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Summary

Objective: Neuropsychiatric lupus (NPSLE), a manifestation of the autoimmune disease
systemic lupus erythematosus (SLE), is characterized by psychiatric symptoms including anxiety
and depression and upregulated autoantibodies. The B6.Nba2 spontaneous mouse model develops
SLE, but has not previously been tested for NPSLE.

Methods: We investigated the NPSLE phenotype in male and female B6.Nba2 mice (n = 12
each) and age- and sex-matched B6 controls (n = 10 each) via behavioral assessments for anxiety,
depression, and memory deficits. Serum anti-dsDNA, anti-nRNP, anti-DWEY'S peptide reactive
IgG autoantibody levels and soluble TWEAK levels were determined by ELISA. Hippocampal
regions were stained for activated microglia and neurons.

Results: Both male and female B6.Nba2 mice showed elevated anti-dsDNA IgG, anti-nRNP IgG
and anti-DWEYSS reactive antibodies, elevated serum soluble TWEAK levels, and a strong anxiety
and depression phenotype (p < 0.05-0.0001). Male B6.Nba2 mice developed this phenotype at a
slightly older age than females. Female B6.Nba2 mice displayed reduced numbers of neurons in
the hippocampal region compared to female B6 controls (p < 0.05).

Conclusion: The B6.Nba2 mouse model recapitulates many known NPSLE phenotypes, making

it a promising model to investigate the development of NPSLE in the context of SLE.
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Introduction

Neuropsychiatric lupus (NPSLE) is a manifestation of systemic lupus erythematosus (SLE)
in which the central and peripheral nervous systems are disrupted. NPSLE encompasses

a wide array of symptoms including motor deficits, seizures, and cognitive decline; as

well as psychiatric conditions such as depression, anxiety and psychosis [1, 2]. In total,

the American College of Rheumatology (ACR) has outlined 19 NPSLE symptoms [3].

Up to 80% of SLE patients are also diagnosed with NPSLE at some point during disease
progression, increasing both morbidity and mortality of these patients [3—-6]. However, as a
result of the diverse symptomology of NPSLE the disease is difficult to diagnose and treat
[1, 7]. In particular, determining whether NPSLE symptoms are a direct result of SLE, a
secondary manifestation of the psychological impact of an SLE diagnosis, and/or a side
effect of prescribed medication(s) remains unknown [7]. Thus, more research is needed,
using animal models of these diseases, to determine cause and effect relationships.

Similar to many other autoimmune diseases, SLE is predominantly diagnosed in women
[8]. Studies have previously suggested a role for both estrogens and testosterone in the
disproportional representation of females among lupus patients (reviewed in [9]), and type

| interferons have been suggested to act in part to amplify the disease promoting effect of
estrogens via a positive regulatory feedback loop [10]. Despite our understanding of sex
differences in SLE, very little is known about sex differences in NPSLE. In a single study, a
higher rate of seizures has been reported in male NPSLE patients as compared with female
NPSLE patients ([11], and reviewed in [12]). Both estrogens and type | interferons have
been suggested as promoters of anxiety, depression and cognitive decline in animal models,
although recent studies suggested that blockade of the type I interferon receptor had no
effect on NPSLE-like disease in at least MRL/Ipr mice [13-16].

The presence of elevated levels of anti-dsSDNA autoantibodies is commonly observed among
SLE patients and is well-known to correlate with disease activity and end-organ damage.
Interestingly, a subset of SLE-specific anti-dSDNA autoantibodies was previously found to
cross-react with the peptide sequence DWEYSVWLSN (DWEYS), present in the GluN2a
and GIuN2b (NR2a and NR2b) subunits of the N-methyl-D-aspartate receptor (NMDAR)
[17]. Anti-DWEYS reactive antibodies have been associated with increased neuronal death,
a potential mechanistic driver of NSPLE symptoms in animal models [17, 18]. Furthermore,
the presence of anti-NMDAR specific antibodies in cerebral spinal fluid (CSF) of SLE
patients was associated with the development of cognitive deficits or depression in SLE
patients, further establishing the pathogenicity of these antibodies [19, 20].

As there is limited patient brain tissue and CSF available for research use, good mouse
models are necessary to further our understanding of NPSLE [21]. Female B6.Nba2
lupus-prone mice present with elevated anti-dsDNA 1gG autoantibodies, abnormal immune
cell activation, splenomegaly and glomerulonephritis [22, 23], however the development
of NPSLE-like disease has not been previously investigated. Here, we present data
showing elevated levels of anti-DWEY'S reactive antibodies coinciding with the levels of
anti-dsDNA autoantibodies and the development of anxiety and depression in B6.Nba2
mice. Interestingly, male B6.Nba2 mice also presented with elevated levels of anti-dsDNA
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autoantibodies along with the development of anxiety and depression, but did so at an older
age than their female counterparts. Female, but not male, mice presented with reduced
numbers of hippocampal neurons and an increase in microglia area. We conclude that the
B6.Nba2 mouse model of SLE represents a new tool in which to study the pathogenesis

of NPSLE, sex differences in NPSLE and the effect of anti-NMDAR reactive antibodies /n
Vivo.

Materials and Methods

Mice

Male and female B6 mice (n = 10 each) were obtained from Jackson Laboratory (Stock no.
000664) at 3.5 weeks of age. Male and female B6.Nba2. ABC (B6.Nba2) mice (n = 12 each)
were bred at the Biological Research Unit at the Lerner Research Institute. All mice were
housed under similar conditions (12hr light/dark cycle; 22°C). Mice were bled for isolation
of serum via the tail vein at ages: 8 weeks, 16 weeks + 1 day and 22 weeks + 1 day.

Tissue was taken for experiments from mice euthanized at 23 weeks of age. All studies were
approved by and performed according to the ARRIVA guidelines and the guidelines of the
Institutional Animal Care and Use Committee of Cleveland Clinic.

Behavioral assessments

Habituation and Testing Conditions—Mice were tested during the same lighting and
time-of-day conditions. Prior to all tests, mice were given 30 minutes to habituate to the
behavioral testing room. All behavioral chambers were cleaned with 70% ethanol before and
between mice. Behavioral assessments were conducted in order of least to most invasive in
order to limit potential confounding effects of previous behavioral tests (Suppl. Figure 1).
Tail vein bleeds were performed on mice at 8, 16 and 22 weeks of age on the day following
behavioral testing to limit potentially confounding effects of restraint stress on study results.

Open Field Test—Mice were positioned in the center of a rectangular enclosed arena
(50x60 cm) and allowed to explore the arena for 30 minutes. Center of the arena was defined
as 8 cm removed from the walls of the arena (34x44 c¢cm). Velocity, distance traveled, and
center cumulative duration were recorded using the video tracking system EthoVisionXT
(Noldus, Leesburg, VA).

Elevated Plus Maze—Mice were placed in the center of an elevated plus maze (each
arm 25 cm) facing the same closed arm for each trial. Mice explored the arena for

10 minutes. EthoVisionXT (Noldus) tracked time spent in open arms, total velocity, and
distance traveled. Open arms ratio was defined as open arms duration over sum of closed
and open arms duration (excluding the overlapping center area).

Novel Object Placement Test—During the acquisition phase (day 1) two identical
Lego™ towers were placed in mirrored quadrants (15 x 22 cm from the wall) in an enclosed
arena (50 x 60 cm). Mice were allowed to explore the arena for 10 minutes. EthoVisionXT
(Noldus) recorded the time each mouse spent directly touching object 1 and 2. After 24
hours (day 2), one Lego™ tower was placed in a new quadrant (novel object placement),
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while the second was placed in the same location (original object placement). On day 2
(testing phase), mice were allowed to re-explore the arena for 10 minutes to ensure similar
exploratory behavior to the prior day. EthoVisionXT recorded the time each mouse spent
directly touching each object. Novel object placement exploration percentage during the
testing phase was analyzed as time spent with the object in the novel location divided by the
total time spent with both objects. The discrimination index was calculated as (x-y)/(x+y),
with x = moved object and y = stable object. Pass rate was defined as 55% or more time
spent with the object in the novel location as previously described [24].

Rotarod Test—Mice were positioned on top of a non-accelerating rod (ENV-575, 3 cm
diameter, Med Associates, Fairfax, VT) and allowed to balance for 30 s after which the rod
rotation would accelerate from 4 rpm to 40 rpm over a 5 min time period. Latency to fall
was recorded for three trials separated by 1 hour on each of two separate days. The average
of the three trials per day was calculated and displayed for rotarod analysis.

Forced Swim Test—Muice were positioned in a cylindrical tank containing approximately
25 °C water for 6 minutes and videotaped. For analysis of the Forced Swim Test (FST), the

first 2 minutes were excluded and the last 4 minutes were analyzed for amount of time mice
spent immobile by two independent, blinded observers, and the average time (seconds) was

calculated for analysis.

Cued Fear Conditioning—TFor the cued fear acquisition phase (training), mice were
placed in a fear-conditioning chamber (MED-VFC-USB-M, Med Associates) and given 2
minutes to acclimate. After 2 minutes, a 30 s sound cue followed by a 2 s, 0.6 Ma mild
electric shock was given. This shock sequence was repeated 1 minute later after which the
mice were allowed to recover for 1 min (total 6 minutes in chamber). Twenty-four hours
later, mice were placed in a new visual setting (new color walls and floor) and allowed 2
minutes to acclimate. This was followed by the same sequence of sound cues as on day

1, but with no shock (total 6 minutes in chamber). Percent of time frozen was recorded

by fear-conditioning chamber software (MED-SY ST-VFC-USB, Med Associates) which
defines freezing as lack of body movement.

Enzyme-Linked Immunosorbent Assays (ELISA)

DWEYS binding assay—Anti-DWEY'S antibody binding assay was performed as
previously described [25]. Briefly, a 50 L solution of 200 ug/mL solution of amidated,
acetylated DWEYSVWLSN (DWEYS) (>90 purity; BioMatik Corporation, Cambridge,
Ontario) in 1x PBS was absorbed to an Immulon 2HB high binding polystyrene 96-well
microtiter plate (ImmunoChemistry Technologies, Bloomington, MN) at 4 °C for 24 hours,
followed by a blocking step with 330 UL 3% FBS in 1xPBS for at least 2 hours. After
washing the plate, a 50 pL aliquot of 1:25 diluted murine serum in 1xPBS was added and
incubated at 37 °C for 2 hours. After aspirating with 1% TWEEN 1xPBS, HRP-conjugated
anti-mouse 1gG (Southern Biotech, Birmingham, AL) (50 pL, 1:1000 dilution of in 3% FBS
1xPBS) was added and incubated at 37 °C for 1 hour. Plates were developed by adding 50uL
of 0.4 g/L TMB substrate for 30 minutes before the reaction was quenched by the addition
of 50uL of 0.02% H,0,.
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Anti-dsDNA, Anti-nRNP, Anti-Ribosomal P, and Anti-Phospholipid ELISAs—
Anti-dsDNA IgG and anti-nRNP IgG were determined using commercially available
diagnostic kits per manufacturer’s guidelines (Alpha Diagnostics, San Antonio, TX). Anti-
ribosomal P 1gG (MyBioSource Inc., San Diego, CA) and anti-phospholipid 1gG levels
(Antibodies-online Inc., Limerick, PA) were determined using commercially available Kits
per manufacturer’s guidelines. TWEAK ELISA

Murine tumor necrosis factor-like weak inducer of apoptosis (TWEAK) was measured in
a 1:20 serum dilution using a DuoSet kit for murine TWEAK/TNFSF12 (R&D Systems,
Minneapolis, MN) and Immulon 2HB high binding polystyrene 96-well microtiter plate

(ImmunoChemistry Technologies) according to the manufacturer’s instructions.

Final absorbance for all ELISAs was read at OD 450nm using a Perkin Elmer Wallac 1420
Victor2 microplate reader.

Tissue Processing, Immunofluorescence (IF) and Imaging—At 23 weeks of

age, mice were anesthetized with 2.5% isoflurane and 97.5% oxygen anesthesia, and
transcardially perfused with PBS followed by 4% paraformaldehyde. Brains were removed,
post-fixed overnight, and cryopreserved in 30% sucrose in PBS. Brains were embedded in
Optimal Cutting Temperature (OCT) Compound embedding medium (Fisher HealthCare,
Waltham, MA) and kept at —80 °C until sliced at 15 um on a cryostat. Immunofluorescence
staining was performed by blocking tissue in 5% goat serum in 0.3% Triton X-100

for 1 h at room temperature, followed by addition of rabbit anti-1bal 1gG antibodies
(019-19741; 1:750 in 0.1% Triton-X/PBS; Wako, Osaka, Japan) and Alexa Fluor 555-
conjugated anti-NeuN IgG (MAB377A5; 1:100 in 0.1% Triton-X PBS; Sigma-Aldrich,

St. Louis, MO) for incubation overnight at 4°C. The next day, tissue was washed and
Alexa Fluor 488-conjugated goat anti-rabbit 1gG (A11034; 1:1000 in 0.1% Triton-X/PBS;
Invitrogen, Carlsbad, CA) was added and incubated on sections for 1 h, followed by
treatment with TruBlack (Cat no. 23007; 1:20; Biotium, Fremont, CA) for 1 minute. Tissue
was coverslipped with Fluoromount-G (0100-01; Southern Biotechnology Associates Inc,
Birmingham, AL). Tissue was imaged using a BZ-X700 Keyence microscope (Keyence,
Itasca, IL) at 2x and 40x. Similar thresholds and acquisition times were used for all images.
Avrea of staining (Ibal) and number of cell bodies (NeuN) for each tissue was quantified
within a 200 pm x 200 pm frame using the BZ-X Analyzer program (Keyence). At least two
sections were independently stained and analyzed per mouse.

Statistical Analysis—All data were analyzed using GraphPad Prism V8 software (La
Jolla, CA). Comparisons between two groups were done using two-tailed unpaired Student’s
t-tests with Welch’s correction. Comparisons between all four groups were done using

by one-way ANOVA non-parametric tests. Correlation plots were analyzed using linear
regression models. For all tests, statistical significance was defined as p < 0.05.
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Anti-DWEYS reactive antibodies are elevated in B6.Nba2 mice compared with B6 mice

A subset of anti-dsDNA 1gG autoantibodies cross-react with the peptide sequence DWEYS
[17], prompting us to evaluate levels of anti-dsSDNA IgG and anti-DWEY'S reactive
antibodies in lupus-prone B6.Nba2 mice. At 8 weeks of age, both anti-DWEY'S reactive
IgG and anti-dsDNA 1gG antibodies were significantly increased in B6.Nba2 females as
compared with B6 females (p < 0.0001 and p < 0.01, respectively) (Figure 1A-B). By

16 weeks of age, B6.Nba2 females displayed an even more pronounced increase in anti-
DWEYS reactive IgG antibody levels compared to both B6.Nba2 males (p < 0.001) and
B6 females (p < 0.0001) as well as in anti-dsDNA 1gG autoantibodies (p < 0.001 and p <
0.0001, respectively) (Figure 1A-B). By 16 weeks of age, B6.Nba2 males also displayed
significantly higher levels of autoantibodies than their B6 male counterparts (anti-DWEYS
1gG: p <0.0001 and anti-dsDNA 1gG: p < 0.01) (Figure 1A-B). There was no difference in
autoantibody levels between male and female B6 mice at either age. As expected, levels of
anti-DWEYSS reactive IgG antibodies correlated positively with levels of anti-dsDNA 1gG
autoantibodies (r2 = 0.3550, p < 0.0001) (Figure 1C).

Anti-nuclear ribonucleoprotein (anti-nRNP) IgG autoantibodies are elevated in B6.Nba2
mice compared with B6 mice

In SLE patients, serum autoantibodies against phospholipid, ribosomal P, and nuclear
ribonucleoprotein (NRNP) have been associated with NPSLE phenotypes [26-28], We tested
levels of serum autoantibodies (22 weeks of age) in B6.Nba2 and control B6 mice and
found elevated anti-nRNP IgG autoantibody levels (Figure 2A) in both male and female
B6.Nba2 mice as compared with age- and sex-matched B6 mice, but no evidence for the
presence of anti-ribosomal P 1gG or anti-phospholipid IgG autoantibodies in any of the mice
(Figure 2B-C). Furthermore, female B6.Nba2 mice displayed elevated levels of anti-nRNP
antibodies as compared with male B6.Nba2 mice (p < 0.01) (Figure 2A).

Serum soluble TNF-like weak inducer of apoptosis (TWEAK) levels are elevated in B6.Nba2
mice compared with B6 mice

Similar to autoantibodies, elevated levels of soluble TWEAK has been found in the CSF of
NPSLE patients [29]. We evaluated levels of serum soluble TWEAK at 16 weeks of age

and found elevated levels in B6.Nba2 males and females as compared with B6 males and
females (p < 0.01-0.001) (Figure 3A). There was no difference in levels of soluble TWEAK
between male and female mice of either strain (Figure 3A). Levels of serum TWEAK
correlated positively with levels of anti-dsDNA 1gG (p = 0.0022, linear regression) (Figure
3B). Several mice (n = 7) expressed elevated TWEAK without measurable anti-dsDNA 1gG
levels, while only a single female B6 mouse expressed low levels of anti-dsDNA 1gG and no
measurable levels of TWEAK.

B6.Nba2 mice display a strong and consistent anxiety phenotype

To determine if B6.Nba2 mice exhibited symptoms of NPSLE-like disease, B6 and B6.Nba2
male and female mice were tested using a set of well-established behavioral analyses [30,
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31]. Already at 5 weeks of age, female B6.Nba2 mice displayed a slight anxiety phenotype
as determined by the mice spending less time in the open field center location than B6
female mice (p < 0.01) (Figure 4A). By 11 weeks of age, this phenotype became even more
pronounced (p < 0.0001) (Figure 4A). Interestingly, and in correspondence with the levels
of autoantibodies, male B6.Nba2 mice also showed an anxiety phenotype at 11 weeks of
age (p <0.001), but not at 5 weeks of age (Figure 4A). An anxiety phenotype in both sexes
was confirmed by similar results from the elevated plus maze testing at 12 weeks of age
(Figure 4B). Deficiencies in the open field and elevated plus maze tests were not due to
motor deficits in B6.Nba2 mice, as determined by equal performance of B6.Nba2 and B6
male and female mice on the rotarod test (suppl. Figure 2A-B).

B6.Nba2 mice display a mild depression-like phenotype

Depression is a commonly observed symptom among NPSLE patients and mouse models
of NPSLE [26, 32]. To determine if B6.Nba2 mice displayed a depression-like phenotype,
we tested 16 weeks old male and female B6.Nba2 and B6 control mice for depression-like
behavior via the forced swim test. Supporting a mild depression-like phenotype, both male
and female B6.Nba2 mice showed longer immobility times than age- and sex-matched B6
mice (p < 0.05) (Figure 4C). Additionally, previous studies on NPSLE have defined the
lack of total movement in the open field test as a sign of apathy associated with depression
[33]. While our studies showed no significance in total distance traveled or velocity of mice
in the open field test at 5 weeks of age, there was a significant reduction in total distance
traveled and velocity traveled in the open field test by B6.Nba2 male and female mice at 11
weeks of age compared to B6 mice (p < 0.01), supporting the subsequent development of a
depression-like phenotype (suppl. Figure 3).

B6.Nba2 mice display no learning or memory deficits

In NPSLE patients, elevated anti-NR2 IgG autoantibody levels in CSF correlated with the
presence of cognitive deficits [34]. To test for hippocampus-dependent spatial memory,

we conducted a novel object placement (NOP) test, in which mice were tested for their
memory of an object as it was moved to a new location [18, 35]. At 13 weeks of age, we
found no statistical significant differences in the percentage of time spent with the replaced
object, and no change in the number of mice with a successful NOP ‘pass rate’ of >55%
between B6.Nba2 and B6 male and female mice (Figure 5A-C). Thus, at 13 weeks of age
B6.Nba2 mice do not suffer from hippocampus-dependent spatial memory deficits despite
elevated levels of anti-DWEYS reactive antibodies. Similarly, when evaluating sensiromotor
coordination and motor skill learning on the rotarod test at 15 weeks of age, no change

in latency to fall between the groups of mice (suppl. Figure 2A-B) and no improvement
from day 1 to day 3 for any of the strains (suppl. Figure 2C) were observed. Finally,
hippocampus-independent (amygdala-dependent [36]) cued fear conditioning at 22 weeks of
age did also not support any cognitive decline, as B6.Nba2 mice exhibited a similar, or even
stronger, freezing behavior during conditioning (day 2) than B6 mice (Figure 5D-E).

Decreased neuronal cell counts are observed in female B6.Nba2 hippocampus

Anti-NR2 1gG autoantibodies in NPSLE have been suggested to cause increased neuronal
calcium influx similar to NMDAR-induced excitotoxicity, and subsequent neuronal death
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[37]. In addition, systemic inflammation has been suggested to cause microglial activation,
further potentiating neuronal death [38]. We evaluated Ibal and NeuN expression levels
within the CA3 hippocampal region by immunofluorescence to determine microglial
activation and neuronal density, respectively, in hippocampal brain tissue (Figure 6A-B).
The CA3 (Cornu Ammonis 3) region was selected due to its known expression of NMDAR
and association with both spacial memory defects and anxiety [39, 40]. B6.Nba2 females
exhibited elevated levels of microglial activation (area Ibal+) as compared with B6 females
(p = 0.06), but there was no difference between B6.Nba2 males and B6 males (Figure 6C).
Correspondently, we observed decreased neuronal cell counts (NeuN+ cells) in B6.Nba2
females as compared with B6 females (p < 0.05), with no difference between B6.Nba2

and B6 males (Figure 6D). There was also an increase in NeuN+ cells in B6 females as
compared with B6 males (p = 0.06), but not between B6.Nba2 males and females (p = 0.9).

Discussion

As a result of the wide array of symptomology, it is difficult to identify the causes of NPSLE
development in patients [1, 7]. Mouse models have given some insight into plausible NPSLE
biological mechanisms, including the possibility of sphingosine-1-phosphate mediated
lymphocyte trafficking [41], dysregulation of microglia [13, 42], or increased autoantibodies
paired with breaches in the blood brain barrier (BBB) [20, 24, 34, 43]. However, the extent
that each pathway contributes to psychiatric conditions or towards sex-specific differences
still remains unknown.

We here introduce the B6.Nba2 lupus-prone strain as a novel model of NPSLE. Presenting
with elevated anti-DWEY'S reactive antibodies, anxiety and depression, the B6.Nba2
model recapitulates patient studies showing a strong correlation between the presence of
anti-DWEY'S specific antibodies and the development of NPSLE [17]. Depression, often
preceded by anxiety, correlates with the presence of elevated anti-NR2 autoantibody or
anti-DWEYSS reactive antibody levels [17, 20, 32] and is the most common psychiatric
condition observed in patients with NPSLE [44]. In B6.Nba2 mice, correlation analyses
showed a strong correlation between levels of anti-DWEY'S antibodies and both anxiety and
depression, supporting a role for these antibodies in this model of NPSLE (suppl. Figure
4A-C). Depression has also been observed in several other spontaneous mouse models of
NPSLE, but only in the MRL/Ipr mouse model of NPSLE has the depression phenotype
been shown to correlate with elevated levels of anti-NMDAR specific antibodies [32].
Interestingly, while the MRL/Ipr model develops a strong depression phenotype, it appears
less anxious [45], while an opposite pattern was observed in B6.Nba2 mice.

B6.Nba2 mice present with elevated levels of serum soluble TWEAK, a known marker

of inflammation. We did not observe differences in levels of TWEAK between male and
female mice, despite previous studies showing that estrogens induce TWEAK production

in MRL/Ipr mice [46]. Interestingly, TWEAK levels appear to increase prior to elevations

in serum anti-dsDNA autoantibody levels, suggesting that inflammation is present and
measurable before the induction of autoantibody production. Importantly, TWEAK has been
associated with mechanisms driving BBB disruption in MRL/Ipr lupus-prone mice [29].
Thus, early increases in TWEAK may predispose B6.Nba2 mice (female > male) to the
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development of NPSLE-like disease by facilitating BBB disruption and antibody entry into
the brain. Future studies evaluating BBB integrity, brain specific antibody levels, and the
effect of TWEAK blockade in B6.Nba2 and control animals are needed to confirm such
interaction.

Mechanisms mimicking NMDA-receptor excitotoxicity have been suggested to contribute to
cognitive decline and mood disorders in NPSLE patients [37]. In particular, the hippocampal
region, which controls both memory and emotion, has been hypothesized to be a site for
neuronal apoptosis contributing to the development of depression and a site for altered

BBB permeability in SLE patients [47, 48]. We observed a pattern of reduced neuronal
density in the hippocampal region CA3 along with a depression phenotype in B6.Nba2
females, suggesting a similar association in NPSLE-like disease in B6.Nba2 mice. Whether
anti-DWEY'S reactive antibodies in B6.Nba2 mice directly account for NMDA-receptor
excitotoxicity and subsequent neuronal death similar to that observed in the Balb/c DWEY S-
peptide injected model [17], however, remains to be determined. Interestingly, neuronal
death has been found to be a predecessor to activation of microglia [38], potentially
explaining the pattern of elevated Ibal expression in female B6.Nba2 mice.

Limitations in our study include the single time point and sole use of the novel object
placement test for detection of hippocampus-dependent cognitive decline. We tested
B6.Nba2 mice at 13 weeks of age, which may have been too early in the development

of cognitive decline for such to be measured. In comparison, MRL/lIpr mouse model only
started showing cognitive decline at 16 weeks of age [49, 50]. Secondly, the sole use of the
novel object placement test might not have adequately captured signs of cognitive decline.
In an earlier study conducted by Kowal, ef a/. no significance was found the in novel

object placement test using the Balb/c DWEY S-peptide injected model, despite a cognitive
phenotype being detected in T-maze and the Morris water maze tests [18]. It is also possible,
that the mice (both B6 controls and B6.Nba2) “forgot” the original placement of the objects
in between tests resulting in the mice not being able to identify the replaced object due

to the 24 hour interval between habituation and testing in the novel object placement test.
Thus, expanded testing of the B6.Nba2 mouse model using a shorter time period (2—4 hours)
in between habituation and testing in the novel object placement test, adding additional
behavioral tests such as the T-maze and the Morris water maze, and testing mice at older
ages correlating with histological observations, are needed to firmly confirm a lack of
cognitive phenotype in the B6.Nba2 model.

SLE is predominantly diagnosed in female patients and, as a result, there is less knowledge
on the development of NPSLE in males. A single study reported that male SLE patients
more often present with seizures than female patients [11], while many studies of female
SLE patients have confirmed that anxiety and depression represent the most common
psychiatric conditions [45, 51]. Whether this discrepancy represents a true difference in
symptoms developing in males and females, respectively, or is a reflection of the low
numbers of male patients, or the fact that males are less likely to discuss psychiatric
conditions [52], remains unknown. We found that anxiety and depression developed in both
male and female B6.Nba2 mice, although the onset was later in males. A similar pattern was
observed in the MRL/Ipr model, in which males presented with a depression-like phenotype
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at a much later date than females [50]. A possible explanation surrounds estrogen levels, as
ER-alpha knockout and ovariectomized NPSLE-prone mice showed improved memory and
exploration times [13]. Neither ER-alpha manipulated nor ovariectomized B6.Nba2 mice
have previously been investigated for disease development and thus the role of estrogens
remains unknown in this model. In this regard, it is also important to consider the genetic
underpinnings of our mouse model, as previously suggested for NZBWF1 and MRL/lpr
mice [53, 54]. An altered BBB may allow for earlier changes in neurons and microglial
activation, as observed in our model and the possibility for such genetic components
selectively impacting female psychiatric phenotypes should not be overlooked. Future
studies looking into the differences in presentation of NPSLE-like disease in both male
and female mice and how such difference may impact the development of the behavioral
phenotype between sexes will be of interest in determining the differential diagnoses of
NPSLE between male and female patients.

Finally, the B6.Nba2 mouse model of SLE depends on type | interferons [55, 56]. Whether
type | interferons are also driving the NPSLE-like phenotype reported here remains
unknown. While previous studies have shown associations between type | interferon levels
and anxiety and depression in both animal models and human patients [13-15, 57, 58],
recent studies in the MRL/Ipr mouse model of NPSLE showed no effect on cognitive
behavior upon blockade of the type I interferon receptor [16]. In a preliminary set of
analyses, we evaluated levels of type | interferon-inducible genes (/sgZ5and /rf7) in whole
brain tissue from male and female B6 and B6.Nba2 mice and found no differences in gene
expression. Similarly, levels of /fi202were found to be similar between the groups, although
about 25% of female B6.Nba2 mice showed elevated levels as compared with all other mice
(data not shown). Whether this is due to the analyses being done on whole brains rather than
isolated cell subsets (neurons, microglia, astrocytes etc.) remains to be determined. Thus,
additional studies directly aimed at evaluating the effect of type I interferons are needed to
establish their role in B6.Nba2 mice.

In summary, the B6.Nba2 model of SLE is a promising model to conduct future studies
pertaining to NPSLE development, particularly within sexes, as a result of a strong anxiety
and depression phenotype observed early along with elevated levels of anti-DWEY'S reactive
antibodies.
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Figure 1:
Anti-DWEY'S antibody reactivity and anti-dsSDNA I1gG levels are elevated in B6.Nba2 mice.

B6 males (gray circles, n = 10), B6 females (black triangles up, n = 10), B6.Nba2 male
(light blue squares, n = 12), B6.Nba2 female (dark blue triangles down, n = 12) mice were
bled at 8 and 16 weeks of age and serum was used to determine anti-DWEY'S reactivity (A)
and anti-dsDNA 1gG levels (B) by ELISA. One-way ANOVA result is provided in the upper
left corner of each graph. ** p < 0.01; *** p < 0.001; **** p < 0.0001, Student’s unpaired
t-test with Welch’s correction. C) Correlation between DWEY'S binding and anti-dsDNA
IgG concentrations were determined at both. p < 0.0001; Linear regression. Each symbol
represents one animal. Horizontal lines indicate mean values and the error bars denote SEM.
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Figure 2:
Levels of anti-nRNP 1gG autoantibodies are elevated in male and female B6.Nba2 Mice. B6

males (n = 10), B6 females (n = 10), B6.Nba2 male (n = 12), B6.Nba2 female (n = 12)

mice were bled at 22 weeks of age and serum was used to determine anti-nRNP 1gG (A),
anti-ribosomal P 1gG (B), and anti-Phospholipid 1gG (C) by ELISA. Each symbol represents
one animal, mean +/— SEM is indicated by horizontal line and error bars. One-way ANOVA
result is provided in the upper left corner of each graph. *** p < 0.001; **** p < 0.0001,
Student’s unpaired t-test with Welch’s correction.
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Figure 3:

anti-dsDNA 1gG (ug/mL)

Serum soluble TWEAK levels are elevated in male and female B6.Nba2 Mice. B6 males (n
=10), B6 females (n = 10), B6.Nba2 male (n = 12), B6.Nba2 female (n = 12) mice were
bled at 16 weeks of age and serum was used to determine soluble TWEAK (A) by ELISA.
One-way ANOVA result is provided in the upper left corner. ** p < 0.01; *** p < 0.001,
Student’s unpaired t-test with Welch’s correction. B) Correlation between serum levels of
soluble TWEAK and anti-dsSDNA autoantibodies in 16 week old mice: p < 0.0022; Linear
regression. Each symbol represents one animal, mean +/— SEM is indicated by horizontal

line and error bars.

Brain Behav Immun. Author manuscript; available in PMC 2024 February 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Browne et al.

Figure 4:

>

5 wk Center Duration (s)

w

Ratio of Time in Open Arms

to Total Time i |n Arms

(=
O

Open-field test

6001 p = 0.003

1

BH LT

M F M _F
B6  B6.Nba2

Elevated Plus-maze

*

0.61p =0.0016 ——*

o
N

**

2

MF%

B6 B6.Nba2

11 wk Center Duration (s)

Time Immobile (s)

8001p < 0.0001 __sexksk
****

600

A E g
200 % %

>

M
B6 B6.Nba2

Forced Swim test

2501 p = 0.0063 ———*——

240{ ——F—

230 ? Al % g:

220 A =y
[ ]

210 A

200

M _F M _F
B6  B6.Nba2

Page 18

B6.Nba2 mice display an anxiety phenotype not observed in B6 mice. Male and female mice

were tested for anxiety phenotype via open field test at 5 and 11 weeks (A), elevated plus

maze at 12 weeks (B), and forced swim test at 16 weeks of age (C). Each symbol represents

one animal, mean +/— SEM is given by horizontal lines and error bars. One-way ANOVA

result is provided in the upper left corner of each graph. * p < 0.05; ** p < 0.01; **** p <

0.0001, Student’s unpaired t-test with Welch’s correction.
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Young B6.Nba2 mice do not display cognitive decline and memory deficits. (A and B) 13
week old B6 females (n = 10), B6 males (n = 10), B6.Nba2 females (n = 12) and B6.Nba2
males (n = 12) were tested for cognitive deficits through the novel object placement test at
13 weeks of age. Neither the percentage of time spent with the novel object (A) nor the
percentage of mice passing the test (B) differed among the strains and sexes. (C-D) Cued
fear conditioning test was performed on all mice to test for memory deficits at 22 weeks of
age. Training (C) and conditioning (D) times are shown for each individual mouse. One-way
ANOVA result is provided in the upper left corner of each graph. Each symbol represents
one animal. Mean +/- SEM is given by horizontal lines and error bars. * p < 0.05; Student’s
unpaired t-test with Welch’s correction.
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Figure6:
B6.Nba2 females show decreased numbers of hippocampal NeuN+ cells. A) Representative

images of the hippocampal region at 2X (left) and 40X (right), stained for Ibal (green)

and NeuN (red), are shown for overall brain tissue orientation. B) Representative images of
the CA3 region from male and female, B6 and B6.Nba2 mice (40X). C-D) The total area
(um?2) of hippocampal Ibal+ staining was quantified (C), and the total numbers of NeuN+
cells were counted (D) from three separate 200um x 200um hippocampal regions from each
mouse. Each symbol represents one animal. Mean +/- SEM is given by horizontal lines and
error bars. One-way ANOVA result is provided in the upper left corner of each graph. * p <
0.05, Student’s unpaired t-test with Welch’s correction.
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