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Abstract

Increasing evidence highlight the involvement of immune cells in brain activity and its
dysfunction. The brain’s immune compartment is a dynamic ensemble of cells that can fluctuate
even in naive animals. However, the dynamics and factors that can affect the composition of
immune cells in the naive brain are largely unknown. Here we examined whether acute sleep
deprivation can affect the brain’s immune compartment (parenchyma, meninges and choroid
plexus). Using high-dimensional mass cytometry analysis we broadly characterized the effects of
short-term sleep deprivation on the immune composition in the mouse brain. We found that after 6
hours of sleep deprivation there was a significant increase in the abundance of B cells in the brain
compartment. This effect can be accounted for, at least in part, by the elevated expression of the
migration-related receptor, CXCRS5, on B cells and its ligand, cxc/13, in the meninges following
sleep deprivation. Thus, our study reveals that short-term sleep deprivation affects the brain’s
immune compartment, offering a new insight into how sleep disorders can affect brain function
and potentially contribute to neurodegeneration and neuroinflammation.
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Introduction

Many neurodegenerative conditions such as Alzheimer’s disease (AD)12, multiple sclerosis
(MS)34, and Parkinson’s disease (PD)® are accompanied by disordered sleep. These

same conditions are also often characterized by immune dysfunction in the brain and in

the periphery®-14. However, the nature of the relationship between sleep, immunity and
neurodegeneration remains unknown. Moreover, it is still unclear whether sleep has an effect
on the brain’s immune compartment under normal conditions. Uncovering such a connection
is important since increasing evidence reveals the central role played by immune cells in
brain plasticityl®, memory16.17  cognitionl8 and emotional processes!®20, all of which are
also affected by sleep, and especially by sleep deprivation.

Previous studies have demonstrated that sleep affects peripheral immunity?1-24, For
example, circadian fluctuations and sleep were suggested to induce the migration of
lymphocytes between the blood and the lymphatic system?22:26 and sleep deprivation

has been shown to impair immunological memory formation following hepatitis B
vaccination2’-28, Notably, the relationship between sleep and immunity is bi-directional, as
made evident by sickness behavior and specific induced immune fluctuations, when immune
activity alters sleep architecture?9-31, For example, when centrally administered, interleukin
(IL-1) was shown to increase non-rapid eye movement sleep32:33, This cytokine has been
shown to affect neuronal activity in the wake-regulating centers of the hypothalamic
preoptic area/basal forebrain34, and consequently increase sleep duration. Additionally, sleep
restriction has been associated with increased secretion of proinflammatory cytokines3,
such as tumor necrosis factor a. (TNF-a.) in the blood plasma3®, and neurodegeneration

and neuroinflammation are commonly characterized by sleep disturbances2:37:38, More
specifically, microglia, the brain’s resident immune cell populations, has been proposed

as a key player in the pathophysiology of both sleep disorders and neurodegeneration39-42,
Thus, understanding how sleep affects the “brain’s immune compartment” may uncover
novel sleep-regulatory mechanisms.

The “brain’s immune compartment” includes the composition of immune cells in the brain
parenchyma, its surrounding tissues, the choroid plexus and meninges, and the perivascular
spaces. It is characterized by resident myeloid cells and peripheral cells, which enter the
brain compartment from the blood. These hematopoietic myeloid and lymphoid populations
are mostly located in the meninges and choroid plexus*3. Under pathological conditions,
these cells can also be detected within the brain parenchyma®*-*7. In recent years, our
understanding of the resident and infiltrating immune populations in the brain compartment
has been expanded considerably. The emergence of high-dimensional cell characterization
techniques such as mass cytometry (CyTOF) and single-cell RNA sequencing, revealed
several largely uncharacterized immune populations in the naive brain#3:48-50, Especially
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interesting among these populations are B cells, which comprise ~10% of the brain’s
blood-derived immune populations. Even in peripheral tissues, new evidence highlights the
effects of B cells as antigen-presenting cells and cytokine-producing entities, in addition

to their well-characterized role in antibody production®L. Similarly, new roles for B cells
within the brain compartment are constantly being revealed; these cells were shown to play
arole in brain myelination processes during development®2. Following stroke, analysis of
postmortem tissue suggested that B cells reaching the damaged area are associated with the
subsequent development of dementia®3. These findings are supported by studies conducted
in mice where pharmacologic ablation of B-lymphocytes using an anti-CD20 antibody
prevented the appearance of delayed cognitive deficits following stroke®3. Other studies
identified regulatory B cells as immune modulators in stroke>*, in autoimmune conditions
and under various stressors 2°. For example, B cells were found within MS plaques®56:57
and targeting B cells was shown to attenuate clinical and pathological symptoms of
experimental autoimmune encephalomyelitis (EAE)%8-61, psychological stress has been
suggested as a modulator of B cell numbers, via glucocorticoids that induce apoptosis of
pre-B-cellsb2. Collectively, these findings contribute to the emerging perspective of the brain
as a privileged, yet vibrant immune environment, and has led us to characterize immune
cells in the brain compartment following acute sleep deprivation. Nevertheless, the specific
role of B cells in the brain’s immune compartment is still largely unknown.

Adult (8-10 weeks of age; 20-25 gr) male C57BL/6 mice were used in all experiments. Mice
were maintained under Specific-Pathogen-Free (SPF) conditions; four mice were housed in
each cage maintained on a 12:12 light cycle (lights on at 07:00) 24+1°C, humidity 30-70%.
All experiments were performed in accordance with the National Institute of Health Guide
for the Care and Use of Laboratory Animals. All procedures and protocols were approved by
the Technion Administrative Panel of Laboratory Animal Care.

Sleep deprivation

Mice were left to sleep, or sleep-deprived for 6 hours, starting at light onset (ZT0). Sleep
deprivation was maintained by gentle handling as shown previously®, to minimize stress
responses.

Brain single-cell dissociation

Mice were fully anesthetized (ketamine 80 mg/kg, xylazine 15-20 mg/kg) and perfused
with at least 20 ml ice-cold PBS™- (without Mg*2 and Ca*2; Sigma-Aldrich) through the
left ventricle of the heart. Brain tissue was dissociated as previously described?3:71.97,

with several modifications. Briefly, brains were dissected and placed in PBS™- on ice.

Brain tissue was cut to small pieces, transferred to 7 ml of RPMI-1640 (Sigma-Aldrich)
dissociation solution, with collagenase D (0.4 mg/ml; Sigma-Aldrich), DNase | (0.2 mg/ml;
Sigma-Aldrich), 1% fetal bovine serum (FBS; Biological Industries), and 1 mM HEPES
(Sigma-Aldrich), and mechanically dissociated with a dounce homogenizer. Following
incubation (30 min, 37°C. shaking 200 rpm), immune cells were isolated by centrifugation
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(30 min at 500 g, 18°C) using a 30% Percoll (Sigma-Aldrich, GE Healthcare Bio-Sciences)
gradient, comprised of 3 ml stock isotonic Percoll (SIP; 10% X10 PBS™- diluted in 90%
Percoll) and 7 ml of the RPMI-1640 dissociation solution containing the cells. The top
myelin layer and supernatant were removed, and the cell pellet was washed once with 10
ml of PBS™~ (7 min at 500 g, 4°C), then re-suspended in 1 ml of staining buffer (PBS™",
containing 1% bovine serum albumin and 0.05% sodium azide).

Blood extraction

Prior to perfusion, the right atrium of the heart was cut and blood was collected into EDTA
coated sterile test tubes, lysed with 10 ml red blood cell lysis buffer for 15 min (BD
Biosciences, NJ, US), and then washed twice with staining buffer.

Mass cytometry

For mass cytometry analyses, we pooled six mouse brains for each sample. Pooled cells
(3-4-10%) from each tissue were incubated with TruStain fcX™ (anti-mouse CD16/32,

clone 93; 1:100) for FC blocking, and rhodium-103 (1:2000; Rh; Fluidigm) for live/dead
discrimination (20 min, 4°C). Samples were washed twice (5 min, 500 g, 4°C) with

staining buffer and then treated for palladium barcoding®® according to the manufactures’
instructions (Cell-1D 20-Plex Pd Barcoding Kit; Fluidigm). Briefly, each sample was
incubated in X1 fix buffer (10 min, room temperature; RT), then washed twice with

X1 perm buffer, and incubated with a palladium barcode for 30 min, RT. Following

barcode incubation, samples were washed twice (5 min, 500 g, 4°C), pooled to a single
sample, and stained with the metal-conjugated antibody mix (1 hr, 4°C; a complete list of
antibodies is provided in Supplementary Table 1). The pooled sample was washed twice (5
min, 500 g) and fixed in 1.6% freshly made PFA in PBS™" (1 hr, RT; Sigma-Aldrich),

then incubated with iridium-191/193 (1:2000, 20 min, RT; Ir; Fluidigm) for live/dead
discrimination, washed in ultrapure H,O (5 min, 500 g) and analyzed on a CyTOF I machine
(Fluidigm). Antibodies were conjugated in-house using the MAXPAR reagent (Fluidigm),
and the optimal concentration for staining was determined by titration. Internal metal isotope
bead standards were added for sample normalization by Matlab as shown previously®9, to
account for the decline in mean marker intensity over time. Acquired data were uploaded

to Cytobank00 for data processing, exclusion of dead cells and normalization beads, and
analysis. Immune population in were defined as (Figure 1, Figure S1): resident myeloid cells
(CD45!°%CD44"ICX3CR1*CD11b*), monocytes (CD45MINCD11b*Ly6C™), granulocytes
(CD45MINCD11b*Gr-1%), DCs (CD45NI"MHC-11"CD11c*), CD4 T cells (CD45MINTCR-
B*CDA4*), CD8 T cells (CD45MNINTCR-B*CD8™), B cells (CD45MINMHC-11*CD19%), NK
cells (CD45MINTCR-BNEINK 1.1 CD49b™).

Flow cytometry

Cells were stained with the following antibodies: Pacific Blue or PE/Cy7-conjugated
anti-CD19 (6D5, 115523, 115520, Biolegend), Alexa Fluor 488 or Pacific Blue-

conjugated anti-MHC-11 (M5/114.15.2, 107616,107620, Biolegend), PE or Alexa Fluor 700-
conjugated anti-CD45 (30-F11, 103106, 103128, Biolegend), Alexa Fluor 488-conjugated
anti-CD40 (HM40-3, 102910, Biolegend), APC-conjugated anti-IgM (1B4B1, 1140-11,
Southern Biotech), APC-conjugated anti-1gG (X56, 550874, BD Bioscience), Alexa
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Fluor 647-conjugated anti-TLR-2 (QA16A01, 153008, Biolegend), APC-conjugated anti-
CX3CR1 (SA011F11, 149008, Biolegend), PE-conjugated anti-CD54 (YN1/1.7.4, 116108,
Biolegend), PerCP or Brilliant Violet 605-conjugated anti-CD62L (MEL-14, 104430,
104438, Biolegend), PE or Brilliant Violet 510-conjugated anti-CD44 (IM7, 103008,
103043, Biolegend), PE-conjugated anti-CXCR4 (L276F12, 146506, Biolegend), PE-
conjugated anti-CXCR5. Zombie NIR™ Fixable Viability (423106, Biolegend) staining was
performed for live/dead discrimination according to the manufacturer’s instructions. In each
sample, 1-108 cells were incubated (30 min, 4°C) with the antibody mixture in staining
buffer (total volume 50 pl, in a 96 well U-shaped plate), then washed twice with staining
buffer. Samples were re-suspended in 200 ul of 1% PFA in staining buffer, and analyzed by
flow cytometry using CytoFLEX S flow cytometer (Beckman Coulter).

Flow cytometry data analysis

Flow cytometry analysis was performed using FlowJo 10.1r5 software (Tree Star). Pre-
gating for double discrimination of cells was performed in each analysis, followed by
the selection of live cells. Marker expression level was analyzed by median fluorescence
intensity (MFI).

Immunofluorescence

Following perfusion, mice were decapitated, and the skin was removed from the skull.
The skull and the brain compartment within it were transferred to 10 ml of 4% PFA in
PBS (48 hours, 4°C). Tissues were then transferred to 10 ml of 0.5 M EDTA in PBS™-

for 3-5 days, at room temperature. Following cryoprotection in 30% sucrose in PBS™-

(48 hours, 4°C), tissues were frozen in dry ice. Cryosections of the tissues were sliced

at 10 pm thickness and mounted on super-frost slides (Fisherbrand). Tissues were stained
with purified anti-CD19 (1:100; 6D5, 115502, Biolegend) and Alexa Fluor 488 AffiniPure
Donkey Anti-Rat 1gG (1:100; AB_2340684, Jackson), and with PE-conjugated anti-CD45
(1:250; 30-F11, 103106, Biolegend). All images were taken at 40X magnification using an
AXxio imager M2 microscope (Carl Zeiss Inc. US).

Corticosterone ELISA

Mouse blood was collected in EDTA coated tubes and centrifuged for 10 min at 300xg.
Plasma was collected and stored at -80°C until analyzed. Corticosterone levels in plasma
were analyzed using Corticosterone ELISA kit (Enzo Life Sciences, US) according to the
manufacturer’s instructions.

Quantitative PCR (qPCR) analysis

Brain parenchyma, meninges and choroid plexus were dissected from mice as previously
shown191, We have included all meningeal compartments (the dural/arachnoid meninges
and the leptomeninges) in our analyses. Tissues were lysed in TRI-Reagent (Sigma)

and stored at —80°C overnight. Total RNA was isolated with TRI-Reagent according

to the manufacturer’s protocol. The concentration and purity of RNA samples were
determined using Take3 Trio Micro-Volume Plate (BioTek, USA). Total RNA (0.1 ug)
was reverse transcribed (RT) with the High-Capacity cDNA Reverse Transcription Kit
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(Applied Biosystems). Quantitative Real-time PCR analysis was performed on an Applied
Biosystems StepOnePlus Real Time PCR System (Foster City, CA) in two independent
experiments in duplicates using the Fast SYBR Green Master Mix (Applied Biosystems).
Appropriate no-RT and nontemplate controls were included in each 96-well PCR reaction,
and dissociation analysis was performed at the end of each run to confirm the specificity
of the reaction. Real-time PCR efficiencies were determined for all sets of primers used.
The cycle conditions for real-time PCR were 95°C for 20 s, followed by 40 cycles

of 95°C for 3 s, 60°C for 30 s and a melt curve stage (95°C for 15 s, 60°C for

1 min and 95°C for 15 s). Relative quantification of gene expression was performed
according to the AA-CT method using StepOne Software 2.3 (Applied Biosystems). The
following primers were used: GAPDH forward: 5'-TGAAGCAGGCATCTGAGGG-3’,
reverse: 5" -CGAAGGTGGAAGAGTGGGAG-3"; CXCL12 forward: 5’-
TGCATCAGTGACGGTAAACCA-3’, reverse: 5-TCTTCAGCCGTGCAACAATC-3’;
CXCL13 forward: 5"-GGCCACGGTATTCTGGAAGC-3’, reverse: 5'-
GGGCGTAACTTGAATCCGATCTA-3".

For each mass cytometry experiment, pools of six mouse brains were analyzed as a single
sample. Two tailed Student’s #-fest was used for the analysis of differences between sleep-
control and sleep-deprived mice. When indicated, multiple comparisons correction was
performed using Holm-Sidak method; multiple comparisons using one-way ANOVA were
performed with Fisher’s LSD test. gPCR data were normalized according to the mean
relative expression of the control group and analyzed using One column t-test. Statistics
were calculated using GraphPad Prism7. Possible outliers were identified using GraphPad
Prism7 ROUT algorithm, based on false discovery rate (FDR) with Q = 5%. One outlier was
detected in Figure S5 (indicated in the figure legend) and included in the analysis (no change
in the statistical outcome of not significant). Results are reported as mean + standard error
of the mean (sem). Each replicated experiment is a biological repeat, indicated in the text as
“representative data of X experiments” so that the presented figure includes the data of one
of these repeats. Randomization and blinding were not applied in this study. No statistical
methods were used to pre-determine sample sizes, but our sample sizes are similar to those
reported in previous publications#3:102, Data distribution was assumed to be normal, but this
was not formally tested.

Sleep is a homeostatic process that affects various physiological mechanisms and has
long-term effects on endocrine and metabolic pathways53-66, Thus, manipulations that
examine the effects of sleep deprivation inevitably include many contributing factors (e.g.,
the secretion of stress hormones) that can account for some of the observed changes in
physiological and mental processes®’—69. Although these accompanying changes are in fact
endogenous aspects of sleep deprivation, in this study, to minimize the impact of these
alternate processes, we chose to focus on short-term sleep deprivation (SSD). We sleep-
deprived mice by gentle handling, which is considered to have minimal effect on stress.
Control mice were allowed to sleep at the same time (6 hours Zeitgeber time (ZT) 0 to
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ZT6). We broadly characterized the complete immunological brain compartment, including
the parenchyma, the choroid plexus, and the meninges of mice in both experimental

groups (Figure 1A). We used mass cytometry as an initial screening tool to identify
possible phenotypic changes in the resident myeloid cells and in blood-derived immune
cell populations. To distinguish between resident and blood-derived cells, we used their
expression of the extracellular markers CD45 and CD44. Resident myeloid cells were
identified by their relatively low or absent expression of these markers (CD45!°W CD44Me9),
along with expression of CX3CR1 and CD11b (see Figure S1 for gating strategy).
Blood-derived cells were defined by their high levels of CD45 (CD45M3M). For further
identification of each cell population, we used additional cell surface markers in our
analyses (Figure S1). We characterized resident myeloid cells of sleep-control and sleep-
deprived mice using ViSNE analysis’0. We used viSNE analysis to describe broad changes
in the resident myeloid cell population while preserving the fine details of the single-cell
level. However, our analysis did not reveal changes in the proportions of the various
resident myeloid cell subsets (Figure 1B) or in the expression of specific cell markers
between the groups (Figure 1C, Figure S2A). Even with a more targeted approach, utilizing
flow cytometry, which has higher sensitivity compared to mass cytometry and used as an
additional validation method, we could detect only limited changes in resident myeloid cells.
Most notably, we found a significant decrease in CX3CR1 expression, yet the effect size

of this change was relatively small (sleep-control: 1+0.02; SSD: 0.91+0.01; /=4, Student’s
t-test, £<0.003; Figure S2B). Thus, we concluded that the resident myeloid cells were
largely unaffected by our short-term sleep deprivation.

Next, we examined the blood-derived immune cell populations in the brain compartment of
sleep-control and sleep-deprived mice: monocytes, granulocytes, dendritic cells (DCs), CD8
T cells, CD4 T cells, B cells, and natural killer (NK) cells from total blood-derived cells
(CD45high: Figure 1D). While we could not detect any changes in the phenotype (Figure
S3) or overall number of blood-derived cells between the groups (Figure S4), there was

a significant increase in the relative abundance of B cells in the tissue derived from sleep-
deprived mice (CD45NMI"MHC-11"CD19*; sleep-control: 9.92+0.56%, SSD: 13.43+0.54%;
=6, multiple t-tests, corrected £<0.002; Figure 1D). We validated this effect and its
specificity to B cells using flow cytometry (sleep-control: 9.48+0.39%, SSD: 14.84+0.94%);
=9, Student’s t-test, A<0.001; Figure 1E; Figure S5). While B cell proportion increased
following sleep deprivation, there was no specific population whose levels were decreased
following sleep deprivation (Figure 1D; Figure 1E; Figure S5). Such overall decrease in the
proportion of all other cell types, further highlights the specificity of the effect on B cells.
Since B cells are the most abundant population in the mouse blood?#3, blood contamination
in the brain may affect our analyses. We have previously described the identification of
blood contamination levels in the brain following perfusion#3.71, Using this technique, we
have showed that our potential error from blood contamination is approximately 1% for

all blood-borne cells in the brain compartment, and 0.25% for B cells*3. Given the limited
contamination rate, the described effect observed following sleep deprivation, cannot be
accounted by contamination from the blood.

To uncover whether the detected difference in B cell abundance was due to a sleep-induced
decrease of B cell numbers or a sleep deprivation induced increase, we compared the
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proportion of B cells in the sleep-control and sleep-deprived group to the baseline condition,
analyzed at ZTO (control; Figure 2A). There was no difference in the abundance of B cells
in the sleep group compared to baseline conditions (ZTO), while in the sleep deprivation
group, there was an increase in the percentage of B cells in the brain compartment (control:
9.36+0.84%; sleep: 9.3+0.93%; SSD: 12.62+1.32%; /=9, one-way ANOVA followed by
Fisher’s LSD, P<0.04; Figure 2A). Thus, sleep on its own had no effect on the number of B
cells, but sleep deprivation increased their abundance in the brain compartment. Moreover,
this suggests that the effect on B cells was not dependent on circadian mechanisms as both
sleep-control and sleep-deprived mice were analyzed at the same time point.

Next, we wanted to address the possibility that the observed increase in B cells abundance
was induced by the gentle handling procedure rather than the sleep manipulation. Although
gentle handling is considered to be mild intervention that does not induce a significant stress
response (validated by corticosterone measurement in our experimental mice; Figure S6), we
repeated gentle handling during waking hours (ZT12-ZT18). Under these conditions, we did
not observe any effect on B cell percentage (Figure 2B). Moreover, some level of stress is

an integral part of sleep deprivation even if it is not made evident by corticosterone levels.
Thus, we evaluated the direct effects of stress induced by damp bedding on B cell abundance
in the brain. However, when we exposed mice to 6 hours of stress using damp bedding?,
there was no increase of B cells in the brain compartment. Rather, mice in the stress group
exhibited a significant reduction in B cells in the brain compartment (control: 9.88+0.8%,
damp bedding: 6.27+0.77%; =5, Student’s t-test, £/<0.012; Figure 2C), further highlighting
the unique effect induced by sleep deprivation. Circadian timing had no significant effect on
the proportions of other cell types in the brain compartment (Figure S6B).

Blood-derived immune cells in the brain compartment enter from the blood and under
naive conditions are mainly located in the border areas, the choroid plexus and meninges?3.
To determine whether sleep deprivation affected the spatial localization of B cells, we
performed an immunofluorescence analysis of the brains in the sleep-control and sleep-
deprived groups. Sleep deprivation did not induce B cell infiltration to the parenchyma,
and all were located only in the border tissues of brains of both groups (Figure S7). It is
important to note that given the relatively low abundance of B cells under naive conditions
(i.e., no central nervous system inflammation), these results are mainly qualitative. It was
designed to evaluate cell location rather than a numeric comparison in cell number, since
quantitative immunofluorescence analysis, with such a low number of cells, has limited
power.

To determine whether the cellular profile of B cells was affected by the sleep deprivation,
we characterized cell surface markers indicative of specific cell subsets and B cell activation
(Figure S8). We found a mild increase in 1gG expression (sleep-control: 1+0.08; SSD:
1.21+0.07; n=20; Student’s t-test, £<0.043; Figure S8B), yet there was no significant change
in the proportion of IgM* or IgG™ B cells, or in the relative expression level of IgM

on B cells in the brain (Figure S8A, S8B). We additionally found an increase in CD40
expression (sleep-control: 1+0.04; SSD: 1.16+0.04; n=20, Student’s t-test, A<0.004; Figure
S8E), a costimulatory membrane protein required for the generation of germinal centers,
isotype switching, and sustained antibody production’3. Nonetheless, we could not identify
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a comprehensive change in B cell profile following sleep deprivation (Figure S8F) and
the major effect was evidently in the number of these cells. Despite our relatively broad
analysis, further studies may provide additional insight on the brain’s B cell population,
while extending the characterization of B cell markers, as shown by single-cell RNA
sequencing of B cells in the periphery74-76.

The size of a specific immune population can be affected by changes in cell proliferation,
death or cell migration. Given the short duration of our manipulation (6 hours), we excluded
the possibility of cell proliferation. Flow cytometry analysis using Zombie staining (live/
dead discrimination) demonstrated that there was no change in cell viability (Figure S9),
suggesting that sleep deprivation induced infiltration and B cell homing towards the brain
compartment.

Homing of immune cells to different tissues is regulated by cytokines, chemokines, and
their receptors. Therefore, we used flow cytometry to identify changes in migration-related
receptors on B cells extracted from the brain compartment or blood of mice in the sleep-
control and sleep-deprived groups (Figure 3). CX3CR1 and CD54 on B cells were not
affected in the brain compartment, but we detected an increase in their expression on B
cells in the blood (CX3CRZ1: sleep-control:1+0.02, SSD: 1.3+0.07, n=11, Student’s t-test,
£<0.001; CD54: sleep-control:1+0.03, SSD: 1.67+0.09, =11, Student’s t-test, A/<0.001).
CD62L was elevated in the brain compartment (sleep-control:1+0.05; 1.37+0.09, 7=11,
Student’s t-test, A<0.003) but not in the blood. CD44 expression decreased in the

brain, yet increased in the blood (brain: sleep-control:1+0.0.02, SSD: 0.85+0.04, n=12,
Student’s t-test, £/<0.002; blood: sleep-control:1+0.11, SSD: 2.51+0.25, 7=10, Student’s
t-test, £<0.001). By contrast, CXCR4 and CXCR5 were elevated on B cells derived from
both the brain compartment and blood of sleep-deprived mice compared to sleep-controls
(CXCR4: brain: sleep-control:1+0.08, SSD: 1.85+0.11, =12, Student’s t-test, £A<0.001;
blood: sleep-control:1+0.03, SSD: 2.07+0.14, n~=9, Student’s t-test, A<0.001; CXCR5:
brain: sleep-control:1+0.12, SSD: 1.77+£0.14, n=11, Student’s t-test, £~<0.001; blood: sleep-
control:1+0.01, SSD: 2.2+0.12, =11, Student’s t-test, A/<0.001; Figure 3). The interaction
between CXCR4 and its ligand, CXCL12 (also known as stromal cell derived factor 1;
SDF-1), regulates the trafficking of all lymphocytes?5. This chemokine receptor has been
shown to be affected by various neuronal and hormonal signals, such as catecholamines
and glucocorticoids’’. It has been recently described as a major regulator of circadian-
dependent immune cell trafficking, controlling the migration of multiple immune cell types
between various tissues26. On the other hand, the interaction between CXCR5 and its
ligand, CXCL13 (also known as B cell-attracting chemokine 1; BCA-1), is more specific
to B cells’8-80 (ImmGen). Based on Allen Brain Atlas, within the brain, cxc/Z3is mainly
expressed in the meninges®?.

To determine whether the expression of these chemokines in the brain compartment was
affected by sleep deprivation, we analyzed their mRNA levels in the meninges, choroid
plexus and brain parenchyma. Given that by 6 hours we had already observed an increase
in B cell abundance, we analyzed the mRNA levels of the ligands after 2 hours of

sleep or sleep deprivation (ZT2). cxc/12levels decreased in all isolated sites of the brain
(meninges, choroid plexus and brain parenchyma; Figure 4A). However, cxc/13 levels were
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elevated only in the meninges of sleep-deprived mice compared to sleep-controls (SSD/sleep
expression ratio: 1.33+0.08, /=12, One sample t-test, A<0.002; Figure 4B). Thus, sleep
deprivation induced the increase in CXCRS5 on B cells and the elevated expression of cxc/13
in the meninges, which formulates preferential conditions for B cell trafficking to the brain
compartment.

Discussion

The involvement of B cells and other immune cells in brain function, repair or
neurodegeneration has become increasingly apparent. However, the factors and the
conditions regulating their infiltration and surveillance in the naive brain, are not fully
elucidated. Our study introduces short-term sleep deprivation as such condition. This effect
on immune cell trafficking is in line with previous reports that sleep affects the distribution
of immune cells between peripheral tissues2°. We suggest that the interaction between
CXCRS5 and its ligand cxc/13 mediated this increase in B cell abundance in the brain
compartment following sleep deprivation. However, further studies are required to identify
the factors that promote these changes.

In this study, we focused on the immune effects of short term sleep deprivation, which

is a common affliction in modern society. Our approach has enabled us to evaluate the
immediate effects of sleep deprivation independently from other factors that are associated
with longer or chronic sleep deprivation (e.g., stress, metabolic changes). Chronic and
prolonged sleep restrictions can alter the homeostatic state of the organism and thus, some
factors commonly associated with sleep deprivation may not be apparent 82-84, For example,
in some cases no change or even a decrease in plasma corticosterone levels were previously
described even though acute sleep deprivation is accompanied by a prominent stress
response 8588, Thus the transition from the acute sleep restricted phase to the chronic one
is likely to be evident in the immune compartment of the brain. As many neurodegenerative
conditions are accompanied by chronic sleep disruptions 37:8990 it would be especially
interesting to evaluate the immune outcomes of sleep manipulations in specific models of
neurodegeneration. Moreover, sleep deprivation can potentially impact various autoimmune
conditions in the central nervous system, specifically MS, in which the involvement of B
cells has become increasingly evident2:56:57.91.92 ‘Under these conditions, future studies
should address how chronic sleep deprivation affects the brain immune compartment of
these illnesses. Moreover, the brain is a very complex organ, that holds numerous unique
niches, further research may also reveal changes in the spatial localization of the infiltrating
immune cells in these various conditions. Such studies will become possible with the
emergence of novel analysis techniques allowing us to decipher the immune phenotypes in
different brain sites®3-95, Thus, our study, demonstrating that acute sleep deprivation affects
the immune compartment in the brain, mainly introduces new questions and potentially, an
opportunity for intervention.
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Statement of Significance

In this study, we show that even after a single and brief deprivation of sleep (6 hours),
there is a significant increase in the B cell population in the mouse brain compartment.
The recruitment of B cells is especially interesting given the emerging role of B cells in
neurodegenerative and neuroinflammatory diseases, brain development and homeostasis.
Furthermore, we provide a potential mechanism showing that sleep deprivation induces
an increase in the expression levels of the homing receptor CXCR5 on B cells in the brain
and in the blood, and a complementary increase in the CXCRS5 ligand (¢xc/13) in the
brain.
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Figure 1. Characterization of immune cellsin the brain compartment following short-term sleep
deprivation.

(A) Schematic representation of the experimental procedure. Following 6 hours of sleep
or sleep deprivation (ZT0 to ZT6), mice were sacrificed and perfused. Each mouse brain
was dissociated to a single-cell suspension. Pools of single-cell suspensions from 6 mouse
brains per group were barcoded, stained and analyzed using a mass cytometer. (B) ViSNE
analysis of sleep-control and sleep-deprived resident myeloid cells in an overlaid dot plot,
and (C) in a color gradient plot for each marker. (D) The various blood-derived immune
cell populations in the brain compartment, following 6 hours of sleep (sleep; left) or 6
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hours of sleep deprivation (SSD; right), and the cell subset proportions of each group.

Data are presented as meanzsem; multiple t-tests, 7=6 pooled specimens of six mice in
each sample, corrected p-value ##P<0.002; data of three experiments. (E) Flow cytometry
analysis of the percentage of B cells (CD45MIV*CD19*MHC-11*) of total CD45M9" cells in
the brain compartment, following 6 hours of sleep (sleep; blue circle) or sleep deprivation
(SSD; red square). Data are presented as meantsem; Student’s t-test, 7=9 individual mice;
***<0.001; representative data of three experiments.
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Figure 2. Comparison of B cell proportionsin the brain compartment at baseline conditions
(ZT0), and validation of the effects of gentle handling and stress during waking hours (Z T 12-

ZT18) on B cell proportion in the brain compartment.

Flow cytometry analysis. (A) The percentage of B cells (CD45MNIV*CD19*MHC-I11*) of
total CD45M9" cells at ZTO (control; green triangle), and following 6 hours of sleep (ZT6;
blue circle) or sleep deprivation (SSD; ZT6; red square). Data are presented as meanzsem;
one-way ANOVA followed by Fisher’s LSD, 7=9 individual mice; */<0.05; data of two
experiments. (B) Mice were housed normally or gently handled for 6 hours (ZT12-ZT18),
and the percentage of B cells in the brain compartments of total blood-derived cells was
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analyzed using flow cytometry. Data are presented as meantsem; Student’s t-test, 7=11
individual mice; £>0.747; data of two experiments. (C) Mice were housed normally or
exposed to damp bedding for 6 hours (ZT12-ZT18), and the percentage of B cells in the
brain compartments of total blood-derived cells was analyzed using flow cytometry. Data are
presented as meantsem; Student’s t-test, 7=5 individual mice; */£<0.05. ns, not significant.
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Figure 3. Characterization of a B cell migration phenotypein the brain compartment and blood
following short-term sleep deprivation.

Flow cytometry analysis. Fold change of expression in migration-related markers (CX3CR1,
CD54, CD62L, CD44, CXCR4, CXCRb), in B cells isolated from the brain compartment or
in B cells in the blood following 6 hours of sleep (sleep; blue circle) or sleep deprivation
(SSD; red square). Fold change of expression was calculated by dividing each value with
the mean value of the sleep group for each experiment. Data are presented as meantsem;
Student’s t-test, 7=9-12 individual mice; **/<0.01; ***/~<0.001; data of two experiments.
ns, not significant.
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Figure 4. Relative mRNA expression of cxcl12 and cxcl13 in the meninges, choroid plexus (CP)
and brain parenchyma.

gPCR analyses of (A) cxc/12and (B) cxcl13 expression levels in the brain parenchyma,
meninges, and choroid plexus following 2 hours of sleep deprivation. Relative mRNA
expression was calculated by dividing each value in the sleep-deprived group with the
mean value of the sleep group for each gene and tissue. Data are presented as meantsem;
One sample t-test, 7=9-12 individual mice; *A<0.05; **P<0.01; ***P<0.001; data of three
experiments. SSD, sleep-deprived; ns, not significant.
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