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Resumen

Los pericitos cerebrales estabilizan los vasos sanguineos mediante el contacto
directo con las células endoteliales. En ratas, diez dias de restriccion del suefio
promueven el desprendimiento de pericitos de la pared capilar al disminuir la
expresion de las proteinas PDGFR-B y conexina-43. El desprendimiento de
pericitos se acompafia de una disminucion en la expresion de proteinas de uniones
ocluyentes y de hiperpermeabilidad de la barrera hematoencefalica a moléculas de
bajo y alto peso molecular. Estos cambios estan relacionados a altas
concentraciones de MMP-9 y del receptor de adenosina A2a. Para estudiar la
disfuncion temprana de la barrera hematoencefalica, las ratas fueron sometidas a
cinco dias de restriccion del suefio. Un periodo corto de restriccion del suefio
también aumentd la permeabilidad de la barrera hematoencefalica a fluoresceina
sbdica en el hipocampo y la corteza cerebral. El desprendimiento de pericitos del
endotelio se observo a los 5 dias de la pérdida del suefio. El evento inicial fue la
disminucion de conexina-43 en ambas regiones del cerebro, mientras que PDGFR-
B sbélo disminuy6 en la corteza cerebral. La pérdida del suefio durante 5 dias
aumento la expresion de MMP-9 y TNF-a en microvasos aislados de ambas
regiones del cerebro y aumentd el receptor de adenosina Aza en microvasos
aislados del hipocampo. Una dosis Unica del antagonista del receptor de TNF-a, R-
7050 en el quinto dia de pérdida del suefio restablecié la expresion de conexina-43
y PDGFR-B y restablecio la permeabilidad de la barrera hematoencefalica a
fluoresceina sbédica en ambas regiones del cerebro; pero no modifico la expresion
de MMP-9, A2a y NFKB. Nuestros resultados sugieren que la pérdida de uniones

entre pericitos y células endoteliales, seguida de la pérdida de la via de sefalizacion



regulada por PDGFR-3, son los eventos clave que regulan la alteracion de la
barrera hematoencefalica durante la pérdida del suefio, donde TNF-a juega un

papel central en la modulacion de las interacciones pericito y célula endotelial.
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Abstract

Brain pericytes stabilize blood vessels through direct contact with endothelial cells.
Ten days of sleep restriction promotes pericyte detachment from the capillary wall
by decreasing PDGFR-B and connexin-43 protein expression. Pericyte detachment
is accompanied by a reduced expression of tight junction proteins and blood-brain
barrier hyperpermeability to low- and high-molecular-weight molecules. These
changes are related to high concentrations of MMP-9 and A2a adenosine receptor.
Five days of sleep restriction were induced to study the earlier state of the blood
brain barrier dysfunction. The short-sleep restriction also increased blood-brain
barrier permeability to sodium-fluorescein in the hippocampus and cerebral cortex.
Pericyte detachment from the capillary wall began already at 5 days of sleep loss;
the initial event was the downregulation of connexin-43 in both brain regions, with
PDGFR-B lost only in the cerebral cortex. Sleep loss for 5 days increased the
expression of MMP-9 and TNF-a in isolated microvessels of both brain regions and
elevated the A2a adenosine receptor in isolated microvessels from the
hippocampus. A single dose of the TNF-a receptor antagonist R-7050 on the 5" day
of sleep loss restored connexin-43 and PDGFR-[3 expression and normalized blood-
brain barrier permeability to sodium-fluorescein in both brain regions; but did not
modify MMP-9, Az2a, and NFKB expression. Our results suggest that the loss of gap
junctions between pericytes and endothelial cells, followed by the loss of the
signaling pathway regulated by PDGFR- are the key events regulating blood-brain
barrier disruption during sleep loss, where TNF-a plays a central role in modulating

pericyte-endothelial cell interactions.
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1. INTRODUCTION

The brain is the organ with the highest rate of energy consumption. It requires
approximately 20% of the total oxygen metabolism, being the neurons the cells that
consume between 70-80% of the energy produced in the brain (Hyder et al., 2013).
Therefore, an extensive small blood vessel network that facilitates oxygen and
glucose delivery, solutes exchange, the efficient transport of nutrients and
hormones between the blood and the brain tissue (Roy and Sherrington, 1890).
Microvascular network architecture is organized mainly by vessels with variable
sizes: arterioles, capillaries and venules. In the most superficial part of the brain, at
the level of the pia-arachnoid layer, there are arterioles with a diameter that varies
from 10 to 100um. They regulate cerebrovascular tone and cerebral perfusion
through vasodilation and vasoconstriction (Hamel, 2006). Arteries branch into
penetrating arterioles, with a diameter ranging from 10 to 30um. Penetrating
arterioles lie within the Virchow-Robin space and enter into the cerebral cortex
(Jones, 1970; Nishimura et al., 2007); they are characterized by responding to
neurotransmitters released during neuronal activity, such as serotonin and
norepinephrine (ladecola, 2017). Penetrating arterioles branch into capillaries that
have a diameter ranging from 5 to 8um (Grant et al., 2017). Capillaries are the most
abundant blood vessels in the brain, with approximately a total length of 400 miles
(Begley and Brightman, 2003). Particularly, the microvascular endothelial cells
lining the cerebral capillaries form the blood-brain barrier.

The German scientist Paul Ehrlich (1854-1915) performed pioneering experiments
that described the presence of a physical compartment that separates the central

nervous system (CNS) from the rest of the body (Ehrlich, 1885). Ehrlich injected a



vital dye into the mice peritoneum, which stained all organs except the brain and the
spinal cord. Later, Edwin Goldmann (1862-1913), a student of Ehrlich, injected the
trypan blue dye (MW 960 Da) directly into the cerebrospinal fluid (CSF), finding that
it stained the brain but not the rest of the mice's body. These results demonstrated
the presence of a highly specialized structure called the blood-brain barrier (BBB).
The BBB facilitates the exchange of oxygen and nutrients, debris clearance, and
prevents the passage of potentially toxic molecules from the circulatory system into

the brain parenchyma (Figure 1) (Hartmann et al., 2015).
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Figure 1. General structure of the blood-brain barrier. The integrity of the blood-
brain barrier is formed by the interaction between endothelial cells, pericytes and
astrocytes (A). Endothelial cells establish tight junctions to regulate paracellular
transport (B).

1.1 Brain endothelial cells

The endothelial cells that constitute the brain microvasculature regulate the passage

of molecules to and from the brain parenchyma (Alvarez et al., 2011). This

specialized function of the brain endothelium is provided by the intercellular



expression of tight junction (TJ) and adherens junction proteins, the specific
polarized expression of receptors and transporters, as well as the expression of
drug export pumps that prevent a large number of harmful molecules reaching the
central nervous system (CNS) (Sweeney et al., 2019). The tight junctions are formed
of the integral transmembrane proteins claudins, occludin and junctional adhesion
molecules (JAMs). In order to assemble, these proteins interact with the actin
cytoskeleton through the scaffold proteins zonula occludens (ZO)-1, ZO-2, ZO-3
(Wolburg et al., 1994, Liebner et al., 2000; Urich et al., 2012; Roux and Couraud,
2005). The adherens junctions are involved in TJ assembly (Bazzoni and Dejana,
2004; Bazzoni, 2011) by initiating the cell-to-cell contacts and promoting their
maturation, maintenance and plasticity through homophilic interactions between the
transmembrane proteins: vascular endothelial cadherin (VE-cadherin) and epithelial
cadherin (E-cadherin) (Vorbrodt and Dobrogowska, 2003).

Endothelial cells are interconnected via gap junctions (Hautefort et al., 2019). Gap
junctions regulate endothelial intercellular communication and modulate solute
transport between the cell and the extracellular space (Nagasawa et al., 2006; Mese
et al., 2007). Gap junctions are formed by two hemichannels or connexons located
on opposite cell membranes; each one is composed of 6 transmembrane proteins
called connexins (Cx). The connexin superfamily comprises 21 isoforms in humans
and 20 in mice, which are named according to their molecular weight (Dobrowolski
and Willecke, 2009). The variability of connexins is due to the C-terminal tail that
might be different in length, aminoacidic sequences, tertiary structure, and sites for
phosphorylation. Connexin channels mediate the cytoplasmic communication by the

interchange of ions and small metabolites to maintain metabolic cooperation and



the propagation of electrical signals and calcium waves between adjacent cells
(Bruzzone et al.,, 1996; Laird, 2006). In rodents, Cx-32 and Cx-43 are highly
expressed in the brain; however, their expression differs during brain development
(Kumar and Gilula et al., 1996; Nadarajah et al., 1997). Connexin-32 expression
predominates at the late stage of cortical maturation, while connexin-43 expression
persists during postnatal development and in the adult cortex (Nadarajah et al.,
1997).

The transendothelial transport is highly limited by the expression of specific
transporters and multiple efflux transporters of the ABC cassette superfamily
(Pardridge, 1988). The main transport mechanisms present in the BBB are:

1.- Carrier-mediated transport: used by small hydrophilic molecules to enter the
brain from the blood stream. The glucose transporter GLUT-1 is a protein that
carries extracellular glucose into the cell (Dwyer et al., 2002). Other types of specific
transporters include the protein LAT-1, that carries large neutral amino acids like
tyrosine, tryptophan, and leucine; and the monocarboxylate transporter (MCT-1),
which introduces pyruvate, lactate, and ketone bodies.

2.- Adsorptive endocytosis: the mechanism consists of the invagination of the
plasma membrane to introduce solutes from the extracellular space. Vesicles are
enriched by caveolin-1.

3.- Receptor-mediated transport: this occurs when clathrin-coated vesicles
internalize the complex ligand-receptor (Smith and Gumbleton, 2006).

4.- ABC (ATP-binding cassette) transporters: a superfamily of energy-dependent
active transporters formed by 48 members classified into 7 families (ABC-A, -B, -C,

-D, -E. -F and -G). In particular, the P-glycoprotein (P-gp) has been widely studied.



P-gp is an ATP-dependent efflux bomb of 170 kDa located in the apical side of brain
endothelial cells (Schinkel, 1999); it restricts the passage of H1 histamine receptors
antagonists, verapamil and other hydrophobic molecules. Jodoin and colleagues
(2003) reported that in the cerebral endothelium P-gp co-localizes with caveolin-1
and caveolin-2 to form a molecular complex of 669 KDa. This interaction improves
the activity of P-gp by facilitating its oligomerization and accelerating drug

metabolism (Demeule et al., 2000; Barakat et al., 2008; Guo et al., 2010).

1.2 Pericytes

Pericytes were first described more than 150 years ago by the French scientist
Charles-Marie Benjamin Rouget; so they used to be called Rouget cells (Rouget,
1873). Rouget cells were renamed pericytes (surrounding -peri, cells -cytes) by the
German anatomist and histologist Karl Wilhelm Zimmermann in 1923, and he
defined them as a mural cell population surrounding the blood vessels
(Zimmermann, 1923).

Pericytes are embedded in the same basal lamina than endothelial cells and are
morphologically characterized by having a large nuclear region that gives them the
appearance of an elongated cell body, with long, thin and circumferential
cytoplasmic processes that surround and cover between 2 to 4 endothelial cells
(Zimmermann, 1923); these processes can even overlap, forming one or two layers
(Diaz-Flores et al., 2009). Pericytes can display different morphologies depending
on the endothelial bed in which they are located (Attwel et al., 2006). The
unsheathing pericytes or mural contractile cells show dense ramifications wrapping

the precapillary vessels (Grant et al. 2019; Hariharan et al. 2020). At the first and



second branches of post-arteriole capillaries, pericytes are named mesh pericytes
and present mesh-like ramifications surrounding the capillary wall. After the second
post-arteriole branch, thin-strand pericytes extend fine processes along the capillary
wall (Hartmann et al. 2015; Grant et al. 2019; Hartmann et al. 2021). Furthermore,
pericytes present a variety of specific markers, depending on the vascular bed and
their developmental state; including Platelet-derived growth factor receptor 3
(PDGFR-B), neural/glial antigen 2 (NG2), Alpha smooth muscle actin (a-SMA),
desmin, vimentin, and aminopeptidase N (CD13) (Armulik et al., 2011). These
markers are also expressed by other cell types such as oligodendrocyte precursor
cells and vascular smooth muscle cells (VSMC). So, to identify a pericyte in in vivo
or in vitro conditions, two or more pericyte-specific markers need to be used or, due
to their proximity to endothelial cells, pericyte markers can be co-localized with
vascular markers such as fluorescently conjugated lectins (e.g., FITC-tomato lectin)
or endothelial cell markers (e.g., CD31) (Nehls and Drenckhahn, 1991; Trost et al.,
2013; Hill et al., 2015; Robertson et al., 2015).

Pericytes are located very close to endothelial cells, so their intercellular
communication is regulated by specialized surface junctions, such as peg-socket
junctions, gap junctions and adhesion plaques (Diaz-Flores et al. 1991; Armulik et
al, 2005; Sweeney et al. 2019). Peg-socket junctions are anchoring sites in areas
without basement membranes and involve reciprocal and interdigitated
evaginations of each cell (Diaz-Flores et al., 1991). These junctions can only be
visualized with electron microscopy and are identified because the pericyte has a
cytoplasmic projection (peg) oriented towards the endothelial cell where it is inserted

(socket) or vice versa (Armulik et al. 2011; Ornelas et al. 2021). The pericyte pegs



are mainly located on the edge of the pericyte nucleus, and a proportion of around
30 pegs of pericytes per soma is estimated (Ornelas et al. 2021). Peg-socket
junctions facilitate the adhesion and biochemical crosstalk between the pericytes
and the endothelial cells (Vandenhaute et al. 2011; Kovacs-Oller et al. 2020;
Ornelas et al. 2021).

Gap junctions are established between endothelial cells and pericytes, and also
between pericytes. Gap junctions are mainly located between the cytoplasmic
processes of pericyte and abluminal plasmalemma of endothelial cells (Fujimoto,
1995; Kovacs-Oller et al., 2020). Single-cell transcriptomic studies have shown that
capillary pericytes express high mRNA for Cx37 and Cx45, and low mRNA
expression for Cx26 and Cx43 (Aasen et al. 2018; Vanlandewijck et al. 2018). This
type of cell-to-cell communication through gap junctions allows the passive diffusion
of small molecular weight solutes ranging from 1.0 to 1.5 kDa, such as inorganic
ions, ATP, cyclic nucleotides, siRNA, glucose, and polypeptides (Harris, 2007).
However, the permeability of these solutes through connexins is selective according
to ionic charge and molecular size; for example Cx43 channels are more permeable
to metabolites like ADP and ATP than Cx32 channels, while Cx43 channels are less
permeable to adenosine and calcein than Cx32 channels (Goldberg et al., 1999;
Valiunas et al., 2005). In addition, the pericyte-endothelial cell relationship allows
that gap junctions to maintain interactions with tight junction proteins. The
interaction of ZO-1 and Cx43 is important for the stabilization of Cx43 in the plasma
membrane. The association of ZO-1 and F-actin binding protein drebrin with Cx43
is necessary for anchoring gap junction plaques to the actin cytoskeleton (Olk et al.,

2009). Conversly, a dysfunction of the BBB is accompanied by a redistribution of



gap junctions (Alonso et al., 2010; Medina Flores et al., 2020). Hence, that gap
junctions not only function as a channel to transport molecules between cells, but
are also essential for the stabilization and maintenance of the endothelial barrier.
The crosstalk between pericytes and endothelial cells is modulated by different
signaling pathways, including transforming growth factor B (TGF-B), angiopoietin,
sphingosine-1-phosphate, vasoactive molecules such as vasopressin and platelet-
derived growth factor (PDGF), being this one the most widely studied (Figure 2)
(Armulik et al., 2005; Armulik et al., 2011; Winkler et al., 2011). Activation of this
signaling pathway begins when endothelial cells secrete PDGF-B, which binds to its
platelet-derived growth factor receptor-3 (PDGFR-B) expressed on pericyte's
surface. The activation of PDGFR-[3, a transmembrane receptor with tyrosine kinase
activity, induces receptor autophosphorylation, ensuing the activation of the rat
sarcoma virus protein (Ras)/mitogen-activated protein kinase (MAPK),
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT), phospholipase C
(PLC)/protein kinase C (PKC), and the signal transducer and activator of
transcription (STAT) family, resulting in the recruitment, migration and
establishment of the pericyte into the endothelial cell (Heldin and Westermark,
1999).

Pericytes are heterogeneous, dynamic and complex cells that actively participate in
the maintenance of the CNS homeostasis and, in particular, the BBB, so their
absence, loss or detachment from the endothelium will contribute to its disruption

(Sweeney et al., 2018).
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Figure 2. Pericyte and endothelial cell crosstalk. The physical interaction
between the pericyte and the endothelial cell allows the activation of different
signaling pathways that contribute to the maintenance of the integrity and
functioning of the blood-brain barrier.

1.3 Sleep regulates blood-brain barrier function

Sleep is a physiological state characterized by a reduction of locomotor activity and
alertness, the acquisition of a typical posture for sleeping and the presence of a
characteristic pattern of brain electrical activity (Huang et al., 2011; Potter et al.,
2016). The World Health Organization Technical Meeting on Sleep and Health
noted that "sleep is a basic human need and is essential for good health, good
quality of life and performing well during the day" (World Health Organization.
Regional Office for Europe, 2004). This is associated with the fact that during sleep,
various physiological phenomena that guarantee the optimal functioning of the CNS

are carried out, including immunological, metabolic, and clearance (CNS) (Krueger

et al., 2016).



Sleep is characterized by typical cerebral electrical activity with a characteristic
pattern of ocular movements and muscular activity. In most of species, sleep can
be classified into two states according to changes in the cerebral electrical activity:
non-rapid eye movement (Non-REM) and rapid eye movement (REM), which follow
a cyclic pattern (from 90 to 120 minutes in humans) during the night. In humans,
Non-REM sleep is divided into 3 stages: N1 and N2 are considered light sleep, and
N3 corresponds to the slow-wave sleep, also known as delta sleep (Saper et al.,
2010). In the rest of the mammals, the non-REM sleep can be subdivided into slow-
wave sleep stages 1 and 2. During non-REM sleep, the electroencephalographic
activity is characterized by the presence of slow-waves of high amplitude; in
addition, there is a decrease in muscle tone and slow eye movements. In REM
sleep, the electroencephalographic activity is of high frequency and low amplitude,
like the one observed during wakefulness, eye movements are rapid and muscular
atony is present (Staunton, 2005). In addition to changes in brain electrical activity,
each sleep phase is accompanied by variations in some physiological parameters.
During non-REM sleep, there is a decrease in blood pressure, heart rate, respiratory
rate and body temperature; whereas, in REM sleep there are stochastic variations
in respiratory rate, blood pressure, and heart rate, also, peripheral thermoregulation
is reduced (Wehr, 1992; Porkka-Heiskanen et al., 2013).

Experiments with animal models and clinical observations in humans have been
used to study the sleep function. Experimental procedures generally involve
continuous periods of sleep loss (a procedure called sleep deprivation); periods in
which the number of sleep hours per night is reduced (called sleep restriction); and

periods in which each night the subject is awakened on numerous occasions to

10



induce sleep fragmentation. After sleep loss, subjects can freely sleep during
different periods (from hours to days) to study the restoration of the physiological
functions with sleep recovery. Several studies have shown that sleep is necessary
for body restoration, clearance of toxic brain metabolites, and memory consolidation
(Xie et al., 2013; Rasch and Born, 2013). On the other hand, continuous sleep loss
impairs health status and eventually leads to death in experimental animal models
(Rechtschaffen et al. 1989; He et al., 2014). Multiple studies have shown central
and peripheral effects of sleep loss ranging from alterations in hormones circulating
levels to pathological changes in various organs and tissues (Gomez-Gonzalez et
al., 2012). In general, sleep loss induces a low-grade pro-inflammatory state at the
systemic level, characterized by the increase in circulating levels of pro-
inflammatory molecules and cytokines, such as C-reactive protein, pro-inflammatory
cytokines IL-1a, IL-1B, TNF-a, IFN-y along with alterations in circulating immune
cells (Yehuda et al., 2009; He et al., 2014; Hurtado-Alvarado et al., 2018).

Sleep loss alters brain neurochemistry in the central nervous system, by increasing
excitatory amino acids levels, such as glutamate and aspartate mainly in the
cerebral cortex and hippocampus (Mohammed et al., 2011). Sleep loss also
decreases the hippocampal volume (Novati et al.,, 2011) and neurogenesis
(Guzman-Marin et al., 2008), which results in learning and memory deficits (Novati

etal., 2011). Sleep is, therefore, necessary to maintain the homeostasis of the CNS.

2. BACKGROUND

Pericytes maintain the neurovascular stability and their absence compromises the

BBB physiology (Bastide et al., 2007; Kovacs et al., 2012). The total inactivation of

11



the signaling pathway PDGFR-B/PDGFBB leads to vascular aberrations as a result
of pericyte deficit ensuing perinatal death (Leveen et al., 1994). Previous studies
showed that mice with a mutation that produces the constitutive activation of
PDGFR-B (PDGFR-Bret/ret) are viable, but show microvascular dysfunction
(Lindblom et al., 2013). In the PDGFR-Bret/ret mouse model, decreased pericyte
density is observed, accompanied by an increase in BBB permeability to Evans
blue, immunoglobulin G and fibrinogen (Armulik et al., 2010; Villasefior et al., 2017);
as well as a reduction in the tight junction protein expression of claudin-5 and zonula
occludens-1 in regions like the cerebral cortex, basal nuclei, and hippocampus
(Armulik et al., 2010; Bell et al., 2010). Similar results have been reported by our
laboratory during sleep restriction conditions, where a general BBB dysfunction was
observed (Gémez-Gonzélez et al., 2013; Hurtado-Alvarado et al., 2017; Medina-
Flores et al., 2020). In a male young rodent model, ten days of chronic sleep
restriction increased the BBB permeability to a variety of exogenous dyes, such as
Evans blue (Gémez-Gonzalez et al., 2013), 10 kDa- and 70 kDa-dextrans (Hurtado-
Alvarado et al., 2016), sodium-fluorescein and rhodamine 123, a substrate for P-
glycoprotein (Hurtado-Alvarado et al., 2017; Medina-Flores et al., 2020). The dye
extravasation is associated with decreased tight junction proteins claudin-5 and
occludin (Hurtado-Alvarado et al., 2018, Medina-Flores et al., 2020). Furthermore,
ten days of sleep restriction modified the BBB ultrastructure by increasing endocytic
vesicle density, promoting the formation of cytoplasmic projections oriented towards
the lumen of the capillary, and increasing the basal lamina thickness (Gomez-
Gonzalez et al., 2013; Hurtado-Alvarado et al., 2017). He et al. (2014) described

that six days of sleep deprivation decreased mRNA expression of claudin-1, claudin-

12



5, and Z0O-2, leading to an increase in the paracellular permeability in the cerebral
cortex, brainstem and cerebellum. However, these BBB alterations can be
reversible during short periods of sleep recovery, ranging from 40 to 120 minutes;
those periods are enough to restore the BBB basal permeability in almost all the
studied brain regions, except for the hippocampus (Gémez-Gonzalez et al., 2013).
Yet, the mechanism by which sleep modulates the BBB integrity and function is not
completely understood, some molecules that may participate have been proposed.
Adenosine is a ubiquitous nucleoside that modulates cellular activity, and its
concentration increases throughout the waking time and decreases during the sleep
period (Basheer et al., 2004). Adenosine levels in the extracellular space could
increase during sleep restriction and actively modulate BBB function; a previous
study described that the administration of selective A2a adenosine receptor
antagonist immediately after completing the ten days of sleep restriction
reestablished the BBB function by reducing its permeability to 10-KDa dextrans and
restoring claudin-5 protein expression. Adenosine antagonism also decreased the
expression of pro-inflammatory markers such as Iba-1 and glial fibrillary acidic
protein (GFAP) (Hurtado-Alvarado et al., 2016). Our laboratory has proposed that
sleep restriction may lead to pericyte detachment from the endothelium. In a rodent
model subjected to ten consecutive days of sleep restriction, through electron
microscopy, a slight separation between the membranes of the endothelial cell and
the pericyte was observed, suggesting partial pericyte detachment (Hurtado-
Alvarado et al. al., 2017). Subsequently, we reported that ten days of sleep
restriction significantly decreased the expression of PDGFR-B and Cx43 in brain

microvessels isolated from the cerebral cortex and hippocampus, which resulted in
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the loss of pericyte-endothelial cell interactions and subsequent BBB dysfunction
(Medina-Flores et al., 2020). These altered interactions between pericytes and
endothelial cells may be a consequence of the onset of a proinflammatory event.
During sleep loss, there is an upregulation in the central expression of pro-
inflammatory cell markers, such as COX-2 levels (He et al., 2014), Ibal, and GFAP
(Hurtado-Alvarado et al., 2016, 2018), and also increased serum levels of C-reactive
protein, as well as the inflammatory cytokines interleukin (IL)-1a, IL-1p, IL-6, IL-17,
Interferon (IFNy) and Tumor necrosis factor (TNF-a) (Yehuda et al., 2009; He et al.,
2014; Hurtado-Alvarado et al., 2018).

Pericytes maintain the physiology and function of the BBB, and due to their
capability to respond quickly to harmful stimuli, they should be considered

modulators of the cellular and molecular mechanisms involved in sleep regulation.

3. JUSTIFICATION

The contemporary society is characterized by decreased sleep time due to
environmental, behavioral factors, including travel long distances from home to work
or school, spend more time at work and watching media entertainment.
Approximately two-thirds of adults worldwide do not get the recommended 8 hours
of sleep time each night (Walker, 2017). Poor sleep has become a major public
health problem due to the increased risk for the development of long-term
pathologies, such as obesity, diabetes, cardiovascular disease, depression, anxiety,
cognitive deficit, and Alzheimer's disease (Medic et al., 2017; Tobaldini et al., 2017).
Therefore, the impact of sleep duration and sleep quality on health has become

highly relevant in current research. Sleep is a physiological process that preserves
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the integrity of the neuro-immune-endocrine network through specialized
structures like the BBB, which maintains the bidirectional communication
between the periphery and the CNS. Previous studies have shown a direct
relationship between sleep restriction and BBB dysfunction. However, there are no
studies that describe how sleep restriction modifies the cellular and molecular
mechanisms governing the interaction between endothelial cells and pericytes.
Thus, the aim of the study was to elucidate the role of pericyte-endothelial cell

interactions in mediating the changes in BBB function induced by sleep restriction.

4. HYPOTHESIS
The inflammation generated by sleep restriction will decrease the interactions

between the pericytes and the endothelial cells, which will lead to BBB dysfunction.

5. MAIN OBJECTIVE

Evaluation of the pericytes-endothelial cells interactions after sleep restriction.

6. SPECIFIC OBJECTIVES

1.- Characterization of the proteins expression that regulate the interactions
between pericytes and endothelial cells in isolated brain microvessels during sleep
restriction.

2.- Evaluation of local and systemic pro-inflammatory mediators during sleep
restriction.

3.- Characterization of the effect of pro-inflammatory cytokine pathway on pericytes-
endothelial cells interactions during sleep restriction and their effect on blood-brain

barrier function.
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7. MATERIAL AND METHODS

7.1 Experimental subjects

Three-month-old male Wistar rats were used (n=95). Animals were housed in
standard conditions in our laboratory vivarium under a 12 h light-dark cycle (lights
on at 2:00 am) at room temperature of 20-25 °C. Commercial rat chow and tap
water were provided ad libitum. All experimental animal procedures were performed
following the Guidelines for the Care and Use of Mammals in Neuroscience and
Behavioral Research (National Research Council, 2010), the ARRIVE (Animal
Research: Reporting In Vivo Experiments) guidelines (www.nc3rs.org.uk/arrive-
guidelines) and were approved by the Academic Ethic Committee of the Biological

Sciences Division of the Universidad Autonoma Metropolitana, Unidad Iztapalapa.

7.2 Sleep restriction

Rats were subjected to sleep restriction using the multiple platform technique. Rats
were placed in an acrylic chamber (82x59%48 cm) with 7 cm diameter platforms
surrounded by water for 20 h daily, with an opportunity to sleep in their home cages
for the last 4 h of the light phase during 5 consecutive days (Medina-Flores et al.,
2020). To reduce social stress, groups of five animals remained in their same social
group. An extra platform was added to the deprivation chamber to facilitate the
animals ’'movement and reduce restraint stress. In the first experiment, rats were
randomly divided into the sleep restriction group (n=11) and the control group
(n=11). Control rats slept ad libitum in their home cages during the 5 days of the

experiment.
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7.3 Effect of TNF-a on sleep regulation

To elucidate the role of TNF-a in regulating pericyte-endothelial cell interaction
during sleep loss the TNFRL1 selective antagonist R-7050 (8-chloro-4-(phenylthio)-
1-(trifluoromethyl)-[1,2,4]triazolo[4,3a]quinoxaline; (Sigma-Aldrich, SML1377) was
dissolved in 5% dimethyl sulfoxide (DMSO) (5 mg/mL) was used. A single injection
of R-7050 (ip. 6 mg/kg of body weight; King et al., 2013) was administered at the
end of the sleep restriction period on the fifth day of sleep restriction.

Rats were randomly divided into the following groups: controls sleeping ad libitum
(n=10), control rats treated with vehicle (n=13), R-7050 rats sleeping ad libitum
(n=13), 5-day sleep-restricted rats (n=10), 5-day sleep-restricted rats treated with
DMSO (n=13), and 5-day sleep-restricted rats treated with R7050 (n=13).
Sleep-restricted rats remained in the acrylic chamber of sleep restriction after the
antagonist administration to prevent sleep and were euthanized 30 min after the R-
7050 or DMSO administration. Animals sleeping ad libitum received R-7050 at the

same time as sleep-restricted rats.

7.4 In vivo blood-brain barrier permeability assays

In the sleep restriction experiment, immediately after the fifth day of sleep restriction,
rats from the control (Con, n=4) and from the sleep restricted groups (SR, n=4) were
anesthetized with sodium pentobarbital (0.063 g/kg body weight ip.). In the TNF-a
receptor antagonist experiment, control vehicle group (n=3), R-7050 control (n=3),
sleep restricted group + DMSO (n=3), and sleep restricted group + R-7050 (n=3)
groups were anesthetized with sodium pentobarbital in the same way. In both

experiments, a cocktail containing sodium fluorescein (Sigma-Aldrich, F6377, 10
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mg/mL) and rhodamine 123 (Sigma-Aldrich, 83702, 1 mg/mL) diluted in phosphate
buffer solution was administered intracardiacly (0.2 ml/100 g of body weight) and
left to circulate for 5 min. Then, animals were transcardially perfused with 0.9%
saline solution, and the cerebral cortex and hippocampus were dissected. The
samples were weighed, homogenized with cold-PBS, and centrifuged at 17135 x g
for 10 min at 4 °C. Supernatants were collected, and 99.8% methanol was added;
supernatants were mixed and centrifuged at 17135 x g for 10 min at 4 °C. The
supernatants were placed in a 96-well plate and absorbance values were measured
in an ELISA plate reader HLAB (H Reader 1) for fluorescein (485 nm excitation/535
nm emission) and rhodamine 123 (535 nm excitation/ 595 nm emission). Each
sample was quantified in duplicate. A standard curve of known sodium fluorescein
and rhodamine 123 concentrations was prepared in duplicate, measured, and used

for calculating dye concentrations.

7.5 Brain microvessel isolation

In sleep restriction experiment, brain microvessels were isolated from control (n=6)
and sleep restricted (n=6) groups. In the TNF-a receptor antagonist experiment,
brain microvessels were isolated from intact control (n=6), control plus DMSO (n=6),
control plus R-7050 (n=6), 5 days of sleep restriction (SR, n=6), 5 days of sleep
restriction plus DMSO (n=6), and 5 days of sleep restriction plus R-7050 (n=6)
groups. Animals were euthanized, and their brains were removed and treated as
previously reported (Medina-Flores et al., 2020a, 2020b). The cerebral cortex and
hippocampal regions were homogenized with 1 ml cold microvessel isolation buffer

(0.3 M sucrose, 3 mM HEPES, 1% BSA in PBS, pH: 7.4) and centrifuged at 1000 x
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g for 10 min at 4°C. The supernatants were eliminated, and the pellets were
resuspended in 1 ml microvessel isolation buffer, then centrifuged at 1000 x g for
10 min. The supernatants were obtained and centrifuged at 200 x g for 5 min, and
the pellets were washed with 1 mL PBS and centrifuged at 100 x g for 2 min. The
isolated brain microvessels were frozen at -20°C until use (Medina-Flores et al.,

2020a, 2020b).

7.6 Western blot

Protein expression from isolated brain microvessels was analyzed in all groups. The
pellet containing isolated brain microvessels was homogenized with 200 uL RIPA
buffer containing protease inhibitors and centrifuged at 17135 x g for 10 min at 4 °C.
Protein concentration was determined with the Bradford assay (BioRad, 500-0006).
The proteins (30 pg) were resolved on a 10% SDS-PAGE gel and transferred to
PVDF membranes. Membranes were blocked with 5% non-fat milk in PBS
containing 0.1% Triton X-100 for 30 min and incubated overnight at 4°C with
antibodies against PDGFR-B (ThermoFisher, G.290.3, 1:1000), connexin-43
(Invitrogen, 71-0700, 1:1000), claudin-5 (Biorbyt, orb160461, 1:1000), MMP-9
(Abcam, ab38898, 1:1000), A2a adenosine receptor (Abcam, ab3461, 1:1000), TNF-
a (Abcam, ab1793, 1:1000), phospho-NFkB p65 (Cell Signaling, 3033S, 1:1000)
and active caspase-3 (BioVision, 3015-100, 1:1000). Total brain tissue protein
expression from the control + DMSO, control + R-7050, sleep-restricted + DMSO,
and sleep-restricted treated with R-7050 groups were incubated with IBA-1 (Abcam,
ab48004, 1:1000), GFAP (Abcam, ab4648, 1:1000) and NeuN (Abcam, ab177487,

1:1000). Blots were incubated with secondary antibodies conjugated with
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horseradish peroxidase (1:2500 dilution) at room temperature and revealed with the
chemiluminescence detection system (Amersham, RPN2232). Images were
acquired using the C-DiGit image generation and analysis system (LI-COR iS image

studio, version 3.1).

7.7 Enzyme-linked Immunosorbent assay

In the sleep restriction experiment, animals from the control (n=4) and 5-day sleep
restriction (n=4) groups were euthanized, trunk blood was collected, and the
cerebral cortex and hippocampus were dissected. In the TNF-a receptor antagonist
experiment, animals from the control + DMSO (n=4), control plus R-7050 (n=4), 5
days of sleep restriction plus DMSO (n=4), and 5 days of sleep restriction plus R-
7050 (n=4) groups were euthanized, trunk blood was collected, and the cerebral
cortex and hippocampus were dissected. Trunk blood was collected in heparinized
tubes and was centrifuged at 5700 x g for 10 min; thereafter, plasma was recovered.
The cerebral cortex and hippocampi were homogenized in an ice-cold lysis buffer
containing 20 mM Tris-HCI, 0.25 M sucrose, 2 mM EDTA, 10 mM EGTA, 1% Triton-
100, and a protease inhibitor cocktail. The lysates were centrifuged at 20000 x g for
30 min to 4°C, and the supernatants were collected. Protein concentrations were
determined using the Bradford protein assay. ELISA assay was performed
according to the manufacturer’s instructions (DY510-05, R&D Systems). TNF-a
concentrations were measured by DuoSet TNF-a Rat ELISA Kit, from the cerebral
cortex, hippocampi, and serum, according to the manufacturer's instructions (R&D

Systems). Absorbance was determined at 450 nm with a microplate reader.
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7.8 Immunofluorescence confocal microscopy

Control (n=1) and 5 day-sleep restricted (n=1) rats were ip. anesthetized with
sodium pentobarbital. Animals were transcardially perfused with 0.9% saline
solution for 5 min, followed by 4% paraformaldehyde (PFA) solution in PBS for 5
min. Thereafter, brains were removed and placed in 4% PFA overnight. Brains were
maintained in a 30% sucrose solution in PBS with 0.05% sodium azide at 4°C for
tissue cryoprotection until use. Sucrose cryoprotected brains were cut and frozen at
-18 °C. Serial coronal sections (30 um) were collected using a cryostat (LEICA,
CM1850) and collected in PBS 0.1 M with 0.1% sodium azide. The tissue was
incubated with the antibodies to NeuN (Abcam, EPR12763, 1:2000), IBA-1 (Abcam,
ab5076, 1:1000) and GFAP (Invitrogen, 14989282, 1:2000), to visualize neurons,
astrocytes and microglia respectively. Free floating slides were incubated with
secondary antibodies Donkey anti-mouse (Jackson ImmunoResearch, Alexa-Fluor
488, 715-545-150, 1:500), Donkey anti-rabbit (Jackson ImmunoResearch, Alexa-
Fluor 647, 711-605-152, 1:500) or Donkey anti-goat (Jackson ImmunoResearch,
705-165-147, CY3 1:500). Images were acquired using a ZEISS LSM 880 confocal

microscope with a 20X objective lens.

7.9 Statistical analysis

Data from the sleep restriction experiment comparing control and sleep-restricted
groups were analyzed with a one-tail t-student test. A two-way analysis of variance
(ANOVA) followed by a post hoc Turkey’s multiple comparison test was used to
evaluate the differences between the experimental groups (CON and SR) and the

treatments (intact, vehicle and R-7050). All results are presented as the mean *
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standard error of the mean (s.e.m). A statistically significant difference was
considered at p<0.05. Statistical analyses were conducted using GraphPad Prism

8.0 software (GraphPad Software, CA, USA).

8. RESULTS

Sleep restriction for 5 days increased blood-brain barrier permeability to
sodium fluorescein but not to rhodamine 123

An in vivo permeability assay with sodium fluorescein tracer was performed to
evaluate the effect of 5 days of sleep restriction on the BBB transport of small
molecules. Sleep restriction increased the extravasation of sodium fluorescein in
the cerebral cortex (t=9.266, p<0.0001; Figure 3a) and hippocampus (t=18.56,
p<0.0001; Figure 3b) compared to the control group. To determine if 5 days of sleep
restriction modified the P-glycoprotein efflux pump function, we evaluated the
accumulation of rhodamine 123 in the cerebral cortex and hippocampus. As shown
in Figure 3c-d, the concentration of rhodamine 123 did not change in the brain
regions of the sleep-restricted rats as compared to intact control rats (cerebral

cortex, t=0.2217, p=0.6739; hippocampus t=1.894, p=0.5766).

22



Cerebral cortex Hippocampus

a b
*kk*k
- kkkA
3 10- _‘g... § 10 S
SE 6 S 6
<o, ©o, &
52 7| -2 E9
3 E 3 3 E
g 2- g 2-
2 o ? 9
Con SR Con SR
C d
10 10-
o [e—— ™ r—
o~ N ®
=8 8 & P 28 s s
£o 6- - S0 6
to So
(o] (o]
& B c €
oY 2" oY 2‘
0 . : 0 : :
Con SR Con SR

Figure 3. Sleep restriction for 5 days increased the blood-brain barrier
permeability to small molecules. Graphs depict the BBB permeability to sodium
fluorescein and rhodamine 123 in the cerebral cortex (a,c) and hippocampus (b,d)
of the control (Con) and sleep-restricted (SR) groups. Quantification was performed
by duplicate for each sample. Mean + standard error of the mean. ***p<0.0001 as
compared to the control.
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Pericyte-endothelial cell disruption occurred during early periods of sleep
restriction

To determine the early effects of sleep restriction on pericyte-endothelial cell
interactions, PDGFR-B, and connexin-43 protein expression were evaluated in
isolated microvessels from the cerebral cortex and hippocampus. Five days of sleep
restriction reduced the expression of PDGFR- (t=6.396, p<0.0001) and connexin-
43 (t=19.60, p<0.0001) proteins in isolated microvessels of the cerebral cortex as
compared to the control group (Figure 4a). In the hippocampus, sleep restriction
reduced the expression of connexin-43 (t=5.197, p<0.0001), and no changes were
observed in the PDGFR-B protein expression (t=1.294, p=0.3599) as compared to

the control group (Figure 4b).
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Figure 4. Sleep restriction for 5 days decreased protein expression at the
pericyte-endothelial cell interface. Representative western blot images illustrate
PDGFR- and connexin-43 expression in isolated brain microvessels (iMV) from
sleep-restricted (SR) and control (Con) groups. SR decreased connexin-43
expression in iIMV of the cerebral cortex (a) and hippocampus (b) compared to the
intact control group. SR decreased PDGFR- expression only in iMV of the cerebral
cortex compared to the animals sleeping ad libitum. The graphs depict the semi-
guantitative analysis of the duplicates using -actin as a reference. Mean tstandard
error of the mean. ****p<0.0001 as compared to the control group.
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Five days of sleep restriction promoted local accumulation of TNF-a and other
pro-inflammatory mediators in the cerebral cortex and hippocampus

To determine if pericyte detachment from the capillary wall was associated with
systemic or central TNF-a release during early sleep loss, we evaluated TNF-a
concentration in serum, hippocampus, cerebral cortex, and isolated microvessels
from the cerebral cortex and hippocampus. The control group presented low serum
TNF-a levels and also in the total tissue of the hippocampus and cerebral cortex
(Figure 5). Sleep-restricted rats presented the same serum TNF-a levels as the
control group (t=0.9423, p=0.3824; Figure 5a). ELISA results showed that in the
cerebral cortex, there was a significant increase in TNF-a levels in the sleep-
restricted rats (t=3.283, p=0.0168) compared to the control group (Figure 5b). Sleep
restriction increased the hippocampal concentration of TNF-a compared to the
control group (t=5.243, p=0.0019; Figure 3c). As shown in Figure 5d, sleep
restriction for 5 days increased TNF-a expression in isolated microvessels of the
cerebral cortex (t=13.29, p<0.0001) and hippocampus (t=17.55, p<0.0001) as
compared to the control group (Figure 5e). Therefore, local release of TNF-a in brain
microvessels may regulate pericyte-endothelial cell interactions and, consequently,
BBB function in the early phase of sleep loss.

In addition, 5 days of sleep restriction promoted the accumulation of other pro-
inflammatory mediators in the isolated microvessels of the cerebral cortex and
hippocampus. Sleep restriction for 5 days increased the expression of the Aza
adenosine receptor (t=2.826, p=0.0036) and MMP-9 (t=5.515, p<0.0001) in the
isolated hippocampal microvessels in comparison with the control group (Figure 6b).

In the cerebral cortex, there was an increase in MMP-9 expression (t=4.657,
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p=0.0025) in isolated microvessels from sleep-restricted animals compared to the
intact control group (Figure 6a). A2a adenosine receptor expression in the cerebral
cortex remained unchanged (t=0.04890, p=0.2207) in the sleep-restricted and the

intact control groups (Figure 6a).
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Figure 5. Sleep restriction for 5 days increased TNF-a levels in total brain
tissue and isolated brain microvessels. Graphs represent TNF-a concentrations
in serum (a), total tissue of cerebral cortex (b), and hippocampus (c) from 5-day
sleep-restricted groups as compared to control groups. Western blot images show
TNF-a expression in isolated microvessels (iMV) from the cerebral cortex (d) and
hippocampus (e) of sleep-restricted rats compared with rats that slept ad libitum.
Mean * standard error of the mean. *p<0.05, **p=0.01, ***p<0.0001 as compared
to the control group.

27



Cerebral cortex  Hippocampus

A MV Con iMVSR b iMV Con iMV SR

AR - - ; - 48 kDa
o - -
- . -

(=) *%
o 1.5 8 1.57 I—.i.
g I_I g o]
E 1 0_ 4 @ _g ® 'E
-a - ’%; ? T 1.0' (=]
E . E | <%
2 0.5 S 05{ e
S E
< 0.01— : < 0.01— :
Con SR Con SR

(] ()]
O 2.5, O 2.5 i
® *% k5 2.0 &.
N 2.0 & 2.0
© @ © ®
£ 1.5 £ 1.5
) ‘ <> o
= 1.0- e e 1.0 .*3
s L5 ey ®
a 0.57 o 0.5
= =

0.0 T T = 0.0 . .
= Con SR Con SR

Figure 6. Sleep restriction for 5 days induced the expression of pro-
inflammatory mediators in isolated brain microvessels. Western blot analysis
of A2a adenosine receptor and MMP-9 of isolated microvessels (iMV) from the
cerebral cortex (a) and hippocampus (b) after 5 days of sleep restriction (SR)
compared to the control group (Con). SR increased MMP-9 expression in isolated
microvessels of the cerebral cortex and hippocampus (a, b) and increased Aca
adenosine receptor expression only in isolated microvessels of the hippocampus
(b). Mean = standard error of the mean. **p=0.01, ***p<0.0001 as compared to the
control group.
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Sleep restriction for 5 days increased microglia and astrocytes density in the
hippocampus and cerebral cortex

We evaluated whether 5 days of sleep restriction modified the density of microglia,
astrocytes, and neurons in brain slices. Representative immunofluorescent confocal
images showed that in the CA1, CA3, hilus, and dentate gyrus of the hippocampus
and the cerebral cortex of a 5-day sleep-restricted rat, there was increased
immunoreactivity for IBA-1, a specific marker of microglia (Figure 7a). As it is shown
in the insert (Figure 7b), in all the brain regions, microglia from the rat sleeping ad
libitum (control group) presented a thin soma with long ramified processes,
characteristic morphology of resting microglia; meanwhile, microglia from the sleep-
restricted rat presented a large soma with short ramifications, consistent with
microglial activation. The cerebral cortex of the 5-day sleep-restricted animal
showed an increase in reactive astrocytes, as depicted by increased GFAP
immunoreactivity compared to the control rat. However, this difference was not
observed in any region of the hippocampus among the experimental groups (Figure
7a). The hippocampus and the cerebral cortex of the 5-day sleep-restricted animal
and the control animal did not show apparent changes in the immunoreactivity of
NeuN, suggesting that in short periods of sleep restriction, there were no changes

in neuronal density (Figure 7a).
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Figure 7. Five days of sleep restriction increased the density of astrocytes and
microglia in the hippocampus and cerebral cortex. a) Representative
immunofluorescence images show that after 5 days of sleep restriction, there was
an increase in immunoreactivity for IBA1 in the hippocampal regions CA1l, CA2,
dentate gyrus, and hilus, as well as in the cerebral cortex. In the cerebral cortex an
increase in GFAP immunoreactivity was observed, with no apparent changes in
astroglial number in any of the hippocampal regions. There were no changes in
immunoreactivity for NeuN between the 5-day sleep-restricted and the control
animal. The insert (b) shows an amplification of astroglial and microglial cells. The
insert shows microglial activation after five days of sleep restriction in the
hippocampal regions CA1 and CA3 and the cerebral cortex, as shown by the
increased volume of their soma and an apparent reduction in the number of
ramifications.

TNF-a receptor antagonist reverted the blood-brain barrier hyperpermeability
induced by 5 days of sleep restriction

As shown in Figure 8, DMSO-treated rats sleeping ad libitum presented low
extravasation of sodium fluorescein and rhodamine 123 in the cerebral cortex and
hippocampus. Moreover, TNF-a receptor antagonism under normal sleep
conditions did not affect BBB permeability, since same low concentrations of

fluorescein and rhodamine 123 were measured in the cerebral cortex and

hippocampus as in control groups treated with the vehicle (Figure 8). Sleep

30



restriction in rats treated with DMSO increased BBB permeability to fluorescein in
the cerebral cortex (p=0.0253) and hippocampus (p<0.0001) as compared to rats
sleeping ad libitum and treated with DMSO. A single dose of R-7050 (6 mg/kg) on
the fifth day of sleep restriction reverted the BBB hyperpermeability to fluorescein
only in the hippocampus (F1,8=59.35, p<0.0001; Figure 8b). In the cerebral cortex,
fluorescein levels in sleep-restricted rats treated with R-7050 were similar to those
observed in vehicle-treated sleep restricted rats (F1,8=5.5541, p=0.1093; Figure 8a).
Neither sleep restriction nor the TNF-a receptor antagonist altered P-glycoprotein
function, as low BBB permeability to rhodamine 123 was detected in all the groups
from both regions (cerebral cortex, F1s=0.0006554, p=0.9802; hippocampus,

F1,8=0.002215, p=0.9636) (Figure 8 c-d).
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Figure 8. TNF-a receptor antagonist restored normal blood-brain barrier
function in sleep-restricted animals. The effect of a single dose of R-7050 (6
mg/kg) reverted the hyperpermeability to sodium fluorescein in the cerebral cortex
(a) and hippocampus (b) associated to 5 days of sleep restriction (SR) as compared
with the control vehicle group (Veh). No changes were observed in rhodamine 123
permeability as compared to the control vehicle group (c,d). Mean * standard error
of the mean. *p<0.05, ***p<0.0001 as depicted in the graphs.
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TNF-a receptor antagonist reverted the tight junction protein downregulation
induced by 5 days of sleep restriction

Since the changes in the paracellular permeability of the BBB are related to the
maintenance of the tight junctions, we evaluated the effect of five days of sleep
restriction on the expression levels of the tight junction proteins. As shown in Figure
9, DMSO and R-7050 administration did not modify claudin-5 protein expression in
the hippocampus and cerebral cortex of animals sleeping ad libitum. Sleep
restriction for 5 days decreased claudin-5 expression in the isolated microvessels
from the hippocampus (p<0.0001; Figure 9b), but did not modify claudin-5
expression in the cerebral cortex (F2,30=0.1881, p=0.8905; Figure 9a) compared to
the controls. TNF-a receptor antagonism partially reverted the claudin-5
downregulation induced by 5 days of sleep restriction (F2,30=8.732, p=0.003), but
the expression levels were still lower than in the vehicle control groups (Figure 9b).
Sleep restriction decreased ZO-1 expression in isolated microvessels from the
hippocampus (p<0.0001; Figure 9a) and cerebral cortex (p<0.0001; Figure 9b),
compared to control groups. The treatment with R-7050 in sleep-restricted rats
reversed ZO-1 expression only in the isolated microvessels from the cerebral cortex
(F2,30=22.10, p<0.0001), while its expression remained reduced in the isolated
microvessels from the hippocampus (F2,30=0.3412, p=0.7323). In addition, the
sleep-restricted animals presented a decrease in the expression of occludin in the
isolated microvessels from the cerebral cortex (p<0.0001; Figure 9a) and
hippocampus (p=0.0054; Figure 9b) as compared with the animals that slept

normally. R-7050 did not restore occludin expression in isolated microvessels from
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the cerebral cortex (F2,30=2.595, p=0.7993) nor from the hippocampus (F2,30=2.818,

p=0.4907).
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Figure 9. TNF-a receptor antagonist partially restored claudin-5 and ZO-1
expression in sleep-restricted animals. Representative western blot images
show that sleep restriction for 5 days decreased claudin-5 expression in isolated
hippocampal blood microvessels (b) but not in the cerebral cortex (a) as compared
to the control group (Con). ZO-1 and occludin expression were reduced in isolated

34



microvessels from the cerebral cortex (a) and hippocampus (b) after 5 days of sleep
restriction. The administration of R-7050 in sleep-restricted animals improved the
expression of ZO-1 in the cerebral cortex (a) and claudin-5 in the hippocampus (b).
In contrast, occludin expression remained decreased compared to the control
groups. Mean % standard error of the mean. *p<0.05, ****p<0.0001 as depicted in
the graphs.

R-7050 treatment restored pericyte-endothelial cell interactions after sleep
restriction

The TNF-a receptor antagonist did not modify the expression of PDGFR-(3 in the
isolated microvessels from the cerebral cortex and hippocampus of animals
sleeping normally (Figure 10). Five days of sleep restriction altered the interactions
between pericytes and endothelial cells, as shown by a decrease in the expression
of PDGFR-B in isolated microvessels of the cerebral cortex (p<0.0001) compared
with the vehicle control group. A single dose of R-7050 reversed the effect of sleep
restriction and restored normal PDGFR-[3 expression in isolated microvessels from
the cerebral cortex of sleep-restricted rats (F2,30=39.81, p<0.0001; Figure 10a). In
isolated hippocampal microvessels, neither sleep restriction nor R-7050 modified
the expression of PDGFR-3 as compared to the vehicle control group (F2,30=0.8002,
p>0.05; Figure 10b).

All the animals sleeping ad libitum showed the same levels of connexin-43 in the
isolated microvessels from the cerebral cortex and hippocampus, despite of DMSO
or R-7050 treatment (Figure 10). A decrease in the expression of connexin-43 was
observed after 5 days of sleep restriction in the cerebral cortex (p<0.0001; Figure
10a) and hippocampus (p<0.0001; Figure 10b) compared to the control group that

slept normally. In sleep-restricted rats receiving DMSO, the same low levels of

connexin-43 expression were found in the cerebral cortex and hippocampus as in
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the non-treated sleep-restricted rats. The administration of R-7050 restored
connexin-43 expression in the cerebral cortex (F2,30=20.19, p<0.0001) and
hippocampus (F2,30=108.7, p<0.0001) of sleep-restricted rats, as compared to the

sleep-restricted animals that did not receive the antagonist (Figure 10a-b).
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Figure 10. TNF-a receptor antagonist restored protein expression at the
pericyte-endothelial cell interface after sleep restriction. Western blot analysis
showed that 5 days of sleep restriction (SR) reduced the expression of PDGFR-f3 in
isolated brain microvessels from the cerebral cortex, and the administration of R-
7050 restored its expression (a). PDGFR-B expression in the hippocampus
remained unchanged among the experimental groups (b). Sleep restriction reduced
connexin-43 expression, and R-7050 restored its expression in the cerebral cortex
(a) and hippocampus (b) compared with the control group. Mean = standard error
of the mean. ***p<0.0001 as depicted in the graphs.
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Sleep loss increased local expression of TNF-a in the cerebral cortex and
hippocampus without changing serum TNF-a concentration

Low serum levels of TNF-a were found in the control groups (Figure 11a). In sleep-
restricted DMSO- or R-7050-treated rats similarly low serum TNF-a levels were
found as in the control groups (F2,18=0.2336, p=0.2716). In the cerebral cortex, TNF-
a levels were significantly increased in the DMSO-treated sleep-restricted rats
compared to the control group (F218=5.733, p=0.0106). Remarkably, R-7050
significantly reduced TNF-a levels in the cerebral cortex of sleep-restricted animals
compared to those that did not receive the TNF-a antagonist (p=0.0034; Figure
11b). Sleep restriction also increased the concentration of TNF-a in the
hippocampus as compared to the vehicle control group (p=0.0462), but R-7050
administration did not affect TNF-a concentration (F2,18=0.6539, p=0.9742; Figure
11c).

In isolated microvessels from the cerebral cortex, a low TNF-a expression was
observed in all the control groups, which was elevated by sleep restriction
(p=0.0056). This increased expression of TNF-a was maintained in the isolated
microvessels from the cerebral cortex despite the administration of R-7050
(F2,30=0.8895, p=0.8743; Figure 11d). Likewise, in isolated hippocampal
microvessels, sleep restriction increased TNF-a expression (p<0.0001) as
compared to the vehicle control group and was not modified by R-7050

(F2,30=0.8146, p=0.9712; Figure 11e).
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Figure 11. Five days of sleep restriction increased TNF-a levels in the central
nervous system but not in the periphery. The data obtained by the ELISA assay
showed that in serum, (a) TNF-a levels were unchanged between sleep-restricted
groups compared to the DMSO control group (Veh). The sleep-restricted animals
(SR) have higher levels of TNF-a in the cerebral cortex (b) and hippocampus (c) as
compared to the DMSO control group (Veh). R-7050, administered as a single dose
on the fifth day of sleep restriction, decreased the levels of TNF-a in the cerebral
cortex. Western blot images showed that sleep loss (SR) increased TNF-a
expression in isolated microvessels of the cerebral cortex (d) and hippocampus (e)
as compared to the control group (Con). In isolated brain microvessels of sleep-
restricted groups, TNF-a levels remained elevated despite administering R-7050
compared to the control groups. Mean zstandard error of the mean. *p<0.05,
**p=0.01, ***p<0.0001 as depicted in the graphs.
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Local inflammation in the hippocampus and cerebral cortex was maintained
despite TNF-a receptor antagonism in sleep-restricted rats

Five days of sleep restriction increased the expression of pro-inflammatory
mediators in isolated microvessels from the hippocampus and cerebral cortex
(Figure 12). In the hippocampal isolated microvessels, the A2a adenosine receptor
expression was increased in sleep-restricted rats compared to the intact control
group (p<0.0001; Figure 12b). A2a adenosine receptor expression in the sleep-
restricted groups remained high despite R-7050 administration (F2,30=0.6193,
p=0.7852; Figure 12b). In the isolated microvessels from the cerebral cortex, the
A2a adenosine receptor did not show any change in its expression in sleep-restricted
rats as compared to the vehicle control group (p=0.9940), and its expression also
remained unchanged despite the administration of R-7050 (F2,30=0.4283, p>0.9999;
Figure 12a). Sleep restriction increased MMP-9 expression in isolated microvessels
from the cerebral cortex (p<0.0001) and hippocampus (p<0.0001), and R-7050
treatment did not modify MMP-9 expression in these samples (cerebral cortex,
F2,30=0.2502, p=0.9755; hippocampus, F2,30=0.1174, p=0.8524) as compared to
the sleep-restricted group (Figure 12a-b). Sleep restriction increased the expression
of phosphorylated NFkB in the isolated microvessels from the cerebral cortex
(p=0.0346) but not from the hippocampus (p=0.7703) as compared to the intact
control group (Figure 13a-b). The administration of R-7050 to sleep restricted rats
did not modify the expression of phosphorylated NFkB in the cerebral cortex
(F2,30=0.08222, p>0.9999) or hippocampus (F2,30=0.2909, p>0.6212) as compared

to sleep-restricted rats (Figure 13a-b).
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Figure 12. TNF-a receptor antagonist did not modify the expression of pro-
inflammatory mediators in isolated brain microvessels. Sleep loss increased
A2a adenosine receptor expression in the hippocampus (b) but not in the cerebral
cortex (a). R-7050 administration to controls did not modify the expression of the
A2a adenosine receptor. Five days of sleep restriction increased the expression of
MMP-9 in isolated microvessels of the cerebral cortex (a) and hippocampus (b), but
R-7050 did not decrease its expression in any experimental group. The graph shows
the mean zstandard error of the mean. ****p<0.0001 as depicted in the graphs.
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Figure 13. Sleep loss induced the expression of phosphorylated NFKB in
isolated brain microvessels. The representative western blot images show that
the expression of p-NFkB after 5 days of sleep restriction (SR) was increased only
in the cerebral cortex, and this remained elevated after the administration of R-7050
(a). In hippocampal microvessels, there was no change in p-NFkB expression in
sleep-restricted groups compared to the vehicle control group (Con) (b). Mean *
standard error of the mean. *p<0.05 as depicted in the graphs.

TNFR1 receptor antagonism reverted astroglial reactivity associated to 5-day
sleep restriction

To evaluate whether TNFR1 receptor inhibition modified the expression of markers
of microglia, astrocytes, and neurons in 5-day sleep-restricted rats, the expression
of IBA-1, GFAP, and NeuN proteins from total brain tissue were evaluated by
western blot. Representative western blot images show that in total brain tissue,
sleep restriction for 5 days significantly increased IBA-1 protein expression as
compared to the DMSO-treated control group (t=0.9586, p<0.0001). The expression

of IBA-1 remained elevated in the sleep-restriction group after the single
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administration of R-7050 (t=0.9586, p=0.9975; Figure 14). Five days of sleep
restriction increased GFAP expression in the total brain tissue compared to the
control group treated with DMSO (t=0.9107, p<0.0001). A single dose of R-7050
reversed the effect of sleep restriction on astroglial reactivity as shown by decreased
GFAP expression in the sleep restricted group plus R-7050 as compared with sleep
restricted rats treated with DMSO (0=0.9107, p<0.0001; Figure 14). Short periods
of sleep loss or R-7050 administration did not modify the expression of NeuN

(t=0.9107, p=0.9036, Figure 14).
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Figure 14. TNF-a receptor antagonist reverted sleep loss-related astroglial
activation but not microglial activation in total brain tissue. Representative
western blot images of total brain tissue show that five days of sleep restriction (SR)
increased the expression of IBA-1 and GFAP compared to the control groups (Con).
The single administration of R-7050 reverted the increased expression of GFAP
associated with sleep restriction, while IBA-1 expression was maintained elevated
despite R-7050 administration. NeuN protein expression remained unchanged
among the experimental groups. The graph shows the mean zstandard error of the
mean. ****p<0.0001 as depicted in the graphs.
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9. DISCUSSION

Pericytes are essential to maintain BBB stability (Nakagawa et al., 2009; Bell et al.,
2010; Rustenhoven et al., 2017). Sleep restriction during short periods of time (5
days) disrupted the pericyte-endothelial cell interactions. Gap junctions were
downregulated during the early stages of sleep restriction, as the gap junction
protein connexin-43 presented a reduced expression in the isolated microvessels of
the hippocampus and cerebral cortex. The cerebral cortex also presented a reduced
expression of PDGFR-B in isolated microvessels of sleep-restricted animals. The
loss of pericyte-endothelial cell interactions might be involved in the increased BBB
permeability to a small molecular weight tracer (sodium fluorescein) but did not alter
the efflux transport of a P-glycoprotein substrate (rhodamine 123). We found that
sleep restriction increased the local release of TNF-a in the hippocampus and
cerebral cortex. Likewise, isolated brain microvessels presented higher TNF-a
protein expression in sleep-restricted rats than the animals sleeping normally,
underlining the critical role played by TNF-a in regulating BBB physiology. In
addition, we found that already in early sleep restriction periods, isolated
microvessels from sleep-restricted rats presented an increase in the expression of
MMP-9 in the hippocampus and cerebral cortex and elevated expression of the Aza
adenosine receptor in the hippocampus and p65 NFkB in the cerebral cortex.
Furthermore, five days of sleep restriction are sufficient to induce microglial and
astroglial activation in the cerebral cortex and hippocampus, which contribute to
maintaining the pro-inflammatory state in the central nervous system. The
antagonism of the TNFR1 normalized BBB permeability to sodium fluorescein in

sleep-restricted animals partially reverted hippocampal claudin-5, and ZO-1
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downregulation in the cerebral cortex fully reverted the downregulation of connexin-
43 in isolated microvessels of the hippocampus and cerebral cortex, and normalized
PDGFR- expression in isolated microvessels of the cerebral cortex, accompanied
by a decrease in astroglial activation in the total brain tissue. Despite restoring BBB
function by TNF-a receptor antagonism, local neuroinflammation persisted in both
brain regions, as R-7050 did not modify MMP-9, A2a adenosine receptor, or p65
NFkB expression levels in isolated brain microvessels of sleep-restricted rats, these
results may be related to the continued microglial activation despite the
administration of R-7050. Interestingly, TNF-a receptor inhibition decreased TNF-a
levels in total cerebral cortex tissue but not in the hippocampus. R-7050 did not
modify TNF-a levels in the hippocampus and cerebral cortex isolated microvessels.
The antagonist R-7050 is a small molecule that disrupts TNFR1-mediated
downstream signaling pathways and potentially reduces its apoptotic effects by
inhibiting the association of TNFR1 with its intracellular adaptor molecules (King et
al., 2013; Gururaja et al., 2007; Balzano et al., 2020). TNFR1 is widely expressed
in neurons, oligodendrocytes, macrophages, microglia, and astrocytes (Dopp et al.,
1997). During neuroinflammation, microglia and astrocytes can produce and release
high concentrations of TNF-a (Liddelow et al., 2017). However, this can be reversed
by TNFR1 antagonism, which reduces microglial and astroglial activation and
increases apoptosis of cytokine-producing cells, leading to the downregulation of
TNF-a production (Charles at al., 1999; Gururaja et al., 2007; Diallo et al., 2021);
this phenomenon may explain why we found a decrease in TNF-a levels in the brain

regions, which is related to a decrease in astroglial reactivity.
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Previously, we showed that chronic sleep restriction promotes pericyte detachment
from the capillary wall (Hurtado-Alvarado et al., 2017; Medina-Flores et al., 2020a).
In those studies, decreased expression of connexin-43 and PDGFR- were found
in isolated microvessels of animals with 10 days of sleep restriction. The present
findings suggest that pericyte detachment from the capillary wall begins at short
periods of sleep restriction (5 days). The initial event could be the downregulation
of connexin-43 followed by the loss of PDGFR-B. Gap junctions are essential to
maintain tissue homeostasis, and their alterations can compromise intercellular
communication (De Maio, et al., 2002). In biological barriers, gap junctions regulate
tight junction dynamics (Nagasawa et al., 2006; Li et al.,, 2012). Gap junction
proteins co-immunoprecipitate with the tight junction proteins claudin-5 and occludin
(Nagasawa et al., 2006). The close association of connexin-43 with the tight junction
proteins claudin-5, occludin, and ZO-1 in brain endothelial cells (Nagasawa et al.,
2006) and retinal endothelial cells (Tien et al., 2013) is regulated by the last 19
amino acid residues of the C-terminus of connexin-43 and the second PDZ domain
of ZO-1 (Sorgen et al., 2004). Connexin blockers have also been shown to decrease
transendothelial electric resistance and increase barrier permeability in an in vitro
model of porcine brain endothelial cells (Nagasawa et al., 2006). In addition, a
decrease in the expression levels of connexin-43 is related to a reduction of tight
junction protein expression, such as occludin, claudin-1, and ZO-1 (Lee et al., 2007,
Bekheet and Stahlmann, 2009) and increased vascular permeability (Tien et al.,
2013). In our study, sleep restriction downregulated connexin-43 expression in
isolated brain microvessels from the cerebral cortex and hippocampus suggesting

a disruption of cell-cell communication, which may contribute to pericyte detachment
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from the capillary wall and subsequent BBB disruption. This condition has been
previously reported in pathological conditions, such as diabetic retinopathy, where
connexin-43 downregulation in the retina disrupts the crosstalk between endothelial
cells and promotes vascular permeability (Tien et al., 2014).

Loss of junctions between pericytes and endothelial cells results in increased blood-
brain barrier permeability to exogenous circulating tracers of diverse molecular
weight, ranging from 365 Da to 70 kDa (Hurtado-Alvarado et al., 2017; Medina-
Flores et al., 2020a). In agreement with our findings, He et al. (2014) showed that
sleep loss for 6 days increased BBB permeability to sodium fluorescein in C57/BL6
mice. At 10 days of sleep loss, P-glycoprotein dysfunction was also shown, as
increased permeability to rhodamine 123 was observed in the hippocampus and
cerebral cortex (Medina-Flores et al., 2020a). The present results show that the
initial disruption in the blood-brain barrier occurs for sodium fluorescein, which
mainly crosses via the paracellular route (Kaya and Ahishali, 2011), and no change
in rhodamine 123 permeability was observed, indicating that the P-glycoprotein
efflux transport system is affected during long-term sleep restriction periods
(Medina-Flores et al., 2020a) but not in shorter ones.

Pericyte detachment from the capillary wall was accompanied by local inflammation
in both brain regions after a 5-day sleep restriction, similar to what was reported for
chronic (10 days) sleep restriction (Medina-Flores et al., 2020a). Here, we showed
that 5 days of sleep restriction increased MMP-9 expression in isolated microvessels
from both brain regions, similar to what was reported for 10 days of sleep restriction
(Medina-Flores et al.,, 2020a). Five days of sleep restriction also induced the

expression of other pro-inflammatory factors: A2a adenosine receptor expression
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was increased in the hippocampus, and p65 NFkB expression was elevated in the
cerebral cortex. These results are consistent with our previously reported
experiments in which 10 days of sleep restriction increased A2a receptor expression
in the hippocampus but not in the cerebral cortex (Hurtado-Alvarado et al., 2016b;
Medina-Flores et al., 2020a) and increased p65 NFkB expression only in the
cerebral cortex (Medina-Flores et al., 2020a). Others have also shown that sleep
restriction effects on BBB function are related to the accumulation of inflammatory
mediators, both centrally and peripherally (He et al., 2004; Hurtado-Alvarado et al.,
2016a; 2018). He et al. (2004) demonstrated that sleep loss promoted brain
accumulation of cyclooxygenase-2 (COX-2) and increased serum concentration of
C-reactive protein. Hurtado-Alvarado et al. (2018) showed that BBB
hyperpermeability during chronic sleep loss was related to increased TNF-a and
interferon-y (IFN-y) plasma concentration, as sleep-restricted animals that did not
show plasma changes in pro-inflammatory cytokines presented normal BBB
function. Our study shows that at 5 days of sleep restriction, elevated levels of TNF-
a are found only in the central nervous system but not in serum, suggesting that the
sleep-related inflammatory event begins in the brain and not in the peripheral
system.

Previous studies report that brain levels of TNF or TNF mRNA correlate with sleep
propensity. Within the hypothalamus, concentrations of TNF (Floy and Krueger,
1997) and TNF mRNA (Bredow et al., 1997; Taishi et al., 1999) fluctuate diurnally.
These levels are highest at day break, correlating with the beginning of the rat sleep
period. TNF mRNA concentrations double during this same time frame, indicating

the presence of post-transcriptional upregulation of TNF underlying this process.
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TNF levels are also influenced by sleep deprivation. Sleep deprivation increases
hypothalamic TNF and TNFR mRNA concentration (Floy and Krueger, 1997).
TNF-a is an inflammatory mediator produced and released by endothelial cells,
microglia, astrocytes, and neurons (Gahring et al., 1996; Ranta et al., 1999);
different studies have shown that its up-regulation hinders the physiological
functions of the BBB in several brain diseases (Petty and Lo, 2002; Muhammad,
2020). TNF-a binds to TNFR1 and TNFR2, which are differently regulated on
various cell types (Al-Lamki et al., 2001) and activate the NFkB mediated pro-
inflammatory pathway (Gough & Myles, 2020). Pericytes express both TNF-a
receptors, with higher expression levels of TNFR2 in pericytes as compared to
astroglia and endothelial cells (Takata et al., 2011). TNF-a stimulation promotes
higher levels of MMP-9 expression in pericytes compared to endothelial cells or
astrocytes (Takata et al., 2011; Thanabalasundaram et al., 2010; Underly et al.,
2017). TNF-a promotes MMP-9 transcription through the transcription factors AP-1
and NFkB (Moon et al., 2004). In pericytes, MMP-9 up-regulation induced by TNF-
a involves the activation of mitogen-activated protein kinases (p42/p44 MAPK, p38
MAPK, and JNK) and phosphoinositide 3 kinase (PI3K)/protein kinase B (Akt)
pathways (Takata et al., 2011; Cheng et al., 2009). However, for brain pericytes, it
is unclear to which receptor TNF-a binds to activate the signaling pathways leading
to elevated MMP-9 expression (Takata et al., 2011).

Here, we used the TNF-a antagonist R-7050, which is a cell-permeable
triazoloquinoxaline compound that selectively inhibits TNFR1 signaling by blocking
its association with intracellular adaptor molecules, such as TRADD and RIP,

stopping receptor internalization and preventing subsequent NFkB and MAPK
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signaling pathway activation (Gururaja et al.,, 2007), thus attenuating the
neuroinflammatory environment. Nevertheless, our results showed that R-7050 did
not revert the local inflammation induced by sleep loss in the hippocampus and
cerebral cortex, as shown by the high levels of MMP-9, p65 NFkB, and Aca
adenosine receptor observed in isolated brain microvessels of 5-day sleep-
restricted rats. These results indicate the potential role of TNFR2 and other
inflammatory modulators in regulating sleep loss-related neuroinflammation.

Despite the lack of effect on local inflammatory mediators, TNR-a receptor
antagonism did modify pericyte-endothelial cell interaction under sleep restriction
conditions. A single dose of the TNF-a receptor antagonist R-7050 restored
PDGFR- expression in the cerebral cortex and connexin-43 in both brain regions
as well as improved the function of the BBB by restoring the expression of tight
junction proteins in isolated brain microvessels and inhibiting elevated BBB
permeability to sodium-fluorescein in both brain regions. TNF-a can downregulate
connexin-43 expression on the vascular smooth muscle cells through JNK and p38
MAPK kinase pathways (Wu et al., 2013; Kimura et al., 2013). TNF-a may also
increase the tyrosine (Tyr) kinase c-Src portion, which is physically associated with
connexin-43, and induces phosphorylation of Tyr-247 and Try-265, preventing
connexin-43 channel closure by Src (Huang et al., 2003). TNF-a plays an important
role in the regulation of gap junctions; particularly, it modulates the expression levels
of connexin-43 protein, which is restored after R-7050 administration, thus
improving the cellular communication between the pericyte and the endothelial cell,

as our results suggest.
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Previous studies reported that a single dose of R-7050 (6 mg/kg) reduced Evans
blue extravasation when administered 0.5 h or 2 h after inducing intracerebral
hemorrhage (King et al., 2013). In addition, in an in vitro model of cerebral ischemia,
the pretreatment with R-7050 restored blood-brain barrier integrity by decreasing
the permeability to dextran-FITC and improving ZO-1 expression (Lin et al., 2021).
Our results are consistent with those since, after the administration of R-7050, the
BBB dysfunction was attenuated, accompanied by an increase in the expression of
claudin-5 and ZO-1 after 5 days of sleep restriction. Therefore, our results suggest
that TNF-a plays a key role in modulating pericyte-endothelial cell junctions during

short periods of sleep restriction.

10. CONCLUSION

Pericytes are essential cells that maintain the function and stability of the BBB
through their close relationship with endothelial cells. Pericyte-endothelial cell
communication can be altered with neuropathological and non-pathological
conditions, such as sleep restriction. Pericytes are cells highly vulnerable to the
inflammatory environment induced by sleep restriction. Here, we showed that
alterations in cell communication between pericytes and endothelial cells are due
primarily to a reduction in the expression of gap junction proteins. These alterations
in pericyte-endothelial cell interaction depended on a pro-inflammatory local
environment characterized by the early upregulation of TNF-a in the CNS. High
levels of TNF-a induced by sleep restriction were accompanied by the activation of
a pro-inflammatory signaling cascade involving MMP-9, NFkB, and A2a adenosine

receptor, ensuing hyperpermeability of the blood-brain barrier to low molecular
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weight molecules in the cerebral cortex and hippocampus. A single dose of R-7050,
a selective antagonist of TNF-a receptor 1, restored pericyte-endothelial cell
interactions by increasing the expression of connexin-43 and restored normal BBB
permeability by enhancing claudin-5 and ZO-1 expression, despite the lack of
changes in local inflammation in both brain regions. Our study suggests that in the
early stages of sleep restriction, TNF-a is an important inflammatory mediator that
modulates pericyte-endothelial cell interactions, which are necessary to maintain
the integrity of the blood-brain barrier, and TNF-a up-regulation compromises

homeostasis of the central nervous system.

11. PERSPECTIVES

According to the results obtained in this research project, new questions arise and
their study will contribute to understanding the mechanisms by which sleep
regulates the function of the blood-brain barrier, in particular the interactions
between the pericyte and the endothelial cell. Therefore, the following perspectives

are suggested:

1.- What happens to pericytes when their interactions with endothelial cells are
disrupted?

2.- How will other proinflammatory cytokines be expressed and how will they modify
pericyte-endothelial cell interactions after 5 days of sleep restriction?

3.- Evaluation of the microglia morphology after five days of sleep restriction

4.- Will sleep recovery after five days of sleep restriction restore the interactions

between the pericyte and the endothelial cell?
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5.- How does sleep regulate the expression and function of gap junctions between

pericytes and endothelial cells?
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ARTICLE INFO ABSTRACT

Keywords:
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Sleep loss in the mt increases blood-bmin barder permeability to circulating molecules by disrupting inter-
endothelial tight junctions. Despite the description of the ultrastructure of cerebral microvessels and the evi-
dence of an apparent pericyte detachment from capillary wall in sleep restricted rats the effect of sleep loss on

C‘“"_”d“ 43 pericytes is unknown. Here we characterized the interactions between pericytes and brain endothelial cells after
PD(IHR-E. sleep loss using male Wistar rats. Animals were sleep-restricted 20 h daily with 4 h sleep recovery for 10 days. At
Pericytes th d of the sl restriction, brain microvessels (MVs) were isolated from cerebral cortex and hippoc s
Sleep loss e o e ol ) . R

Tight junctions and processed for Westem blot and immunocytochemistry to evaluate markers of pericyte-endothelial cell in-

teraction (connexin 43, PDGFR-B), tight junction proteins, and proinflammatory mediator proteins (MMP9, Ao,
adenosine receptor, (D73, NFkB). Sleep restriction reduced PDGFR-p and connexin 43 expression in MVs; in
addition, scanning electron microscopy micrographs showed that pericytes were detached from capillary walls,
but did not undergo apoptosis (as depicted by a reduced active caspase-3 expression). Sleep restriction also
decreased tight junction protein expression in MVs and increased BEB permeability to low- and high-molecular
weight tracers in in vivo permeability assays. Those alterations seemed to depend on a low-grade inflammatory
status as reflected by the increased expression of phosphorylated NFkB and Az, adenosine receptor in brain
endothelial cells from the sleep-restricted rats. Our data show that pericyte-brain endothelial cell interaction is
altered by sleep restriction; this evidence is essential to understand the role of sleep in regulating blood-brain
barrier function.

1. Introduction et al., 2010; Bell et al., 2010; Rustenhoven et al., 2017).
The platelet-derived growth factor receptor-f (PDGFR-fi) is ex-

Pericytes are perivascular cells that surround the endothelium and pressed predominantly in pericytes (Armulik et al., 2005) and its en-

contribute to blood-brain barrier stabilization through the induction of
endothelial tight junctions and establishment of gap junctions with
brain endothelial cells (Fujimoto, 1995; Armulik et al., 2010). Pericytes
regulate capillary diameter, cerebral blood-flow and control the entry
of immune cells to the central nervous system during angiogenesis and
blood-brain barrier maturation (Armulik et al., 2005; Shimizu et al.,
2008; Stark et al., 2013; Hall et al, 2014; Neuhaus et al., 2017). Re-
duced pericyte coverage induces microvascular defects (Benjamin et al.,
1998; Tarallo et al., 2012) and blood-brain barrier dysfunction (Vates

dothelium-secreted ligand, PDGF-B, has been proposed as the signaling
molecule that modulates pericyte-endothelial cell crosstalk (Lebrin
et al, 2010; Armulik et al, 2011). Animal models with impaired
PDGFB-PDGFR-fi signaling pathway present brain microvascular dys-
function (Villasefior et al, 2017, Arango-Lievano et al., 2018) and
perinatal death (Leveen et al., 1994). In addition, monocultures of en-
dothelial cells present lower transendothelial electrical resistance
(TEER) and higher permeability to low- and large-molecular weight
tracers than co-cultures of brain endothelial cells and pericytes
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Abstract

Microvessels in the central nervous system (CNS) have one of the highest populations of pericytes, indicating their crucial
role in maintaining homeostasis. Pericytes are heterogeneous cells located around brain microvessels: they present three
different morphologies along the CNS vascular tree: ensheathing, mesh, and thin-strand pericytes. At the arteriole—capillary
transition ensheathing pericytes are found, while mesh and thin-strand pericytes are located at capillary beds. Brain peri-
cytes are essential for the establishment and maintenance of the blood-brain barrier, which restricts the passage of soluble
and potentially toxic molecules from the circulatory system to the brain parenchyma. Pericytes play a key role in regulating
local inflammation at the CNS. Pericytes can respond differentially, depending on the degree of inflammation. by secreting
a set of neurotrophic factors to promote cell survival and regeneration, or by potentiating inflammation through the release
of inflammatory mediators (e.g.. cytokines and chemokines), and the overexpression of cell adhesion molecules. Under
inflammatory conditions, pericytes may regulate immune cell trafficking to the CNS and play a role in perpetuating local
inflammation. In this review, we describe pericyte responses during acute and chronic neuroinflammation.
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Selective Regional Isolation of Brain Microvessels

Fernanda Medina-Flores, Gabriela Hurtado-Alvarado,
and Beatriz Gomez-Gonzalez

Abstract

The study of the regionalized functon of the blood-brain barrer at the level of brain endothelial cells and
pericytes 1s essential to understand the biological properties and molecular mechanisms regulating this
biological barrier. The isolaton of blood vessels from specific brain regions will allow to understand
regional differences in susceptibility to pathological phenomena such as ischemia, tranmaric brain injury,
and neurodegenerative diseases, such as Alzheimer disease. Here, we propose an efficient and fast method to
isolate brain endothelial cells and pericytes from a specific cerebral region. The isolated brain endothelial
cells and pericytes are viable to perform conventional molecular and histological techniques such as Westemn
blots, immunocytofluorescence, and scanning electron microscopy.

Keywords Blood-brain barrier, Brain endothelial cells, Brain microvessel isolation, Immunocytofluor-
escence, Pericyres, Western blor

1 Introduction

The blood-brain barrier selectively regulates the passage of soluble
and potentially toxic molecules from the capillary lumen into the
brain parenchyma [1, 2]. Those barrier properties depend on
endothelial cells, which interact intimately with pericytes [3—
5]. Brain endothelial cells and pericytes are crucial for the establish-
ment and maintenance of the blood-brain barrier; thus, it is impor-
tant to study their molecular profile and morphology under
physiological and pathological conditions [6—8]. The study of
each cellular type and their interactions will improve the under-
standing of the molecular mechanisms that modulate blood-brain
barrier function at the local level. Previous studies show that the
blood-brain barrier permeability to circulating molecules is hetero-
geneous among cerebral regions, according to their metabolic
demand, the local release of inflammatory mediators, and the
regional differences in astroglial and microglial density [9-
12]. However, the study of the regionalized function of the
blood-brain barrier at the level of brain endothelial cells and peri-
cytes is currently infrequent. Here, we describe an easy method to
efficiently isolate blood microvessels that contain endothelial cells
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