and there

is not a "SLE-specific" pattern.

Studies in pSS patients in which systematic neuropsychological assessments have been
performed are rare. In three such studies cognitive dysfunction were reported in 42-
50% of the patients (30, 54, 55). Others have reported prevalences as low as 22% (56)
and as high as 80% (57).

There is only one longitudinal study assessing cognitive function in pSS patients (58).
This study concluded that cognitive dysfunction did not seem to be progressive over

time.
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1.5 Mechanisms for cerebral involvement in SLE and
pSS

Cerebral manifestations contribute both to morbidity and mortality in SLE. Given the
broad repertoire of NP manifestations in patients with SLE and pSS, it is likely that
more than one mechanism is operative, and it is also likely that different mechanisms
may act simultaneously in the individual patient. As SLE and pSS share clinical,
immunological and genetic features, some of the mechanisms for NP involvement in

these two diseases may be the same.

Only a few systematic autopsy studies have been performed in SLE patients. In these
studies microinfarcts, microhaemorrhages, and small vessel vasculopathy have been
common findings in the brain. Also, cortical atrophy, larger infarcts, haemorrhages,
and patchy demyelination occur, while true vasculitis is rare (59-62). Autopsy studies
in patients with pSS are even more rare than in SLE. One study described three
patients; otherwise only a few case reports exist (63-65). As in SLE, microinfarcts,
microhaemorrhages and small vessel vasculopathy are evident. Further, multifocal
WM lesions composed of myelin pallor with diffuse margins, axonal swellings and
perivascular lymphocytic infiltrates were described in one case report (65).
Lymphocytic infiltrates in the leptomeninges have been seen, but no inflammatory cell
infiltration of the brain parenchyma (64, 66). Histologically verified cerebral vasculitis

has not been observed (64-66).

Generally, increased concentrations of glial fibrillary acidic protein and neurofilament
triplet protein in the CSF are regarded as signs of neuronal and glia cell injury. In one
SLE study such findings were observed in patients with NP involvement (67). Also,
CSF pleocytosis, oligoclonale immunoglobulin bands and increased IgG indexes occur
in 30-45% of both SLE and pSS patients, however not necessarily in patients with NP
manifestations (44, 66-69).

A variety of autoantibodies could potentially bind to small cerebral blood vessel
endothelium, and neuronal- as well as glial cellular elements and lead to cerebral

neuronal disturbances in the patients. Such mechanisms could include both thrombotic
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microangiopathy, thromboembolism in larger vessels, and activation or inhibition of

neuronal receptors.

There is a well-known association in SLE patients between anti-phospholipid
antibodies (aPL) and thromboembolism — the anti-phospholipid syndrome (70). Stroke
occur in 15% of SLE patients (71), while it occurs in only 1.5-3% in pSS patients (30,
72) The considerably lower prevalence observed in pSS patients is therefore probably
due to aPL being more rare in these patients (70, 73, 74). However, it is interesting that
SLE patients without cerebral strokes, but with aPL may present with disturbed
cognitive function (75, 76). This indicates that aPL can modify neuronal function by
influencing the cerebral microcirculation and give rise to more subtle cerebral
impairments. Dysfunctional cells that constitute the BBB could lead to suboptimal
barrier integrity and leakage of neuroreactive antibodies into the brain. Also, aPL

could cause neuronal dysfunction by binding to yet unknown antigens.

Anti-ribosomal P-protein antibodies (anti-P) recognize specific proteins on the
ribosomes. In some studies SLE psychosis have been reported more frequently in
subjects with anti-P detected in blood compared to SLE patients without anti-P (77,
78), while others have not been able to confirm this (79). The presence of anti-P in
CSF has been postulated to cause several NPSLE manifestations (80, 81). The clinical
relevance of anti-P is strengthened by animal studies that provide a potential
mechanism for neuronal disturbances: P antigens have been discovered on the
neuronal cell membranes of rats and mice, especially in the hippocampus, and
injection of anti-P into rat brains resulted in neuronal apoptosis (82). In a recent
murine study in which the BBB was abrogated by LPS, circulating anti-P caused
memory impairment, while direct injection into the hippocampus caused hippocampal
atrophy, indicating there may be a dose-dependent effect (83). Anti-P also occur in
pSS patients (84). However, in one study that aimed to investigate the possible role of

anti-P for NP in pSS, no patients with anti-P in serum were discovered (85).

Anti-neuronal antibodies have for decades been associated with NP manifestations in

SLE patients, although no specific targets or pathogenetic mechanisms are known (86,
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87). No roles for anti-neuronal antibodies in NP manifestations of pSS patients have

been revealed (85).

Anti-SSA antibodies, also known as anti-SSA/Ro antibodies, constitute one of several
antinuclear antibody (ANA) subtypes (88). Anti-SSA antibodies recognize either of
two different ribonucleoprotein epitopes, Ro-52 or Ro-60 (88). The Ro-52 and Ro-60
proteins show different cellular localization and function. While Ro-60 identifies
misfolded RNAs and marks them for degradation in the proteasome, Ro-52 is an
ubiquitin ligase also marking proteins for proteosomal degradation (88). Presence of
SSA antibodies is included in the AECG classification criteria for pSS and more than
50% of pSS patients harbour these antibodies (32). The concentration of anti-SSA
antibodies in blood correlates with total gammaglobulin levels, as well as level of B-
cell activating factor - BAFF (89). In a study including patients with primary- or
secondary Sjogren's syndrome, more severe CNS involvement was evident in patients
with anti-SSA antibodies. The authors suggested that anti-SSA antibodies could bind
to endothelial cell peptides and disturb vascular function (90). However, in two later
studies, no relations between anti-SSA antibodies and neurological manifestations

were observed (66, 69).

Antibodies against aquaporin 4 (AQP4) cause neuromyelitis optica (NMO), a
condition in which the optic nerve and spinal cord are selectively affected (91). This
condition is characterized by demyelination and spinal cord GM necrosis. AQP4 on
astrocytes play a critical role in water and ion transport in several parts of the brain,
including neocortex, hippocampus, the optic nerve and spinal cord (92). One proposed
mechanism is that binding of antibodies to AQP4 on astrocytes reduce the AQP4
expression with a subsequent down-regulation of the most important transporter for
synaptic glutamate re-uptake, eventually causing neuronal and oligodendrocyte death
by excitotoxicity (91). Anti-AQP4 antibodies have been observed both in SLE and in
pSS patients with NMO (93).

The role of antibodies against N-methyl-D-aspartate (NMDA) receptors will be

discussed in chapter 1.5.1.
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It is important to have in mind that in patients with autoimmune diseases like SLE and
pSS neuropsychiatric manifestations may occur concomitant and independent of the
autoimmune disease itself. NP may be secondary to metabolic disturbances, uraemia,
hypertension and infections; all phenomena occurring more frequently in e.g. SLE

patients than in otherwise healthy subjects (94).

1.5.1 The role of NMDA receptor antibodies

1.5.1.1 The NMDA receptor

Glutamate is the main excitatory neurotransmitter, and membrane-bound receptors for
glutamate are widespread throughout the brain and spinal cord. There are two main
groups of glutamate receptors; first - metabotropic in which receptor activation leads
to activation of transmembrane and intracellular proteins, and second - ionotropic
receptors where ion channels open when the receptors are engaged. The NMDA
receptor (NMDAR) is a subtype of the ionotropic glutamate receptor composed of two
NRI1 subunits in a complex with two of the four NR2 (a-d), or two NR3 (a-b) subunits,
or a combination of an NR2 and NR3 subunit (95). The different subtypes are named
based on subunit composition. The NMDAR function is mainly dependent of the
subunits composition and the neuronal localization of the receptor (i.e synaptic versus
extrasynaptic; the latter being more prone to activate pro-death pathways) (96). At
birth only NR2b and NR2d are present, but during stimulation and development NR2a
evolve in all parts of the brain, while the NR2d become rare and later are confined to
the mesencephalon and diencephalon. NR2c are present in cerebellum and in the
olfactory bulb. In contrast, NR2b occurrence continues, mainly in cortex and at a

particularly high density in hippocampus (96, 97).
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Figure 1 (98): The NMDA receptor forms an ion channel with high permeability to Ca** ions
(97). The receptor has extracellular binding sites for the agonist glutamate and its essential co-
agonist, glycine (97). In the resting state, the ion channel is blocked by Mg*". When Zn>" ions
bind to a site near the ion channel a voltage-independent block occurs that modifies the
channel gating properties. Inside the ion channel several NMDAR antagonists can bind (99).
The cytoplasmic tails of both the NR1 and NR2 subunits are linked to signalling proteins
through different scaffolding proteins (100).

The NMDAR constitute an ion channel which in the resting state is blocked by Mg
(99). The receptor must be activated to open the channel, not only by binding of
glutamate and the essential co-agonist glycine, but also by depolarization of the cell
membrane. NR2a and NR2b receptors have an especially high demand of
depolarization compared to NR2¢ and NR2d subunits for release of Mg”" to occur. The
ion channel allows calcium influx when open, this influx is particularly rapid in NR2a
and NR2b receptors. Under physiological conditions, NMDAR responses mediate
survival signals for developing neurons, and regulate synaptic strength and neuronal
plasticity (101). The rapid NMDAR-gated Ca®" influx can induce long-term

potentiation, a fundamental process for learning and formation of memory in the
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hippocampus (102). However, a sustained opening of the ion channel can lead to
abnormally high intracellular Ca®" levels, causing distorted neuronal function and
eventually cell death by apoptosis (103). Thus, in addition to the complex receptor
activation, there is a binding site for Zn®" near the ion channel at NR2a and NR2b
subunits, and binding of Zn*" to this site cause a voltage-independent inhibition of the

NMDARs (104).

NMDARs play important roles in acute and chronic neurologic and psychiatric

disorders (105).

1.5.1.2 Experimental studies on anti-NR2 antibodies

Initially investigating origin and pathogenicity of anti-DNA autoantibodies, a research
group lead by professor Diamond induced anti-DNA antibodies (R4a) which happened
to display cross-reactivity with both the human- and the murine NR2a and NR2b
subunits of the NMDAR (106). Based on the knowledge that cognitive dysfunction is
common in SLE patients, and the NMDARs are of such importance in cognition, a
series of experiments were performed to explore the potential clinical relevance of

these antibodies. To summarize their main findings:

- When R4A was injected into mouse brains, the antibodies caused hippocampal
neuronal loss by apoptosis without inflammation. Neuronal loss could be prevented by
co-administration of the NMDAR antagonist MK-801. Hippocampal neuronal death
also followed when CSF from a lupus patient with cognitive dysfunction was injected
into mouse brains (107).

- Systemic anti-NR2 antibodies caused by immunization in mice did not give neuronal
loss. However, when the BBB was abrogated by lipopolysaccharide (LPS),
hippocampal neuronal loss accompanied by memory impairment was observed. The
memory impairment was prevented by co-administration of memantine, another
NMDAR antagonist (108).

- When epinephrine was used for BBB abrogation instead of LPS, anti-NR2 antibodies
selectively bound to and caused death of amygdalar neurons and not of hippocampal.
The amygdalar neuronal loss was followed by emotional disturbances. In addition to
memantine, synthetic DWEY S-peptide could prevent neuron damage when

administered together with epinephrine (109).
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- Hippocampal loss and memory impairment could be induced in mice by giving serum
from SLE patients with anti-NR2 antibodies intravenously followed by LPS. The same
effect was seen when IgG eluted from brain tissue of a SLE patient with progressive,
severe cognitive impairment was injected directly into mouse brains (110).

- In the brains of four NPSLE patients, endogenous IgG bound to hippocampal neurons
was found; they collocated with marked NR2a- and NR2b antibodies (110).

- The effect of anti-NR2 antibodies is dose-dependent, at low concentration they alter

neuronal synaptic function and at high concentration they cause apoptosis (111).

Further knowledge of the mechanism of these antibodies came from a study by Gono
and colleagues. They observed in cell cultures that anti-NR2 antibodies bound
specifically to the Zn>* binding site of the NR2a or NR2b subunit, and in a dose-
dependent manner blocked the inhibitory role of Zn*". This resulted in a prolonged
opening of the ion channel when the receptor was activated, followed by increased and

cytotoxic intracellular concentrations of Ca*" (112).

Finally, NR2a and NR2b proteins are present on human cerebral endothelial cells and
a recent study revealed that anti-NR2 antibodies bind to the endothelial cells and cause
increased expression of adhesion molecules and release of proinflammatory cytokines
from the endothelial cells. This mechanism could possibly be operative in vivo and be

another cause for BBB disruption (113).

Altogether, there is substantial support for a role for anti-NR2 antibodies in the
pathogenesis of cerebral NPSLE.

1.5.1.3 Anti-NR2 antibodies in SLE patients

Anti-NR?2 antibodies in serum are reported in approximately 30% of SLE patients
(114-118) and in 5-10% of patients with other autoimmune diseases (such as
myasthenia gravis, autoimmune polyendocrine syndrome, rheumatoid arthritis,

multiple sclerosis, polymyositis/dermatomyositis and systemic sclerosis) (116-118).

In the original murine studies anti-NR2 antibodies were cross-reactive with native

DNA. Several later human studies demonstrate that not all anti-NR2 antibodies are
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cross-reactive with DNA, but appear as unique NR2-reactive antibodies (116, 118,

119).

Although a common belief is that anti-NR2 antibodies are produced in the periphery
and pass over the BBB into CSF, an alternative hypothesis could be that they are
produced intrathecally by resident plasma cells. Both mechanisms could be operative

in SLE patients (120).

It is known that anti-NR2 antibody levels in serum and CSF are correlated (119). In
general, the anti-NR2 antibody concentration is higher in blood than in CSF (121,
122), but the opposite has been described in patients with acute cerebral NPSLE (122)
and in complex NPSLE (119). SLE patients with septic meningitis reportedly have
higher anti-NR2 antibody concentrations in CSF than SLE patients hospitalized for
other reasons, conceivably as a result of a disruption of the BBB (122). In nine
patients, a fall in intrathecal anti-NR2 antibody levels occurred after intensive
corticosteroid treatment, possibly reflecting re-established BBB function (119).
Associations between presence of anti-NR2 antibodies and NPSLE have been
inconsistently reported. In six studies, cognitive function was systematically assessed
by neuropsychological testing (114, 115, 117, 123-125); but only in one of these was it
possible to demonstrate an association between anti-NR2 antibodies in serum and
cognitive impairment (123). In two studies anti-NR2 antibodies and mental depression
were associated (114, 123), while three other studies could not confirm such relations
(78, 115, 125). None of these studies provided any information about anti-NR2
antibodies in the CSF.

Four studies investigated the possible implications of anti-NR2 antibodies being
present in CSF. Associations between anti-NR2 antibodies in CSF and diffuse and
complex NPSLE were observed in two studies (119, 121). In another SLE study, anti-
NR2 antibodies in CSF were found more frequently in patients with CNS
manifestations than those with peripheral nervous system manifestations (122). In a

recent SLE study, higher anti-NR2 antibody concentrations were seen in patients with
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acute confusional state, compared with patients with less severe and diffuse NP

manifestations (120).

Four studies with repeated measures of anti-NR2 antibodies have been published (two
reporting serum data and two CSF data). In three of these studies anti-NR2 antibody
concentrations correlated with the severity of the NPSLE manifestations (116, 117,

119, 122).

1.5.1.4 Anti-NR2 antibodies in other conditions

Rasmussen's syndrome (RS) is a rare autoimmune syndrome, mainly affecting
children, characterized by seizures, progressive hemiparesis, mental retardation and
brain atrophy (126). It was originally thought to be caused by autoantibodies against
the ionotropic glutamate receptor subtype o-Amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA), but it has later been clear that the condition also
occurs in the absence of these antibodies. In a Japanese study of 20 patients with
histologically verified (10) or clinically suspected (10) RS, all with verified, and nine
out of ten with suspected RS, had anti-NR2 antibodies (127). Finally, in one study
NMDAR antibodies have been reported in 10% of the patients with schizophrenia at
the time of diagnosis (128).

1.5.1.5 Anti-NMDAR encephalitis

Anti-NMDAR encephalitis, a condition causing both psychiatric and neurologic signs
and symptoms, is caused by autoantibodies directed against the NR1 subunit of
NMDAR. The condition was first described as a paraneoplastic phenomenon
secondary to ovarian teratoma. It is now well known that this condition constitute a

genuine autoimmune disease not necessarily related to neoplastic diseases (129).

In rat studies, it has been demonstrated that the number of NMDARS on the neuronal
cell surface are reduced as a consequence of internalization of the NMDARSs upon
binding of anti-NR1 antibodies. This effect is dose-dependent and the number of
NMDARSs returns to baseline when the antibodies are removed (130). In line with this,
the disease phenomena fade as the concentration of anti-NR1 antibodies in CSF fall,

and complete recovery is most commonly seen (129).
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1.6 Findings in previous MRI studies of SLE and pSS
patients

Cerebral imaging can reveal anatomical changes in both SLE and pSS patients.
Computer tomography (CT) is fast and easily accessible and is commonly applied for
diagnosis in acute neurological manifestations, especially strokes. Magnetic resonance
imaging (MRI) has, however, much higher sensitivity to reveal changes in soft tissue,
and is thus often preferred both in clinical settings and research. Abnormalities
detected by MRI in SLE and pSS include hyperintense WM lesions (WMH), global
and regional atrophy and cerebral infarcts. MRI abnormalities are not always reflected
clinically, and conversely; clinical signs and symptoms are not always accompanied by
MRI changes. It is more likely that patients suffering from focal rather than diffuse
CNS manifestations display MRI abnormalities (131). In a study in which premortal
MRI and postmortal histopathologic findings were compared, there was a 100%
sensitivity for detecting large cerebral infarcts, while microinfarcts were infrequently
detected by MRI (132). Important, there are no MRI abnormalities specific for

SLE/pSS; such findings may be observed in otherwise healthy persons as well.

1.6.1 Cerebral strokes

Cerebral infarcts occur more frequently in patients with SLE than in pSS, in one study
12% vs 3%, respectively (30). In fatal NPSLE, cerebral infarction occurred in 29% of

the patients and intracranial haemorrhages in 21% (132).

1.6.2 White matter hyperintensities

WMH are hyperintense signals detected in T2-weighted images. They appear with
increasing frequency with increasing age in healthy subjects. Cerebrovascular risk
factors (hypertension, diabetes mellitus or cardiac disorder) are cofactors that
accelerate WMH development (133). WMH are the most frequent MRI finding in both
SLE and pSS patients, and they appear earlier and in increased numbers in SLE
compared to healthy subjects. It is unclear whether this is the case in pSS (54, 57, 134-
136). Histopathological studies of WMH in SLE reveal acute microinfarcts and



36

microhaemorrhages with focal oedema in some cases, but also small resolved infarcts
(132). Thus, WMH in SLE are dynamic lesions and though some of the lesions persist,
even large lesions can resolve (135, 137). Increased number and size of WMH are
associated with CNS involvement in both pSS and SLE patients; the specificity of
predicting such involvement is however limited (66, 132). There are conflicting results
regarding the significance of WMH on cognitive function, a possible cause of this
discrepancy could be that a critical mass or localization affecting essential neuronal

fibres are required for WMH to impact cognition (55, 138-141).

1.6.3 Global atrophy of the brain

Global atrophy of the brain is the second most common finding in SLE patients (135).
It appears early; in one study atrophy was present in 20% of the patients when scanned
within a year after diagnosed with SLE (142). Further, global atrophy was found in
almost all children and adolescents in a study examining MRIs taken in a clinical
setting of NPSLE. In this group the volume loss was moderate to severe in 25% (136).
Cerebral atrophy is accelerated over time in SLE patients compared to healthy subjects
(143, 144) and is more severe with longstanding disease, presence of aPL and
corticosteroid treatment. These associations are, however, not consistently found (143,
145). Cerebral atrophy was found in 16-40% of pSS patients by visual inspection of
MRI images (146-148), and also demonstrated in a study applying computer-based
analyses (149). These findings contrast another computer-based volumetric study in
which no GM atrophy was revealed (54). Cerebral atrophy has been associated with
cognitive dysfunction in both children and adults with SLE, while these matters have

not been explored in pSS (143, 145).

1.6.4 Regional atrophy

Progressive hippocampal atrophy has been described in adult SLE patients, and corpus
callosum atrophy demonstrated in both children and adults with SLE. Atrophy of these

brain structures were accompanied by cognitive impairment (136, 150, 151).
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1.7 MRI volumetric analysis

There are several software packages used for computer-based volumetry. Statistical

Parametric mapping (SPM; http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) is one of

the most commonly applied. Before analyses can take place, it is necessary to
preprocess the MRI images. Biases caused by inhomogeneity of the MRI scanner
magnetic field are corrected and the images are normalized against a template to
achieve a standard size and to be spatially aligned (152). Further, based on signal
intensities and a priori probability maps, the images are segmented into GM, WM and
CSF. The next step is modulation, where potential changes in brain volumes during the
normalization step is corrected for by an accordingly change in signal intensity, e.g. if
the volume of a region is halved by the normalization, the signal intensity is doubled in
the modulation. Finally, the images are smoothed by a Gaussian kernel to obtain more
normally distributed data and reduce potential errors occurring during the

normalization (152).

Figure 2: 3-dimensional MRI images are built up by voxels. This figure illustrates one layer
of GM voxels. For illustration purposes the voxel size is much larger than applied in imaging

analysis.
1.7.1 Global volume analyses

The SPM software can be used to estimate global volumes of both GM and WM, and
by applying designated software extensions, volumes of specific regions of interest

(ROI), for instance hippocampus, can be measured. For analyses of global or ROI
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volumes the differences in volumes between groups must be large enough to turn out
significant, but there is no requirement that volume differences between the groups are

at the same space.

1.7.2 Voxel-wise analyses

When MRI images are spatially aligned and modulated, brain volumes of groups can
be compared voxel by voxel for instance by #-tests in SPM. These tests can be
performed across all GM or WM voxels, or across a specific ROI, depending on the
hypothesis. The results are given as statistical parametric maps displaying clusters of

voxels where signal intensities, i.e. volumes, differ between the groups.

SPM{T92]

Figure 3: Statistical parametric map displaying areas where volumes differ between the tested

groups in three planes

As each voxel is analysed separately, this voxelwise approach requires that volume
differences have exact the same localization. The mass-univariate approach to these
analyses, generate an extremely large number of tests, it is therefore necessary to
correct for multiple testing to limit false positive results. Family-wise error (FWE)
correction is a conservative and commonly applied method for such correction. The
aim of this method is to limit the overall probability of getting false positive results to
the set significance level, typically 0.05. The corrected p-value is thus 0.05 divided on
total number of tests performed (153).
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2. Aims of the study

- To summarize knowledge about the effects of anti-NR2 antibodies in animal

models and in patients with SLE.

- To investigate whether anti-NR2 antibodies influence cognitive function in
patients with pSS and whether pSS patients have smaller hippocampi than
healthy control subjects

- To explore whether anti-NR2 antibodies influence the hippocampal sizes in

patients with SLE and pSS

- To explore whether patients with pSS have diffuse (global) or a more localized
loss of brain matter compared to healthy subjects, and investigate whether the
total amount of GM and WM are related to clinical variables and/or disease

factors.
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3. Subjects and methods

3.1 Subjects

All SLE and pSS patients were recruited at Stavanger University Hospital (SUS),
Norway. This is the only hospital in the southern part of Rogaland county, serving a

population of 330,000 inhabitants at the time of examination.

3.1.1 Patients with SLE

Medical records of all patients given the diagnosis SLE between 1980 and 2004 were
reviewed and 86 patients fulfilling the ACR revised classification criteria for SLE (24,
154) were identified. Sixty-eight (79%) of these patients gave written informed
consent to participate in the study. Fifty-nine (87%) were females. Mean age was 43.8,

standard deviation (SD) 13.6, and range 19.6 — 75.9 years.

3.1.2 Patients with pSS

The medical records were reviewed of (a) all patients given a diagnosis of pSS
between 1980 and 2005, and (b) all patients who had a minor salivary gland biopsy
performed between 1990 and 2004, and had a focus score >1(155). These biopsies
were examined and scored at the Department of Pathology at SUS. Ninety-nine
patients fulfilled the AECG criteria for pSS (34). Of these, 72 (73%) gave written
informed consent to participate. Sixty-two (86%) were female. Mean age was 57.8, SD

13.0, and range 27.1 — 86.6 years.

3.1.3 Healthy subjects

106 age- (+ 2 years) and gender-matched healthy subjects were recruited among
unrelated friends and neighbours of the patients, hospital staff, and unrelated friends
and neighbours of the hospital staff. Eighty-eight (83%) were female. Mean age was
50.6, SD 15.6, and range 21.2 — 88.1 years.



41

All study participants were Caucasian.

Details regarding subjects included and excluded in the different papers are given in

Figure 4.

70 pSS patients examined with MRI

4 patients excluded (poor image
quality and/or large brain

abnormalities 1.e. tumors,
postoperative changes, artefacts
from the oral cavity).

10 patients excluded (8 due to
poor image quality* and/or large

Paper II.

66 pSS patients and 66
healthy control subjects.
Hippocampal volumes
estimated with
SPMS5/MarsBaR.

brain abnormalities, 2 due to loss
of raw images of patient or the
corresponding healthy subject)

Both MRI images and CSF from
54 patients; 4 patients excluded
(3 due to poor image quality

Paper IV.

60 pSS patients and 60
healthy control subjects.
Global brain volumes
estimation and voxel-wise
volume comparison with
SPM8&/VBMS.

and/or large brain abnormalities,
1 due to loss of raw images)

Both MRI images and CSF from

50 patients

62 SLE patients examined with MRI

Paper II1.

50 pSS patients and 50
SLE patients. Voxel-wise
comparison of
hippocampal volumes in
patients with and without
anti-NR2 antibodies in
CSF with SPM8/VBMS.

Figure 4: Selection of pSS- and SLE patients in our cohorts and study overview.

*Higher demands for image quality in whole-brain analyses than in hippocampus analyses,

the latter only requires good definition of the hippocampus
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3.2 Examination protocol

For research purposes only, all participants underwent extensive and standardized
examination by specialists in internal medicine and neurology, and cerebral MRI scan
was performed within a median of 12 days (range 0-75). In addition, all patients were
subjected to neuropsychological assessment. Lumbar puncture was performed in all
patients who accepted this procedure. The study was approved by the regional research

ethics committee and was carried out in compliance with the Helsinki Declaration.

3.3 Neuropsychological assessment

The neuropsychological testing started at a fixed time in the morning; the tests were
administered by a trained neuropsychological test technician and were completed
within 3-4 hours. All tests were administered in a standardized manner, and the results

were analysed by a clinical neuropsychologist.

Results from the neuropsychological assessment of the pSS patients were applied in
Paper II. As the NMDAR function is of vital importance for learning and memory
formation, we expected anti-NR2 antibodies to influence these functions, thus data
from memory tests were selected. We used the sum of the weighted scores of four
indices from the Wechsler Memory Scale-Revised (WMS-R) (156). WMS-R verbal
memory and WMS-R visual memory provide composite measures of the immediate
retrieval of verbal and visual material, respectively. WMS-R general memory provides
a composite measure of the immediate retrieval of both verbal and visual material, and
WMS-R delayed memory provides a composite measure of delayed retrieval of the
same material after a 30-min interval. The Tactual Performance Test (TPT) (157)
encompasses several cognitive domains (158) and performance is reported as the time
to complete an assigned task using the dominant hand, the nondominant hand, both
hands together and the total time to complete all tests. In relation to the baseline
performance of the dominant hand, the TPT for the nondominant hand, the TPT for

both hands together and TPT total time can be considered as tests that measure
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learning. TPT location and TPT memory measure incidental tactile and spatial learning

and retrieval, respectively.

3.4 Evaluation of mental depression

The Beck Depression Inventory (BDI) was used for evaluation of mood. A score > 13

was regarded as reflecting clinical depression (159, 160).

3.5 Blood and CSF analyses

Routine haematological and biochemical tests were analysed in the hospital’s
laboratory. Screening for ANA was performed with the HEp-2000 assay
(Immunoconcepts, Sacramento, CA, USA). The presence of anti-double-stranded (ds)
DNA, anti-SSA, and anti-SSB antibodies was confirmed by ELISA with the
QUANTA Lite ENA 6 assay (Inova Diagnostics, San Diego, CA, USA). Anti-dsDNA
antibodies were also verified by Nova Lite dsDNA Crithidia luciliae 708200 indirect
immunofluorescence assay (Inova Diagnostics). Testing for anti-cardiolipin IgM and
IgG antibodies was performed with the QUANTA Lite ACA IgM and IgG ELISA
(Inova Diagnostics). Lupus anticoagulant was screened for by measuring the activated
partial thromboplastin time and dilute Russell’s viper venom time (Dade Behring,
Marburg, Germany). Anti-phospholipid antibodies (aPL) were considered positive if
the patient had a positive anti-cardiolipin IgM- or IgG-antibody test, was lupus-

anticoagulant positive, or any combination of these.

3.5.1 Anti-NR2 antibodies in blood

Serum anti-NR2 antibodies were analysed by an ELISA-based technique. An amidated
and acetylated DWEYSVWLSN decapeptide was synthesized, purity was > 95% as
assayed by high-performance liquid chromatography.

96-well microtiter plates (Greiner Bio-One, GmbH, Frickenhausen, Germany) were
coated with 1 pg decapeptide in 100 pl phosphate buffered saline (PBS) (pH 7.4) in
each well and left overnight at 4 °C. The wells were blocked with 10% foetal calf
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serum (FCS) in PBS for 1 hour. The serum samples were diluted 1:50 with 10% FCS
in PBS. The diluted samples were added in triplicate and incubated for 2 hours before
bound serum antibodies were detected using Polyvalent Anti-Human [gGAM
Peroxidase Conjugate (Sigma-Aldrich, St. Louis, MO, USA). Then o-
phenylenediamine dihydrochloride (DakoCytomation, Glostrup, Denmark) was added
as detection substrate, and after 30 minutes of incubation, the peroxidase reaction was
stopped by adding 100 pL of 1 M H,SO,. Optical density (OD) was read at 492 nm
with a Multiskan Ascent microplate photometer (Thermo Scientific, Waltham, MA,
USA). Except for coating, all steps were conducted at room temperature and the plates

were washed with PBS four times after each incubation.
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PC: Positive control NC: Negative control IC: Internal calibrator

ﬁ Peroxidase-labeled anti-Human Polyvalent IgGAM

X Bound anti-NR2 antibody from serum sample
@ H,N DWEYSVWLSN

Figure 5: Triplicate serum samples from 29 subjects can be analysed on each plate in addition
to the positive controls (PC), negative controls (NC) and the internal calibrators. The optical
density increases with increasing peroxidase activity — i.e. increasing anti-NR2 antibody

concentration, and is seen as a darker colour in the wells.
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R4vg2b monoclonal antibody, kindly provided by Dr C.H. Kowal (Albert Einstein
College of Medicine, NY, USA), was used as positive control, while 10% FCS in PBS

served as negative control.

The analytical cut-off was based on the mean OD (0.46) +3 SD (3 x 0.12) from 95
healthy blood donors. One patient showed an OD close to this value (0.86) and serum
from this patient was used as an internal calibrator on all plates and this OD (0.86) also
defined the cut-off value. The ratio against this cut-off was calculated for all samples;
aratio > 1.0 was considered positive, and < 1.0 negative, for the presence of anti-NR2

antibodies.

3.5.2 Anti-NR2 antibodies in CSF

Anti-NR2 antibodies in CSF were measured by an electrochemiluminescence method
on a SECTOR Imager 2400 platform (MSD, Gaithersburg, MD, USA). A high bind
plate (L15XB-3; MSD) was coated with 25 pL of the synthetic DWEYSVWLSN
decapeptide at a concentration of 2 pg/mL and incubated overnight at 4 °C. The plate
was blocked with 150 puL of 3% bovine serum albumin (MSD Blocker A) for 1 hour.
Then, 25 pL of each sample was added in duplicate to the wells and incubated for 2
hours. 25 uL (1 pg/mL) of anti-human antibody (goat) with Sulfo-TAG (MSD) was
added and incubated for 1 hour. Read Buffer T (150 pL of 2x buffer; MSD) was added
and results were read on a Sector Imager 2400 (MSD). With the exception of coating,
all incubation steps were conducted at room temperature on a plate shaker (300-400
rpm), and the plate was thereafter washed three times with PBS (pH 7.2-7.3) plus
0.05% Tween 20.

The cut-off value for anti-NR2 antibodies was based on CSF from 24 subjects who
underwent lumbar puncture as part of a neurological examination. None of these
subjects later turned out to have any inflammatory, autoimmune, or malignant
diseases. The CSF sample with the highest signal out of all these subjects (signal
13174 which was slightly higher than mean signal of all samples (5369) + 3 SD (3 x
2487) was chosen as the cut-off value/internal calibrator and measured together with

the samples on each plate. For each sample, a ratio against the internal calibrator was
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calculated. Samples with ratio > 1.0 were considered positive, and < 1.0 were

considered negative.

3.6 MRI

3.6.1 Image acquisition

The patients were examined using a 1.5-T Philips Gyroscan NT Intera Release 10

(Philips Medical Systems, Best, Netherlands).

MRI scanning protocol: Axial T2 turbo spin echo (SE) conducted with TR 3240 ms,
TE 19 ms/80 ms, slices 5 mm, gap 1.5 mm. Sagittal T2 fluid-attenuated inversion
recovery (FLAIR) was performed with TR 6500 ms, inversion recovery 2200 ms, TE
105 ms, slices 5 mm, and gap 1 mm. Axial T1 3-dimensional turbo field echo (TFE)
had a TR 17 ms, TE 4 ms, no gap. Field of view 230 x 230 mm, Matrix 256 x 256,
nominal resolution 0.9 x 0.9 x 1.4 mm. Axial T1 SE (TR 525 ms, TE 12 ms, slices 5
mm, no gap) was performed before and after intravenous gadolinium contrast. Sagittal
T1 SE was performed with TR 525 ms, TE 12 ms, slices 5 mm, and no gap. For the
image analyses, axial T1 3-dimensional TFE with nominal resolution 0.9 x 0.9 x 1.4

mm were used.

MRI data for the SLE and pSS patients and healthy subjects were collected randomly

to prevent collection biases like scanner calibration drifting over time (161).

3.6.2 Preprocessing

MRI images were pre-processed using default settings in the VBMS extension (Gaser,

http: //dbm.neuro.uni-jena.de/vbm/download/) of the SPM8 software

(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). The images were bias-corrected,
tissue classified (GM, WM and CSF) and registered by using linear and non-linear

transformations within a unified model (162). The normalization included correction
for individual brain size, thus we did not need to correct for total intracranial volume

in our analyses. Finally, the images were smoothed using a 12-mm full-width-half-
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maximum (FWHM) Gaussian Kernel to reduce the inter-subject variability and obtain

a more normal distribution of the data (152).

The segmentation of GM and WM was visually examined for all study participants.
Data quality and sample homogeneity were tested by viewing one normalized,
unsegmented slice for all patients and healthy control subjects and evaluating a
covariance matrix of the covariance among all volumes using the VBMS tool (Gaser,

http: //dbm.neuro.uni-jena.de/vbm/download/).

3.6.3 Global volume estimation (Paper IV)

Global GM, WM, and CSF volumes for the pSS patients and the corresponding
healthy control subjects were calculated using the VBMS tool. In addition, we
calculated total intracranial volumes (TIV) as sums of GM, WM, and CSF volumes.
TIV is considered to reflect premorbid brain size (161). Further, the following ratios

were calculated; GM volume/TIV, WM volume/TIV and CSF volume/TIV.

3.6.4 Hippocampal volume estimation (Paper Il)

The image preprocessing was performed with the VBMS (Gaser, http://dbm.neuro.uni-

jena.de/vbm/download/) extension to SPM5

(http://www.fil.ion.ucl.ac.uk/spm/software/spm5/). First, we created template images

based on our healthy subject control group. Normalization and segmentation were
performed with default settings. GM and WM were smoothed with an 11-mm full-
width-half-maximum Gaussian Kernel. We used the MarsBar (www.
marsbar.sourceforge.net) volume-of-interest analysis toolbox for SPM5 and selected
right and left hippocampus region of interest by applying the "Automated anatomical

labeling (aal) atlas" (www.gin.cnrs.fr/spip.php?article217). Estimation of hippocampus

volumes was conducted by professor Simone Appenzeller.

3.6.5 Voxel-wise analyses (Papers Ill and IV)

The voxel-wise analyses were performed with the SMP8 software. An absolute mask

was applied where all voxels with less than 10% probability of being GM or WM,
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respectively, were excluded to avoid possible edge effects between different tissue

types.

3.6.5.1 Analyses for Paper llI

Disease duration, aPL and corticosteroid treatment have previously been reported to
have a negative effect on hippocampal volumes in SLE patients (150). We first set up
four models with independent-samples z-test design in which disease (SLE and pSS)
was the grouping variable and either of anti-NR2 antibodies (Model 1), aPL, disease
duration, or present use of corticosteroids were set as covariates. Age and gender were
added as nuisance covariates in all models to exclude effects caused by these variables.
Within a hippocampus mask we first tested for a main effect of group and the different
covariates by two-way F contrasts. If an effect appeared, we continued with one-way ¢-
contrasts to determine whether the variable had a positive or negative effect on
hippocampal GM volumes. Further, a more complex model were constructed (Model
2), also with an independent-samples #-test design with disease (SLE and pSS) as the
grouping variable and anti-NR2 antibodies, aPL, disease duration, and present use of
corticosteroids as explanatory covariates and age and gender as nuisance covariates.
This was done to evaluate the effect of anti-NR2 antibodies when controlled for the
effect of the other covariates. We tested for interaction between group and presence of
anti-NR2 antibodies in both Model 1 and 2. In model 2 we also tested for interaction

between anti-NR2 antibodies and the other covariates.

We revealed an effect only from the presence of anti-NR2 antibodies on hippocampal
GM volumes, and thus applied Model 1 for the final analyses where we explored
whether anti-NR2 antibodies influenced GM volume in other parts of the brain by
running #-tests across all GM voxels. Also in this whole-brain setting we tested for
effect of disease groups and interaction between group and anti-NR2 antibodies. In
these analyses, seven SLE and three pSS patients had to be excluded due to cortical

infarcts or artefacts not involving the hippocampus.

FWE corrected p < 0.05 were set as the cluster significance threshold. However, as

this was an exploratory study, we also reported all voxels where GM volume differed
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between patients with and without anti-NR2 antibodies at a significance level of p <
0.001 uncorrected, although not all of them reached statistical significance after

correction for multiple testing.

3.6.5.2 Analyses for Paper IV
For analyses of the groups of 60 pSS patients and 60 healthy control subjects we
applied two samples #-tests to voxel-wise compare GM and WM volumes between the

groups. We applied FWE corrected p < 0.05 as significance level on cluster level.

3.6.6 WMH-assessment

Two independent raters (MKB and OJG) assessed WMH according to the Scheltens
visual rating scale (163). This is a semi-quantitative rating scale where the size and

numbers of WMH within 4 anatomical regions are scored.

3.7 Statistical analyses

3.7.1 Paper l:

In the group of 66 pSS patients we wanted to establish models for memory test scores
and hippocampal sizes and tested potential exploratory variables by univariable linear
regression to generate unadjusted effect estimates. Variables with p-values < 0.25 in
the univariable analyses and variables thought to be of clinical importance independent
of their p-values were added in the multivariable models. Variables without significant
effects in multivariable regression were excluded from the final models, with the
exception of age, gender, disease duration, and anti-NR2 antibodies, regarded as
important regardless of their significance levels. In the final models for memory test
scores, also education levels and hippocampal volumes were included. A significance

level of p < 0.05 was used.

3.7.2 Paper IV:

Global GM and WM volumes, GM volume/TIV and WM volume/TIV of 60 pSS

patients and 60 healthy control subjects were compared using paired samples #-tests.
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Models for GM and WM volumes in the pSS patients were established by testing
potential explanatory variables with univariable linear regression to generate
unadjusted effect estimates. As in Paper II, we first included all variables with p <0.25
and variables thought to be of importance independent of p-values, and later excluded
all variables without significance from the final multivariable models, with the
exceptions of age, gender and disease duration. A significance threshold of p < 0.05

was used.
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4. Summary of results:

4.1 Paper |

In this review article, some of the proposed mechanisms for NPSLE were discussed,
with a main focus on the role of anti-NR2 antibodies. The murine experiments as well
as the known role of the NMDAR for memory formation provide substantial support
that anti-NR2 antibodies influence cognitive function. The results of the human SLE
studies are conflicting: in some studies anti-NR2 antibodies are reported to have an
effect on cognitive function, mood, and to be associated with other NPSLE

manifestations, while no such associations are evident in other studies.

4.2 Paper ll

4.2.1 Anti-NR2 antibodies

Six patients had anti-NR2 antibodies above cut-off in CSF, five out of them had
increased IgG index, indicating intrathecal IgG production. The one without increased
IgG index also had the lowest anti-NR2 antibody concentration out of the six patients.
Another patient had increased IgG index without anti-NR2 antibodies above cut-off
neither in serum nor in CSF. Three pSS patients had increased Q-albumin indicating
leakage over the BBB; one of these patients had anti-NR2 antibodies above cut-off in

serum (ratio 1.26), while none of them had anti-NR2 antibodies above cut-off in CSF.

4.2.2 Hippocampal size

We found that patients with pSS had smaller hippocampi than age- and gender
matched healthy control subjects (mean 8.15 cm’ + SD 0.98 cm” versus 8.49 cm® +

0.88 cm’, p=0.01).

Patients with anti-NR2 antibodies in CSF had smaller hippocampi than those without
these antibodies (7.43 £ 0.71 cm® and 8.37 cm’ + 0.92 cm’, respectively; p = 0.02).

However, patients with anti-NR2 antibodies were older (67.4 versus 54.9 years, p =
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0.01) and when correcting for age and gender, anti-NR2 antibodies lost the statistical

significant influence (p = 0.23).

There were no associations between hippocampal size and aPL, anti-SSA antibodies,

disease duration or present use of prednisolone.

There were no differences in hippocampal sizes between patients with and without

mental depression.

4.2.3 Cognition

The pSS patients as a group had memory test mean scores within 1 SD of expected
(based on the norms of the tests), however; for all tests there were some patients with

impairment.

We found decreasing test performance in six of ten memory tests (WMS-R visual
memory, WMS-R delayed memory, TPT dominant hand time, TPT both hands time,
TPT total time and TPT memory) with increasing levels of anti-NR2 antibodies in
serum. Further, there were decreasing test performance in eight of the ten tests
(WMS-R verbal memory, WMS-R general memory, WMS-R delayed memory, TPT
dominant hand time, TPT both hands time, TPT total time, TPT memory and TPT

location) with increasing level of anti-NR2 antibodies in CSF.

Patients with aPL had lower test scores in three of the ten memory tests (WMS-R
verbal memory, WMS-R general memory and TPT both hands time). Use of
antimalarials had a significant or close to significant positive effect on performance in
the WMS-R tests in univariable analyses, however, no effect was found in

multivariable analyses.

There were no differences in memory performance between patients with or without

mental depression.

There were no associations between hippocampal volumes and performance of any
memory tests when anti-NR2 antibodies in CSF were included in the multivariable

models. However, when instead anti-NR2 antibodies in serum were included,
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decreasing hippocampal volumes were associated with impaired performance in all

WMS-R tests except WMS-R verbal.

4.2.4 Mental depression

The patients had higher BDI scores than the healthy subjects (median 9, range 0-38
versus 2, 0-16), p = 0.001.

A higher proportion of the patients with mental depression had anti-NR2 antibodies in
serum above cut-off compared with the non-depressed patients (35% vs 13%, p =
0.04), while no differences were revealed regarding anti-NR2 antibodies in CSF. There
were no differences in memory test scores between patients with or without mental

depression.

4.3 Paper Il

There were no brain regions where GM volumes differed between SLE and pSS
patients, and there were no interaction between disease groups and anti-NR2
antibodies. The SLE- and pSS patients with CSF anti-NR2 antibodies displayed lower
GM volume in the hippocampi compared to the patients without CSF anti-NR2
antibodies. No effects from disease duration, aPL, or present use of corticosteroids
were evident on hippocampal volumes, and there were no interactions between anti-
NR2 antibodies and the other explanatory covariates. Finally, anti-NR2 antibodies had
no influence on brain volumes in other regions than the hippocampus/para-

hippocampus.
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Figure 6: Clusters of voxels (yellow) within the hippocampus where patients with anti-NR2
antibodies in CSF had less GM compared to patients without anti-NR2 antibodies in CSF
overlaid on mean image of all patients (p < 0.05, FWE corrected). The cluster colour

represents the statistical significance of GM decrease.

4.4 Paper IV

The pSS patients had less cerebral WM compared to the age-and gender matched
healthy subjects, 540 cm’ (SD 63 cm3) and 564 cm’ (SD 56 cm3), respectively, p=0.02.
The WM proportion of the TIV were slightly lower in the pSS patients compared to
the healthy subjects 39.6%, (95% confidence interval [CI] 39.1%, 40.0%) versus
40.1% (CI 39.7%, 40.6%), p = 0.03. In voxel-wise analyses, there were no localized
WM atrophies in the pSS patients. There were no global or localized GM atrophy in
the pSS patients. Mean GM volume were 546 cm’ (SD 46 cm3) in the pSS patients and
555 cm® (SD 51 cm’) in the healthy control subjects, p = 0.21.
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In the pSS patients, only gender had a significant effect on GM and WM volumes, and
we could not reveal any effect from age, anti-SSA/SSB antibodies, aPL, WMH, mental
depression, headache, peripheral vascular disorders (subclavian stenosis, stenosis or
aneurysm of the carotid arteries, aorta sclerosis, operated aortic coarctation),
hypertension or number of AECG criteria fulfilled (presumed to represent a surrogate

measure of disease severity).
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5. Discussion

Cerebral manifestations are common in both SLE and pSS patients, and it has been our
hypothesis that some of the pathogenetic mechanisms may be shared in these diseases.
Strong evidence point to a role for anti-NR2 antibodies in NPSLE; and the results in
Papers II and III indicate that they may also be operative in pSS. We discovered an
association between anti-NR2 antibodies and hippocampal atrophy in both SLE and
pSS patients, in line with the animal models. We explored whether pSS patients had
evidence of cerebral atrophy compared to age- and gender matched healthy control
subjects, and finally if disease factors that have been associated with cerebral atrophy
in SLE also may influence the brain in pSS. We found that global WM volumes were
lower in pSS patients compared to healthy control subjects, while no GM atrophies
were demonstrated, and none of the tested disease associated factors had any influence

on WM- or GM volumes.

5.1 Evaluation of main findings

5.1.1 Paperll

Experimental conditions in animal studies are tightly controlled; the mice are of same
genetic strain, are in the same environment and are exposed (or not) to identical
antibodies in a controlled dose. In humans all these factors vary between the
individuals, and several possible pathogenetic factors (e.g. other autoantibodies) may
coexist. These biological variations as well as methodological differences probably

accounts for at least some of the diversity in the results of the human studies.

5.1.1.1 Evaluation of cognitive function

Cognitive function was evaluated in 11 of the 13 reviewed studies. Structured
neuropsychological testing was performed in all patients in six studies (114, 115, 118,
123-125). In one study neuropsychological assessment was carried out only when
cognitive impairment was suspected (164), and in three studies cognitive function was

clinically assessed by rheumatologists, neurologists or psychologists, at study
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inclusion (78, 119) or later by medical record review (121). These different approaches
to neuropsychological testing, the selection of neuropsychological tests applied, the
norms for the test scores, and cut-off for abnormal test scores obviously influence the

reported prevalences for cognitive dysfunction in the different study cohorts.

5.1.1.2 Anti-NR2 antibody assays

There are no internationally accepted standards for performing or reporting anti-NR2
antibody assays in serum or in CSF. In the published papers, there are apparent
differences in the methods such as use of plates, different antigen peptide sequences to
which the anti-NR2 antibodies bind, use of different concentrations of the peptide, and
different enzyme-linked detection antibodies. Finally, different cut-off values for anti-
NR2 antibodies are used, exemplified by mean OD for healthy control subjects +2 SD
(116), + 3 SD (117), or twice the highest level measured in healthy control subjects
(123).

5.1.1.3 Serum versus CSF

Clinical effects seem to be more consistently reported when anti-NR2 antibodies are
measured in CSF (three out of three studies) than in serum (three out of ten studies).
Also, no cerebral effects seem to occur unless an opening of the BBB is induced. The
reason why anti-NR2 antibodies in serum give rise to cerebral involvement could thus

possibly be due to the passing of these antibodies through the BBB and into the CSF.

5.1.1.4 Methods for assessing potential effects of anti-NR2 antibodies on
cognitive function

In most of the published studies an approach with dichotomizing subjects into groups
with- or without cognitive impairment, and into anti-NR2 antibody positive or
negative, has been applied. A more sensitive approach could be to use raw scores of
neuropsychological tests as well as actual OD from the ELISA test, and the only study
using this method, is also the only study where an association between anti-NR2

antibodies and cognitive impairment have been demonstrated (123).
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5.1.1.5 Study design
The optimal design for studying the clinical effects of anti-NR2 autoantibodies would

be a large longitudinal study in which anti-NR2 antibodies, as well as other relevant
autoantibodies and biomarkers are measured repeatedly, and all neuropsychiatric
events registered over time. However, temporary changes in anti-NR2 antibodies may
possibly occur in the intervals between the examinations, and “training effects” can

result from repeated neuropsychological assessments.

Two studies reviewed in Paper | had a longitudinal design. In one of these, anti-NR2
antibodies were measured in CSF in patients hospitalized for active NPSLE
manifestations, and six months later. At follow-up the NPSLE manifestations had
resolved and anti-NR2 antibody concentrations were lower in all but one patient (122).
In the other longitudinal study, serum anti-NR2 antibodies were measured and
cognitive function tested at inclusion and after 5 years (117). In that study, no

associations between anti-NR2 antibodies and cognitive function were found.

5.1.2 Paper i

5.1.2.1 Hippocampal size

It is known that patients with mental depression have smaller hippocampi than healthy
subjects (165). We could not confirm such an effect on hippocampal sizes when we
performed regression analyses, neither when mental depression was added as a binary

variable (present or not), nor when the actual BDI scores were used.

In one study of SLE patients with high disease activity and a high prevalence of aPL,
hippocampal atrophy was associated with presence of aPL, disease duration, and
cumulative corticosteroid dose (150). Only eight of our patients had aPL in serum and
there were no differences in the hippocampal sizes between patients with and without
aPL. Neither did disease duration influence hippocampal size in our pSS patients. This
could reflect differences in the two disease entities. Another explanation could be that
our pSS cohort is population-based and thus characterized by lower disease activity.
This could imply less detrimental effect on the hippocampi over time. More studies are

therefore needed to clarify these matters. Finally, no associations between use of
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corticosteroids and hippocampal size were revealed in our study. Applying cumulative
dose of corticosteroids might have given another result, but it was not possible to

obtain these data from our cohort.

5.1.2.2 Cognition

The associations between CSF anti-NR2 antibodies and memory test performances
that we observed are in accordance with the known function of the NMDA receptors
and confirm experimental animal studies. We also revealed an effect of anti-NR2
antibodies in serum in six of the memory tests. This is in accordance with the findings
in a study of SLE patients and indicates that the BBB not necessarily needs to be
opened (123).

Memory test performance was not influenced by hippocampal size when anti-NR2
antibodies in CSF were included in the multivariable regression analyses. A possible
explanation could be that memory impairment is a result of disturbed neuronal
function rather than neuronal death observed in MRI as smaller hippocampi. However,
memory performances were mostly within normal range, and statistics could be
underpowered to detect minor effects. Also limitations in the precision of the

hippocampus size estimation could reduce our ability to reveal subtle effects.

5.1.2.3 Mental depression

In accordance with previous observations anti-NR2 antibodies in serum above cut-off
were more frequent in pSS patients with mental depression than in pSS patients
without (109, 114, 123). No effect of anti-NR2 antibodies in CSF on mental
depression were revealed, this lack of association could be due to limited statistical
power with only two pSS patients with CSF anti-NR2 antibodies and mental

depression in our cohort.

5.1.3 Paper lll

The SLE- and pSS patients with anti-NR2 antibodies had loss of GM in the
hippocampi in line with animal studies, while anti-NR2 antibodies were not associated
with changes of GM in other brain areas. The most likely explanation for the localized

GM loss is neuronal excitoxicity taking place in the hippocampi in which the NR2b



60

receptors appear at particular high densities. More subtle effects on GM may have
existed in other brain areas than we were able to reveal, due to the limited statistical
power (only 14 of the patients in the combined cohort had anti-NR2 antibodies in
CSF).

5.1.4 Paper IV

5.1.4.1 Global GM and WM volumes

We observed less WM in the pSS patients than in the healthy control subjects, while
there were no statistical differences regarding GM. However, we cannot conclude that
cerebral WM is more vulnerable to disease associated factors than GM, as the study
was statistically underpowered to detect minor differences in GM. The clinical
significance and implications of the findings might have increased if data on cognitive
function had been applied together with volumetric data. Analyses of cognitive results
were unfortunately not completed and data thus not available when the analyses for

Paper IV were performed.

The smaller TIV in the patient group probably represent selection bias of "super-
normal" healthy control subjects. The MRI scannings were performed interleaved and
data quality was the same across the groups as judged by visual inspection of the
images and evaluation of the covariance matrices from the preprocessing. These
factors limit the risk of systematic differences in image acquisition or data quality. An
alternative explanation could be that the pSS patients had premorbid smaller sculls

than the general population.

5.1.4.2 Voxel-wise analyses

The lack of localized differences in GM or WM volumes between the pSS patients and
the control subjects contrasts another VBM study in which widespread atrophy of both
GM and WM was reported in the patients (149). An older version of the SPM software
was applied in that study and the authors also applied a lenient correction for multiple
comparison, FDR-correction with p <0.05. This correction has turned out to be
inappropriate in the VBM context and can no longer be selected in updated versions of

SPM (166). The FWE-correction, on the other hand, may be too harsh in a whole-brain
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setting, but we did not disclose any significant voxels at an uncorrected p < 0.001 level
either. Also in this setting we may have been statistically underpowered to detect more

subtle differences between the groups.

5.1.4.3 Multivariable regression analyses

We could not reveal disease specific factors that influenced WM in the multivariable
analyses. A bit surprisingly only gender, and not age, turned out to have statistical
effect on GM and WM volumes, although the age range in our cohort was almost 60
years. By plotting WM volumes against age and adding a quadratic instead of linear fit
line, it became evident that the association was non-linear with increasing WM
volumes up to approximately 50 years, followed by a decline thereafter. By adding
squared age to the multivariable regression analyses, WM increased with increasing
age (B 7.8, adjusted R 0.24, p = 0.01), but at higher ages, WM volumes decreased
with increasing age (squared age  -0.07, adjusted R?0.24, p =0.02). These findings
are in line with a large study exploring the effect of age on GM and WM volumes in
healthy subjects (167). No effects of squared age on GM volumes, CSF volumes or
TIV were revealed by our study.

Regarding other clinical variables and disease related factors that we tested, it is a

possibility that we may have been statistically underpowered to reveal any effects.

5.2 Evaluation of methods

5.2.1 Recruitment of patients and healthy subjects

We aimed to include all pSS and SLE patients in our region to obtain a close-to
population based cohort for study. To minimalize the variance caused by
methodological differences participants were examined by the same specialists, and
within the same MRI machine and with the same scanning protocol. Most patients
accepted the extensive research protocol including cerebral MRI and lumbar puncture
thus giving us a unique possibility to explore associations between CSF variables (e.g.
autoantibodies and cytokines), MRI findings and cognitive function. Though there are

advantages with a single-centre cohort, it would have been advantageous to include
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even more patients, especially when examining the potential effects of auto-antibodies
with low prevalence, such as anti-NR2 antibodies in CSF (present in 8 of the SLE- and
6 of the pSS patient) and aPL in blood (present in 8 of the pSS patients).

Inclusion of some control subjects from the hospital staff may have caused a bias

towards subjects with higher education than the general population. The larger TIV in
the healthy control subjects compared with the pSS patients could be an indication of
that. Lack of education level data in the control subjects prevented us from comparing

education levels between the groups.

5.2.2 Anti-NR2 antibody analyses

It has been claimed that anti-NR2 antibodies must be present above a certain threshold
concentration to cause neuronal apoptosis, while at lower concentrations they lead to
neuronal dysfunction only (112, 168). Whether there is an even lower level below
which no detectable influences on neurons are evident, is not known. If such a level
existed, this would have been the basis for a "biological cut-off" for the anti-NR2
assays. We applied an "analytical" cut-off for anti-NR2 antibodies in serum and in

CSF approximately 3SD above the mean concentration for all control subjects.

5.2.3 MRI analyses

Computer-based analyses are less operator dependent and more quickly performed
compared with visual assessment or manual measures. However, differences in
settings can cause considerable variations in the results. We applied default settings in

preprocessing advised by the software developers (http://dbm.neuro.uni-jena.de/vbm/).

We found that WM and GM volumes were approximately of identical size in the pSS
patients and healthy subjects. This contrasts previous literature in which GM volumes
usually exceed WM volumes (169, 170). There are some possible explanations: In a
previous study it was demonstrated that with increasing age GM volumes declined
while WM volumes increased up to around age 45 years, and thereafter declined. The
age of the cohort studied will thus be of major importance (167). Another explanation

could be that suboptimal settings in the MRI-protocol caused reduced WM/GM
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contrast resulting in GM being misinterpreted as WM, though not to such an extent

that it became evident when the segmentation was visually checked.
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6. Conclusion

Anti-NR?2 antibodies represent one of several pathogenetic factors that can lead to
cognitive dysfunction and mental depression in patients with SLE. We found that these
antibodies are operative in patients with pSS also. Thus, anti-NR2 antibodies may
represent a generic mechanism for cognitive dysfunction and mental depression in
autoimmune diseases. Also, aPL were associated with reduced memory test scores.
pSS patients had smaller hippocampi than healthy subjects as previously reported in
SLE patients.

SLE and pSS patients with anti-NR2 antibodies in CSF had less hippocampal GM
compared to patients without these antibodies in CSF. This indicates that anti-NR2
antibodies can cause neuronal death in humans revealed as hippocampal atrophy, as

previously reported in animal studies.

Finally, pSS patients had a diffuse WM loss compared to healthy control subjects,
suggesting a detrimental effect of disease-related factors on WM. We found no
differences in GM volumes between the pSS patients and the healthy control subjects.
We cannot exclude that this was due to limited statistical power, and therefore inability

to reveal small differences.
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7. Future perspectives

Our study was the first to discover anti-NR2 antibodies in patients with pSS, and to
explore their effect on cognitive function, mental depression and hippocampal sizes.
These results need to be confirmed in other studies in which a wider spectrum of
memory tests is applied. This could possibly help to elucidate whether more specific
memory functions, i.e. learning, immediate and delayed recall, and specific anatomical

areas in which memory is being processed, are affected.

Also, the influence of aPL on cognitive function in pSS patients needs to be

confirmed, and anti-P must be further explored both in SLE and pSS patients.

New generations of MRI machines with higher resolution and improved scanning
protocols can more precisely identify and measure regions of interest in the
hippocampi and other brain areas. MRI diffusion tensor imaging is a better approach
than VBM to reveal structural changes in WM, and should be another modality to use

in future studies.
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10. Errata
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11. Supplementary
11.1

1997 Update of the 1982 American College of
Rheumatology Revised Criteria for Classification
of Systemic Lupus Erythematosus (24)

1. Malar Rash Fixed erythema, flat or raised, over the malar eminences, tending to spare the
nasolabial folds

2. Discoid rash Erythematous raised patches with adherent keratotic scaling and follicular
plugging; atrophic scarring may occur in older lesions

3. Photosensitivity Skin rash as a result of unusual reaction to sunlight, by patient history or
physician observation

4. Oral ulcers Oral or nasopharyngeal ulceration, usually painless, observed by physician

5. Arthritis Nonerosive arthritis involving 2 or more peripheral joints, characterized by
tenderness, swelling, or effusion

6. Serositis 1. Pleuritis — convincing history of pleuritic pain or rubbing heard by a
physician or evidence of pleural effusion
or

2. Pericarditis — documented by electrocardigram or rub or evidence of
pericardial effusion
7. Renal disorder 1. Persistent proteinuria greater than 0.5 grams per day or greater than 3+ if
quantitation not performed
or
2. Cellular casts — may be red cell, hemoglobin, granular, tubular, or mixed
. Neurologic disorder 1. Seizures — in the absence of offending drugs or known metabolic
derangements; e.g. uremia, ketoacidosis, or electrolyte imbalance
or
2. Psychosis — in the absence of offending drugs or known metabolic
derangements, e.g. uremia, ketoacidosis, or electrolyte imbalance
9. Hematologic disorder 1. Hemolytic anemia — with reticulocytosis

o0

or
2. Leukopenia — less than 4,000/mm3 on > 2 occasions
or
3. Lymphopenia — less than1,500/ mm3 on > 2 occasions
or
4. Thrombocytopenia — less than100,000/ mm® in the absence of offending
drugs
10. Immunologic disorder 1. Anti-DNA: antibody to native DNA in abnormal titer
or
2. Anti-Sm: presence of antibody to Sm nuclear antigen
or

3. Positive finding of antiphospholipid antibodies on:
1. an abnormal serum level of IgG or IgM anticardiolipin antibodies,
2. a positive test result for lupus anticoagulant using a standard
method, or
3. a false-positive test result for at least 6 months confirmed by
Treponema pallidum immobilization or fluorescent treponemal
antibody absorption test
11. Antinuclear antibody An abnormal titer of antinuclear antibody by immunofluorescence or an
equivalent assay at any point in time and in the absence of drugs
For the purpose of identifying patients in clinical studies, a person shall be said to have systemic lupus
erythematosus if any 4 or more of the 11 criteria are present serially or simultaneously, during any interval or
observation
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11.2

American-European Consensus Group Classification
Criteria for Sjogren’s Syndrome (34)

I. Ocular symptoms: A positive response to at least one of the following questions:
1. Have you had daily, persistent, and troublesome dry eyes for more than 3 months?
2. Do you have a recurrent sensation of sand or gravel in the eyes?
3. Do you use tear substitutes more than 3 times a day?

II. Oral symptoms: A positive response to at least one of the following questions:
1. Have you had a daily feeling of dry mouth for more than 3 months?
2. Have you had recurrent or persistently swollen salivary glands as an adult?
3. Do you frequently drink liquids to aid in swallowing dry food?

III. Ocular signs, that is, objective evidence of ocular involvement, defined as a positive result for at least one of
the following two tests:

1. Schirmer’s I test, performed without anesthesia (<5 mm in 5 minutes)

2. Rose Bengal score or other ocular dye score (>4 according to van Bijsterveld’s scoring system)

IV. Histopathology: Focal lymphocytic sialoadenitis in minor salivary glands (obtained through normal-
appearing mucosa) evaluated by an expert histopathologist, with a focus score >1, defined as a number of
lymphocytic foci (adjacent to normal-appearing mucous acini and contain more than 50 lymphocytes) per 4 mm?
of glandular tissue.
V. Salivary gland involvement: Objective evidence of salivary gland involvement defined by a positive result for
at least one of the following diagnostic tests:
1. Unstimulated whole salivary flow (<1.5 ml in 15 minutes)
2. Parotid sialography showing the presence of diffuse sialectasias (punctate, cavitary, or destructive
pattern), without evidence of obstruction in the major ducts
3. Salivary scintigraphy showing delayed uptake, reduced concentration, and/or
delayed excretion of tracer

VI. Autoantibodies: Presence in the serum of the following autoantibodies:
1. Antibodies to Ro (SSA) or La (SSB) antigens, or both

For primary SS:
In patients without any potentially associated disease, primary SS may be defined as follows:
a. The presence of any 4 of the 6 items is indicative of primary SS, as long as either item IV
(Histopathology) or VI (Serology) is positive
b. The presence of any 3 of the 4 objective criteria items (that is, items III, IV, V, or VI)
c. The classification tree procedure represents a valid alternative method for classification, although it
should be more properly used in a clinical- epidemiological survey

Exclusion criteria:
1. Past head and neck radiation treatment
Hepeatitis C infection
Acquired immunodeficiency syndrome (AIDS)
Pre-existing lymphoma
Sarcoidosis
Graft versus host disease
Use of anticholinergic drugs (since a time shorter than 4-fold the half life of the drug)

A S
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11.3

Neuropsychiatric syndromes in systemic lupus
erythematosus (31)

Central nervous system

Aseptic meningitis
Cerebrovascular disease
Demyelinating syndrome
Headache (including migraine and benign intracranial hypertension)
Movement disorder (chorea)
Myelopathy

Seizure disorders

Acute confusional state
Anxiety disorder

Cognitive dysfunction
Mood disorder

Psychosis

Peripheral nervous system

Acute inflammatory demyelinating polyradiculoneuropathy (Guillain-Barré syndrome)
Autonomic disorder

Mononeuropathy, single/multiplex

Myasthenia gravis

Neuropathy, cranial

Plexopathy

Polyneuropathy
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