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Sleep loss in the rat increases blood-brain barrier permeability to circulating molecules by disrupting interendothelial tight junctions. Despite the description of the ultrastructure of cerebral microvessels and the evidence of an apparent pericyte detachment from capillary wall in sleep restricted rats the eﬀect of sleep loss on
pericytes is unknown. Here we characterized the interactions between pericytes and brain endothelial cells after
sleep loss using male Wistar rats. Animals were sleep-restricted 20 h daily with 4 h sleep recovery for 10 days. At
the end of the sleep restriction, brain microvessels (MVs) were isolated from cerebral cortex and hippocampus
and processed for Western blot and immunocytochemistry to evaluate markers of pericyte-endothelial cell interaction (connexin 43, PDGFR-β), tight junction proteins, and proinﬂammatory mediator proteins (MMP9, A2A
adenosine receptor, CD73, NFκB). Sleep restriction reduced PDGFR-β 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 BBB 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 NFκB and A2A 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
Pericytes are perivascular cells that surround the endothelium and
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). Reduced pericyte coverage induces microvascular defects (Benjamin et al.,
1998; Tarallo et al., 2012) and blood-brain barrier dysfunction (Vates

et al., 2010; Bell et al., 2010; Rustenhoven et al., 2017).
The platelet-derived growth factor receptor-β (PDGFR-β) is expressed predominantly in pericytes (Armulik et al., 2005) and its endothelium-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-β signaling pathway present brain microvascular dysfunction (Villaseñor et al., 2017; Arango-Lievano et al., 2018) and
perinatal death (Leveen et al., 1994). In addition, monocultures of endothelial 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

⁎
Corresponding author at: Area of Neurosciences, Dept. Biology of Reproduction, CBS, Universidad Autónoma Metropolitana, Unidad Iztapalapa, Av. San Rafael
Atlixco No. 186, Col. Vicentina, Iztapalapa, Mexico City, 09340, Mexico.
E-mail addresses: mkf@xanum.uam.mx (M. Konigsberg), deli.maria@brc.hu (M.A. Deli), bgomezglez@gmail.com (B. Gómez-González).

https://doi.org/10.1016/j.bbi.2020.05.077
Received 3 December 2019; Received in revised form 12 April 2020; Accepted 29 May 2020
Available online 31 May 2020
0889-1591/ © 2020 Elsevier Inc. All rights reserved.

Brain, Behavior, and Immunity 89 (2020) 118–132

F. Medina-Flores, et al.

Fig. 1. Chronic sleep restriction reduces PDGFR-β expression in the cerebral cortex. A) Representative Western blot of isolated microvessels (iMV) from the control
(CON, n = 6) and the sleep restricted (SR, n = 6) groups. B) Normalized levels of PDGFR-β expression in the iMV from cerebral cortex. The band of 220 KDa marked
with Ponceau red was used for normalization. Samples were analyzed by duplicate in separate PVDF membranes. Mean ± standard error of the mean. *p < 0.01 as
compared to the control group. C) Confocal microscopy images of iMV of CON (upper panel) and SR rats (lower panel). Note a reduced immunoreactivity of PDGFR-β
(green) in SR in comparison with the CON group. Brain microvessel was marked with Evans blue (red). Scale bar: 20 µm. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

blood-brain barrier seem to depend on rapid-eye movement (REM)
sleep. Using the multiple platform technique for 10 days, which fully
suppresses REM sleep phase and a slightly reduces non-REM sleep
(around 30%), Gomez-Gonzalez et al. (2013) found large deranges in
blood-brain barrier function. He et al. (2014) found that a protocol
reducing 20% non-REM sleep time and greatly reducing REM sleep time
(up to 80%) during 6 days of sleep restriction, induces modest changes
in the barrier phenotype. In both cases chronic sleep loss induces
neuroinﬂammation, as depicted by the increase in the expression of
glial markers (eg. Iba1 and GFAP) in several brain regions (HurtadoAlvarado et al., 2016a, 2018; Manchanda et al., 2018) and by the increase in the cyclooxygenase 2 (COX-2) mRNA in brain homogenates
(He et al., 2014). Other reports have shown that sleep restriction for
21 days also increases mRNA expression of tumor necrosis factor (TNF)α in the hippocampus (Manchanda et al., 2018).

(Hayashi et al., 2004; Nakagawa et al., 2009; Wisniewska-Kruk et al.,
2012). These results underline the importance of the cell-cell interactions between brain endothelial cells and pericytes for the maintenance
of the blood-brain barrier physiology.
Previous research has shown that sleep loss increases blood-brain
barrier permeability to 10 kDa and 70 kDa FITC-dextrans, sodium
ﬂuorescein, and Evans blue (Gomez-Gonzalez et al., 2013; He et al.,
2014; Hurtado-Alvarado et al., 2016a, 2017). Concomitant to the entry
of exogenous molecules, there is a change in tight junction morphology
in brain microvessels (MVs), characterized by a decrease in tight
junction protein expression and the presence of wide gaps at the interendothelial junctions. In addition, our group presented ultrastructural evidence of potential pericyte detachment from the capillary
wall in the hippocampus of 10-day sleep-restricted rats (HurtadoAlvarado et al., 2018). The maintenance of the barrier properties of the
119
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Fig. 2. Chronic sleep restriction reduces PDGFR-β expression in the hippocampus. A) Representative Western blot of the isolated microvessels (iMV) from control
(CON, n = 6) and sleep restricted (SR, n = 6) groups. B) Graph depicts the normalized expression levels of PDGFR-β using a band of 220 KDa marked with Ponceau
red. Samples were analyzed by duplicate in separate PVDF membranes. Mean ± standard error of the mean. *p < 0.0001 as compared to the control group. C)
Confocal microscopy images of iMV from hippocampus showing PDGFR-β immunoreactivity (green) in round shaped blebbing cells in SR group. Brain microvessel
was marked with Evans blue (red). Scale bar: 20 µm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)

2.2. Sleep restriction

Both, the peripheral and the central low-grade inﬂammatory status
during chronic sleep loss (Hurtado-Alvarado et al., 2016b), may aﬀect
the intercellular interactions between pericytes and brain endothelial
cells, but the mechanisms involved in the regulation of blood-brain
barrier function during sleep loss are only recently being studied. Thus,
we aimed to determine the eﬀect of sleep restriction on pericyte-brain
endothelial cell interactions and their consequences on blood-brain
barrier function, characterizing the inﬂammatory mediators that might
be participating in this event.

Rats were subjected to sleep restriction using the multiple platform
technique (Gomez-Gonzalez et al., 2013). Rats were placed in an acrylic
chamber (82 × 59 × 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 10 consecutive days
(Gomez-Gonzalez et al., 2013). To reduce social stress, the animals
remained in their same social group during the sleep restriction and
sleep recovery periods, and to reduce restraint stress an extra platform
was added to the deprivation chamber to facilitate the movement of the
animals as previously reported (Gomez-Gonzalez et al., 2013). Intact
controls slept ad libitum in their home cages during the 10 days of the
experiment.

2. Methods
2.1. Animals
Three-month old male Wistar rats were used and randomly divided
in two groups: sleep restriction group (SR, n = 33) and intact control
group (CON, n = 33). Animals were housed in standard conditions in
our laboratory vivarium under a 12 h light-dark cycle (lights on at
11:00 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) and with 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
Science Division of the Universidad Autónoma Metropolitana, Unidad
Iztapalapa.

2.3. Brain microvessel isolation
Brain microvessels were isolated immediately after removing the
rats from the sleep deprivation chamber at the 10th day of sleep restriction. Brain samples were also obtained from the intact control
group. Animals were euthanized, their brains were removed and treated
as previously reported (Nakagawa et al., 2009). The cerebral cortex and
hippocampal regions were homogenized with 1 ml cold MV isolation
buﬀer (0.3 M sucrose, 3 M HEPES, 1% BSA in PBS, pH: 7.4) and centrifuged at 1000 × 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 × g for 10 min. The supernatants were
obtained and centrifuged at 200 × g for 5 min and the pellets were
120
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Fig. 3. Chronic sleep restriction reduces connexin 43 expression in the cerebral cortex. A) Western blot of connexin 43 in isolated brain microvessels (iMV) from sleep
restriction (SR) and intact control (CON) groups. B) Graph depicts the expression levels of normalized connexin 43 using a band of 220 KDa marked with Ponceau
red. Samples were analyzed by duplicate in separate PVDF membranes. Mean ± standard error of the mean. **p < 0.001 as compared to the CON group. C)
Confocal microscopy images of iMV from the cerebral cortex illustrate a diminished immunoreactivity of connexin 43 (green) in SR rats (lower panel) in comparison
with the CON group (upper panel). Brain microvessel was marked with Evans blue (red). Scale bar: 20 µm. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

Membranes were blocked with 5% non-fat milk in PBS containing 0.1%
Triton X-100 for 2 h and incubated overnight at 4 °C with antibodies to
PDGFR-β (ThermoFisher, G.290.3, 1:1000), connexin 43 (Invitrogen,
71-0700, 1:1000), active caspase-3 (BioVision, 3015-100, 1:1000),
claudin-5 (Biorbyt, orb160461, 1:1000), occludin (Invitrogen, 40-4700,
1:1000), GLUT-1 (Invitrogen, PA5-16793, 1:1000), MMP9 (Abcam,
ab38898, 1:1000), CD73 (Abcam, ab175396, 1:1000), A2A adenosine
receptor (Abcam, ab3461, 1:1000), and Phospho-NFkB p65 (Cell signaling, 3033S, 1:1000). Blots were incubated with secondary antibodies
conjugated with 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). Proteins were normalized with a 220 KDa band marked with red
Ponceau.

washed with 1 ml PBS at 100 × g for 2 min. The isolated brain microvessels were frozen until use. To determine that isolated brain MVs
were free of neurons and astrocytes, their purity was determined by
Western blot against the neuronal nuclei protein (NeuN) and the glialacidic ﬁbrillar protein (GFAP), as shown in Supplementary Fig. 1.
2.4. Western blot
Protein expression from isolated brain MVs was analyzed in sleep
restricted and intact control groups (n = 6 per group). The pellet
containing isolated cerebral microvessels was homogenized with 200 μl
RIPA buﬀer containing protease inhibitors and centrifuged at
13500 rpm for 10 min at 4 °C. Protein concentration was determined
with the Bradford assay (BioRad, 500-0006). The proteins (30 µg) were
resolved on a 10% SDS-PAGE gel and transferred to PVDF membranes.
121
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Fig. 4. Chronic sleep restriction reduces connexin 43 expression in the hippocampus. A) Western blot showing a trend toward reduction in connexin 43 expression in
iMV from sleep restricted rats (SR) in comparison with the rats sleeping ad libitum (CON). B) Graph depicts the expression levels of normalized connexin 43 using a
band of 220 KDa marked with Ponceau red. Samples were analyzed by duplicate in separate PVDF membranes. Mean ± standard error of the mean. p > 0.05 as
compared to the control group. C) Immunoﬂuorescent staining for connexin 43 in iMV from CON (upper panel) and SR (lower panel) groups. Note the linear
expression of connexin 43 along the capillary in the iMV from the CON group and the loss of linearity in the iMV from the SR group. Brain microvessel was marked
with Evans blue (red). Scale bar: 20 µm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

under dark and humid conditions for 4 h. Slides were then incubated
with the secondary antibody Alexa Fluor® 488 donkey anti-rabbit IgG
(ThermoFisher, A21206, 1:250) for 4 h. The samples were mounted in
ImmunoHistoMount mounting medium (Sigma, I1161-30ML). Confocal
images were acquired at 488 nm excitation with a detection range of
505–535 nm and analyzed with an Axioscop 2 MOT Plus confocal
ﬂuorescence microscope (Carl Zeiss, México) with an EC Plan-Neoﬂuar
40x/0.5 objective.

2.5. Immunoﬂuorescence confocal microscopy
Rats from both groups, sleep restricted and intact controls (n = 5
per group), were ip. anesthetized with sodium pentobarbital. Evans blue
dye (1 mg/ml) was ic. administrated (0.2 ml/100 g of body weight) and
left to circulate for 5 min. Thereafter, animals were transcardially
perfused with 0.9% saline solution. The brains were removed to isolate
brain microvessels from cerebral cortex and hippocampus as previously
described and resuspended in 4% paraformaldehyde 1 h and centrifuged at 13500 rpm for 10 min, the supernatant was eliminated, and
the pellet was resuspended in PBS. Resuspended brain microvessels
were placed on gelatinized slides and after 1 h of adherence, were
rinsed with PBS containing 0.1% Triton X-100 and blocked with normal
horse serum blocking solution (Vector Labs, S-2000, 1:1000) for 15 min
and incubated with PDGFR-β, connexin 43, or claudin-5 antibodies

2.6. Scanning electron microscopy
Sleep-restricted and intact control rats (n = 2 per group) were sacriﬁced to isolate brain microvessels from cerebral cortex and hippocampus as described above. Isolated brain MVs were ﬁxed with 4%
paraformaldehyde and 2% glutaraldehyde for 24 h at 4 °C. Samples
122
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Fig. 5. Sleep loss promotes brain pericyte detachment from the capillary wall in the cerebral cortex and hippocampus. Scanning electron micrographs of isolated
brain microvessels (iMV) showing pericyte detachment from the capillary wall in the cerebral cortex and hippocampus. Images also show a phenotype change in
pericytes after 10 days of sleep restriction (left panels), in comparison with the group sleeping ad libitum (right panels) in cerebral cortex (upper panel) and
hippocampus (lower panel). Note the pericyte attached to brain microvessels in the control group (arrow) and the round-shaped cells located in the vicinity of brain
microvessels (arrowhead) in the sleep restricted group. Scale bar: 10 µm.

2.8. Mitochondrial oxygen consumption in brain microvessels

were rinsed with PBS and placed on gelatinized coverslips. The samples
were post-ﬁxed with 1% OsO4 for 2 h at room temperature and then
dehydrated in graded ethanol series. The samples were dried at the
critical point in liquid CO2, followed by gold coating. Scanning electron
microscopy micrographs were acquired at 13 kV with a scanning
electron microscope (JEOL JSM-5900 LV).

To evaluate the mitochondrial function at the isolated brain MVs,
sleep restricted and intact control rats were euthanized, then the cerebral cortex and hippocampus were dissected and processed to isolate
brain microvessels as described above. The samples were pooled for the
same group of animals (n = 10 per group). Pools of isolated brain MVs
were resuspended in 20 ml ice-cold 250 mM sucrose, 10 mM EDTA,
pH = 7.4, homogenized and centrifuged at 3500 rpm for 15 min at 4 °C.
The supernatant was recovered and centrifuged at 12000 rpm for
15 min at 4 °C. The supernatant was removed and the pellet of isolated
mitochondria from the cerebral cortex was carefully resuspended with
1 ml of the same solution, while isolated mitochondria from hippocampus were resuspended in 300 µl of the same solution. Protein
concentration was determined using the Lowry method.
Oxygen consumption was measured polarographically using a Clark
type electrode in a solution containing 250 mM sucrose, 10 mM MgCl2,
10 mM succinate, 10 mM H3PO4, 1 mM EGTA, 0.05% bovine serum
albumin, pH = 7.3 and 2 mg/ml of mitochondrial protein at 37 °C.
Oxygen consumption was promoted by adding 300–500 nmol of ADP
(state 3 of respiration). Respiratory control was determined as oxygen
consumption rate of state 3/oxygen consumption rate of state 4 (ADP
was converted to ATP and respiration slowed down). Thereafter, 10 µM
of carbonyl cyanide m-chlorophenyl hydrazine (CCCP) was added to
stimulate maximal oxygen uptake.

2.7. In vivo blood-brain barrier permeability assays
Immediately at the end of the 10th day of sleep restriction rats
(n = 6 per group) were ip. anesthetized with sodium pentobarbital and
a 0.5 cm thoracic incision was done. A cocktail containing sodiumﬂuorescein (Sigma-Aldrich, F6377, 10 mg/ml) and Evans blue (SigmaAldrich, E2129, 1 mg/ml) diluted in phosphate buﬀer solution was ic.
administrated (0.2 ml/100 g of weight) and left to circulate for 5 min.
An independent group of animals (n = 6 per group) received ic. administration of rhodamine 123 diluted in phosphate buﬀer solution
(Sigma-Aldrich, 83702, 1 mg/ml, 0.2 ml/100 g of weight); rhodamine
123 was also left to circulate for 5 min. Thereafter, 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 13500 rpm/10 min at
4 °C. Supernatants were collected and methanol was added, supernatants were mixed and centrifuged at 13500 rpm/10 min at 4 °C. The
supernatants were placed in a 96-well plate and absorbance values were
measured in ELISA plate reader HLAB (H Reader 1) for ﬂuorescein
(485 nm excitation/535 nm emission), for Evans blue (535 nm excitation/595 nm emission), and for rhodamine 123 (535 nm excitation/
595 nm emission). Each sample was quantiﬁed by duplicate. A standard
curve of known concentrations of Evans blue, ﬂuorescein and rhodamine 123 was prepared in duplicate, measured and used for the calculation of dye concentrations.

2.9. Statistical analysis
Data obtained from control and sleep-restricted groups were compared with a one-tail t-student analysis. All results are presented as
mean ± standard error of the mean (s.e.m). Statistically signiﬁcant
diﬀerence was considered at p < 0.05. Statistical analyses were
123
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Fig. 6. Detached pericytes from sleep restricted rats did not undergo apoptosis. Representative Western blot images illustrating the expression of active caspase-3 in
isolated brain microvessels (iMV) from sleep restricted (SR) and intact control (CON) groups (A, B). Graphs depict normalized expression levels of active caspase-3
using a band of 220 KDa marked with Ponceau red (C, D). Mean ± standard error of the mean. p > 0.05 as compared to the control group.

in the expression of connexin 43 in comparison with the control group
(Fig. 4). As shown in the confocal microscopy micrograph in the control
group connexin 43 immunoreactivity was continuously distributed
along the capillaries and the signal intensity was higher in speciﬁc
points, suggesting speciﬁc contact points between pericytes and endothelial cells in both, cerebral cortex (Fig. 3C) and hippocampus
(Fig. 4C). By the contrary, in sleep restricted rats, the immunoreactivity
for connexin 43 was lower and showed a discontinuous pattern along
the capillaries in the isolated MV preparations from the cerebral cortex
(Fig. 3C) and hippocampus (Fig. 4C).
Scanning electron microscopy showed that in the intact controls
pericytes are closely attached to the capillary wall in the isolated microvessels from the cerebral cortex and hippocampus (Fig. 5). As observed in Fig. 5, pericytes from intact controls seem embedded in the
same basal lamina as the endothelial cells (arrow). In the isolated MVs
from the cerebral cortex and hippocampus of the sleep restricted animals round shaped blebbing cells were observed in the proximity of the
capillary wall. This is consistent with the immunostaining pattern for
PDGFR-β observed in confocal microscopy images. Given the high
prevalence of blebbing cells in the MVs from SR group we tested
whether SR induced pericyte apoptosis. As shown in Fig. 6, intact
control and SR groups presented the same active caspase 3 expression
levels in the cerebral cortex (t = 0.9812, p = 0.3821) and hippocampus (t = 0.4298, p = 0.6895), indicating that despite the blebbing
appearance of pericytes, they are not undergoing apoptosis, but instead
they appear to acquire an activated state.

conducted using GraphPad Prism 8.0 software (GraphPad Software, CA,
USA).

3. Results
3.1. Sleep restriction reduces pericyte-brain endothelial cell interactions
To test changes in pericyte-brain endothelial cell interactions, the
expression of the proteins PDGFR-β and connexin 43 was evaluated
after sleep loss. Western blot analysis showed that sleep restriction
signiﬁcantly decreased PDGFR-β expression in isolated brain MVs from
cerebral cortex (t = 2.623, p = 0.0173) (Fig. 1A and B) and hippocampus (t = 5.219, p = 0.0001) (Fig. 2A and B). The observed changes
were corroborated by confocal microscopy (Fig. 1C and C). As shown in
Fig. 1C PDGFR-β immunoreactivity in the isolated microvessels from
the cerebral cortex of the control group was detected surrounding capillaries with putative ramiﬁcations and the characteristic elongated
pattern of a pericyte attached to the capillary wall. However, in sleeprestricted rats the PDGFR-β immunoreactivity in the isolated capillaries
from the cerebral cortex was less intense and, interestingly, PDGFR-β
immunostaining set apart from the capillary wall and presented a
globular shape, indicating potential pericyte detachment from the capillary wall (Fig. 1C and Supplementary Fig. 2). Likely, in the hippocampus of sleep restricted rats a low immunoreactivity for PDGFR-β
was observed surrounding capillaries (Fig. 2C). A 3D reconstruction of a
hippocampal isolated MV showed PDGFR-β immunoreactive cells presenting a round blebbing shape, suggesting that pericytes are moving
away from the capillary wall (Supplementary Fig. 3).
Sleep restriction signiﬁcantly reduced the expression of connexin 43
in isolated brain MVs from cerebral cortex (t = 1,038, p = 0.0063)
(Fig. 3); while in the hippocampus there was a trend toward reduction

3.2. The disruption of pericyte-endothelial cell interactions is associated
with increased blood-brain barrier permeability
The function of the blood-brain barrier was evaluated through in
124
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Fig. 7. Chronic sleep restriction increases blood-brain barrier permeability. Graphs depict the blood brain barrier permeability to sodium-ﬂuorescein (upper panel),
Evans blue (middle panel), and rhodamine 123 (lower panel) in the cerebral cortex and hippocampus of the intact control (CON) and sleep restricted (SR) groups.
Quantiﬁcation was performed by duplicate for each sample. Mean ± standard error of the mean. *p < 0.01, **p < 0.001; ***p < 0.0001 as compared to the
CON.

of the P-glycoprotein eﬄux pump; as it is shown in Fig. 7 the cerebral
cortex (t = 1.949, p = 0.0436) and hippocampus (t = 2.184,
p = 0.0303) showed a signiﬁcantly augmented blood-brain barrier
permeability to rhodamine 123 versus the intact control group, indicating a decrease in pump function.

vivo permeability assays with Evans blue, sodium-ﬂuorescein and
rhodamine 123 tracers. As it is shown in Fig. 7 intact controls presented
low blood-brain barrier permeability to ﬂuorescein, Evans blue and
rhodamine 123 in the cerebral cortex and hippocampus. Sleep restriction signiﬁcantly increased ﬂuorescein in both brain regions, cerebral
cortex (t = 3.096, p = 0.0044) and hippocampus (t = 2.157,
p = 0.0007), as compared to the intact controls. The cerebral cortex
(t = 4.375, p = 0.0060) and hippocampus (t = 4.626, p = 0.0049) of
sleep restricted rats also presented a signiﬁcant increase in blood-brain
barrier permeability to Evans blue with respect to the control group.
Rhodamine 123 was used to test the eﬀects of sleep loss on the function

3.3. Chronic sleep restriction does not alter the metabolic activity of isolated
brain microvessels
To test whether sleep loss modiﬁed metabolic activity in isolated
brain MVs GLUT-1 protein expression and an oximetry assay in isolated
125
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Fig. 8. Chronic sleep restriction does not alter metabolic activity in isolated brain microvessels. A, B) Western blot images illustrate the expression of GLUT-1 in
isolated brain microvessels (iMV) from sleep restricted (SR) and intact control (CON) groups. C, D) Graphs depict normalized expression levels of GLUT-1 using a
band of 220 KDa marked with Ponceau red. Samples were evaluated by duplicate in separate PVDF membranes. Mean ± standard error of the mean. p > 0.05 as
compared to the control group.

imaging (Fig. 9E and F) showed that in both brain regions, isolated MVs
from SR group showed a discontinuous staining pattern to claudin-5,
but in the cerebral cortex there was also a reduced claudin-5 immunoreactivity (Fig. 9E). As it is shown in Fig. 10, the expression of
occludin signiﬁcantly decreased in the isolated MVs from the hippocampus of the sleep restricted group as compared to the control group
(t = 1,918, p = 0.0305). However, in the cerebral cortex the occludin
expression levels were similar in both groups (p = 0.1973). Fig. 11
shows that the decrease in tight junction protein expression was concurrent with an increased expression of MMP-9 in the isolated MVs
from the cerebral cortex (t = 2.752, p = 0.0131) and hippocampus
(t = 2.452, p = 0.0341) of sleep restricted rats.

Table 1
Oximetry in isolated mitochondria from the cerebral cortex brain microvessels.
Oxygen consumption

CON

SR

State 3
State 4
Respiratory Control

198 ng atom O2/min
156 ng atom O2/min
1.3

222 atom O2/min
180 atom O2/min
1.23

mitochondria were performed. As it is shown in Fig. 8, the expression of
GLUT-1 transporter in isolated brain microvessels was similar in the
cerebral cortex (Fig. 8A) and hippocampus (Fig. 8B) of both groups,
intact control and sleep restricted (p > 0.05). The respiratory control
was calculated from oxygen consumption experiments, using succinate
as substrate to determine the mitochondrial function from isolated
brain MVs. As it is shown in Table 1, the respiratory control was similar
in the sleep restricted and intact control groups.
Table shows the mitochondria respiratory control of isolated brain
microvessels from the cerebral cortex in the sleep restricted (SR) and
intact control (CON) groups. Mean ± standard error of the mean. Data
were obtained from pooled samples of n = 10 rats per each group.

3.5. Sleep loss-related low-grade inﬂammatory status may participate in the
disruption of pericyte-endothelial cell interactions
Sleep restriction triggered a low-grade inﬂammatory status in the
cerebral cortex and hippocampus, however the signaling pathways
diﬀer between both brain regions. In the cerebral cortex an increased
expression of phosphorylated NFκB (t = 6.758, p = 0.0212) was found
in the isolated MVs from the sleep restricted group as compared with
the control group, despite equal levels in the expression of total NFκB
(Fig. 12A and C). No diﬀerences were observed in phospho-NFκB expression in the hippocampus of sleep restricted rats with respect to the
control group (p = 0.6073) (Fig. 12B and D). In contrast, in the isolated
brain MVs from the hippocampus of sleep restricted rats an increased
expression of A2A adenosine receptor (t = 2.483, p = 0.0324) was
found as compared with the control group (Fig. 12A and C). In the
cerebral cortex, the expression of the A2A adenosine receptor did not
change after chronic sleep restriction (p = 0.3941). The expression

3.4. The disruption of endothelial cell-pericyte interactions is associated
with decreased expression of tight junction proteins
Sleep restriction modiﬁed the expression levels of endothelial tight
junction proteins. Isolated brain MVs from the cerebral cortex of sleep
restricted rats presented a decreased expression of claudin-5
(t = 3.369, p = 0.0276) (Fig. 9A and C); but in the hippocampal isolated MVs, normal expression of claudin-5 was observed (p = 0.9275 as
compared to the intact controls) (Fig. 9B and D). Confocal microscopy
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Fig. 9. Chronic sleep restriction reduces
claudin-5 protein expression in isolated
brain microvessels. Representative Western
blot showing claudin-5 expression in isolated microvessels (iMV) from intact control
(CON) and sleep restricted (SR) groups (A,
B). Normalized levels of claudin-5 expression in the iMV of the cerebral cortex (C)
and hippocampus (D) were obtained using a
band of 220 kDa marked with Ponceau red.
Samples were analyzed by duplicate in separate PVDF membranes. Mean ± standard
error of the mean. *p < 0.01 as compared
to the CON group. Immunoﬂuorescent
staining for claudin-5 in iMV from cerebral
cortex (E) and hippocampus (F) of CON and
SR groups. Note in the iMV from cerebral
cortex (E) the linear expression of claudin-5
along the capillary in the CON group and
the loss of this staining pattern in the iMV
from the SR group. Scale bar: 20 µm.

barrier properties of the blood-brain barrier (Duz et al., 2007;
Nakagawa et al., 2009; Bell et al., 2010; Rustenhoven et al., 2017), this
study aimed to evaluate the changes in pericyte-brain endothelial cell
interactions during sleep loss, and tried to characterize the eﬀects of
pericyte detachment in blood-brain barrier physiology in sleep-restricted rats. Here, we found that sleep loss promotes pericyte detachment from the capillary wall as indicated by the signiﬁcant reduction in

levels of the adenosine-synthesizing ectonucleotidase, CD73, remained
without changes between control (p = 0.6341) and sleep-restricted rats
(p = 0.7151) (Fig. 12).
4. Discussion
Given the important role of pericytes in the maintenance of the
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Fig. 10. Chronic sleep restriction reduces occludin protein expression in isolated brain microvessels. A, B) Representative Western blot showing occludin protein
expression in isolated microvessels (iMV) from intact control (CON) and sleep restricted (SR) groups. C, D) Normalized levels of occludin expression in the iMV of the
cerebral cortex and hippocampus were obtained using a band of 220 kDa marked with Ponceau red. Samples were analyzed by duplicate in separate PVDF
membranes. Mean ± standard error of the mean. *p < 0.01 as compared to the CON group.

vascular cells in the mammalian retina (Bobbie et al., 2010). In our
case, pericyte detachment from the capillary wall was not concurrent
with apoptosis, as depicted by the normal active caspase-3 expression
observed in the isolated MVs from the cerebral cortex and hippocampus
of sleep restricted rats as compared to the intact controls. Our data
suggest that connexin 43 plays an important role regulating pericyteendothelial cell interactions and its downregulation could contribute to
blood-brain barrier defects in sleep-restricted rats.
As expected, the reduction in the pericyte coverage of brain microvessels was concurrent with an increased blood-brain barrier permeability to low- and high- molecular weight tracers as well as to
rhodamine-123, a substrate of eﬄux pumps. The increased blood-brain
barrier permeability to rhodamine 123 points to a change in P-glycoprotein functionality in isolated brain MVs from cerebral cortex and
hippocampus in the sleep restricted rats. P-glycoprotein is the main
eﬄux transporter expressed in brain endothelial cells and its dysfunction increases the accumulation of toxic molecules in the brain parenchyma (Kamiie et al., 2008). The function of P-glycoprotein was
enhanced in co-cultures of endothelial cells with pericytes, indicating
that pericytes inﬂuence this barrier property (Nakagawa et al., 2009;
Vandenhaute et al., 2011). By the contrary, the upregulation of proinﬂammatory cytokines leads to P-glycoprotein transport dysfunction (Ho
and Piquette-Miller, 2006). Rats injected with Klebsiella pneumoniae
endotoxin presented a reduced biliary, renal, and tubular secretory
clearances of rhodamine 123 indicating an impairment of P-glycoprotein transport; and the eﬀects were related to increased levels of TNF-α
in plasma (Ando et al., 2001). In addition, rats treated with lipopolysaccharide, which increases the expression of TNF-α, IL-β and IL-6,
presented a down-regulation of P-glycoprotein function as depicted by
the accumulation of 3H-digoxin in the brain; again indicating that

the expression of PDGFR-β, a marker of pericytes amply used to study
pericyte coverage of brain microvessels (Winkler et al., 2010). PDGFR-β
role in maintaining the barrier phenotype in brain endothelial cells has
been clearly established in the Pdgfbret/ret mutant mice, a model in
which PDGF-B presents a truncating mutation and pericytes are partially dissociated from brain endothelial cells. Pdgfbret/ret mice present
endothelial cell membrane protrusions into the vessel lumen, increased
number of cytoplasmic vesicles and increased blood-brain barrier permeability to circulating tracers, such as Evans blue (Daneman et al.,
2010). We observed similar changes in the phenotype of brain endothelial cells in sleep-restricted rats. For instance, sleep loss increased
blood-brain barrier permeability to Evans blue and ﬂuorescein along
with increased number of cytoplasmic vesicles and cytoplasmic protrusions into the vessel lumen in hippocampal endothelial cells (GomezGonzalez et al., 2013; Hurtado-Alvarado et al., 2017). The present data
are in concordance with our previous ﬁndings indicating that PDGFR-β
reduction induces pericyte loss and compromises the blood-brain barrier integrity.
In addition to reduced expression of PDGFR-β, we found that isolated MVs from the sleep-restricted rats exhibit round shaped cells close
to the capillary wall, again indicating pericyte detachment from the
capillary wall. Another evidence of pericyte-endothelial cell detachment is the reduction of connexin 43 in isolated brain microvessels from
the cerebral cortex of sleep restricted rats. Connexin 43 is the major
connexin expressed in the central nervous system (Figueroa and Duling,
2009) and the decreased expression of connexin 43 may compromise
pericyte functionality at the early stages of diabetic retinopathy, ensuing poor vasomotor control in diabetic retina (Ivanova et al., 2017).
In addition, during chronic diabetes the loss of signaling between vascular cells due to connexin 43 downregulation, leads to apoptosis of
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Fig. 11. Chronic sleep restriction increases MMP-9 expression in isolated brain microvessels from the cerebral cortex and hippocampus. Representative Western blot
images of isolated brain microvessels (iMV) show a signiﬁcant increase in the expression of MMP-9 in cerebral cortex (A) and hippocampus (B) after 10 days of sleep
restriction (SR) in comparison with the control group (CON). C, D) Graphs depict the expression levels of MMP-9 using a band of 220 KDa marked with Ponceau red
for normalization. Samples were analyzed by duplicate in separate PVDF membranes. Mean ± standard error of the mean. *p < 0.01 as compared to the CON
group.

of the basal lamina. Those eﬀects, pericyte transformation and its acquisition of proteolytic activity, may be related with the low-grade
inﬂammatory environment at the central nervous system, as previously
observed in other animal models with inﬂammation, such as in lipopolysaccharide treated mice (Nishioku et al., 2009).
It is known that neuroinﬂammation is one of the causes of bloodbrain barrier dysfunction in many diseases and one of the signaling
pathways involved is the activation of the transcription factor NFκB.
Interestingly, increased expression of phosphorylated NFκB was observed only in cerebral cortex, which correlates with the decreased
expression of claudin-5 protein in sleep-restricted rats. Chiu and Lai
(2013) described in a model of eosinophilic meningoencephalitis an
increase in the levels of p-NFκB that correlated with decreased claudin5 expression and increased blood-brain barrier permeability to Evans
blue. In the case of the hippocampus, there was an increased expression
of the A2A adenosine receptor in sleep-restricted rats. This result is
consistent with our previously reported experiments in which sleep
restriction increased A2A receptor expression in the hippocampus and
basal nuclei but not in the cerebral cortex (Hurtado-Alvarado et al.,
2016a). In vitro studies have reported that A2A stimulation decreases
TEER values and increases blood-brain barrier permeability to chemotherapeutic drugs and T cells (Dunwiddie and Masino, 2001; Kim
and Bynoe, 2015). Moreover, Kim et al. (2012) reported that sleep
deprivation increased mRNA levels of A2A adenosine receptor in the
hippocampus but no in other brain regions. Together, these ﬁndings
suggest that A2A adenosine receptor performs a regulatory role in
blood-brain barrier physiology, which may depend on its distribution
and expression in each brain region.
Although sleep loss altered pericyte-brain endothelial cell

inﬂammation modulates P-glycoprotein function (Goralski et al., 2003;
Uchida et al., 2014).
Here we also found blood-brain barrier hyperpermeability to smalland large-molecular weight tracers in the cerebral cortex and hippocampus. Similar changes in blood-brain barrier permeability have been
found after 6-day sleep loss in C57/BL6 mice (He et al., 2014); and after
10-day sleep restriction in both Wistar rats (Gomez-Gonzalez et al.,
2013; Hurtado-Alvarado et al., 2017) and C57/BL6 mice (HurtadoAlvarado et al., 2018). Those permeability changes occurred simultaneously with decreased tight junction protein expression in the sleep
restricted rats, both in the present experiment and in previously published papers (Hurtado-Alvarado et al., 2017, 2018). Indeed, increased
blood-brain barrier permeability secondary to pericyte loss associates
with a down-regulation of claudin-5, occludin and the scaﬀold protein
ZO-1 (Armulik et al., 2010; Villaseñor et al., 2017). These results
highlight the importance of intercellular interactions to maintain bloodbrain barrier properties.
The reduced expression of the tight junction proteins was related
with an overexpression of MMP-9 in isolated MVs from cerebral cortex
and hippocampus. Under neuropathological conditions, such as cerebral ischemia, the pericyte detaches from the capillary wall and acquires proteolytic activity (Dave et al., 2018); indeed, previous evidence indicates that the pericyte becomes the principal cell releasing
MMP-9 as compared with astrocytes, microglia, and neurons (Takata
et al., 2011). Although we did not evaluate in our isolated brain MVs
which cellular type is producing and releasing MMP-9, we propose that
in sleep-restricted rats the detachment of pericytes from the capillary
wall is accompanied by a change in their morphology that will drive the
release of endopeptidases, like MMP-9, contributing to the degradation
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Fig. 12. Chronic sleep restriction modulates the expression of pro-inﬂammatory mediators in isolated microvessels from the cerebral cortex and hippocampus.
Representative Western blot of isolated microvessels (iMV) from control (CON) and sleep restricted (SR) groups (A, B). Graphs depict the expression levels of NFκB, pNFκB, A2A adenosine receptor and CD73 in iMV from the cerebral cortex (C) and hippocampus (D) of CON and SR groups. The expression levels of the proteins of
interests were normalized using a band of 220 KDa marked with red Ponceau. Quantiﬁcation was performed by duplicate for each sample. Mean ± standard error of
the mean. *p < 0.01 as compared to the CON group.

expression of the PDGFR-β in brain pericytes. As sleep loss has been
shown to reduce DNA binding of brain and muscle ARNT-like 1
(BMAL1) protein to the promotor regions of target genes (eg. per2 and
other clock genes) in the cerebral cortex (Mongrain et al., 2011), it is
highly possible that sleep loss may be altering the circadian clock gene
loop and as a consequence might be preventing BMAL1 binding to the
DNA promotor sequence in the pdgfr-β gene, ensuing poor PDGFR-β
expression.
According to our ﬁndings in this study, we propose that during sleep
loss the pericyte changes its phenotype and may acquire proteolytic
functions by releasing proteolytic enzymes, as result of an inﬂammatory
status mediated by the activation of the transcription factor NFκB in
cerebral cortex, and A2A adenosine receptor upregulation in the hippocampus. The diﬀerent signaling pathways used by both regions
suggest a heterogeneity of pathways that regulate pericyte-endothelial
cell interactions during pathological conditions. Our study provides the
possibility of considering diﬀerent mechanisms by which sleep loss can
be related to the development or exacerbation of neurodegenerative
diseases such as Alzheimer's, ischemia, epilepsy and stroke, where the
interactions between pericytes/endothelial cells and neuroinﬂammation seem to have a key role.

interactions, there was no change in metabolic activity of brain endothelial cells, as depicted by absence of changes in the expression of
the primary glucose transporter at the level of the blood-brain barrier,
GLUT-1, and the normal mitochondrial respiratory control. Our results
diﬀer from previously published studies, He et al. (2014) shown a
downregulation of GLUT-1 expression in 6-day sleep restricted C57/Bl6
mice and Petit et al. (2010) found increased levels of GLUT-1 mRNA
after 6 h of sleep deprivation in mice. These discrepancies may be due
to the diﬀerent techniques used to induce sleep loss, as well as the time
the animals were in this condition. The absence of change in mitochondrial respiratory control between sleep-restricted and intact
control groups indicates a preserved functional coupling of respiration
and ATP synthesis in the mitochondria of isolated brain MVs despite
sleep loss. Our ﬁndings suggest that 10 days of sleep loss does not
compromise the metabolic activity of the vascular cells.
Such large changes in pericyte phenotype may be a consequence of
direct eﬀects of sleep loss on pericyte physiology, besides to be regulated by local inﬂammatory mediators released by resident cells (eg.
astroglia and microglia). Indeed, Nakazato et al. (2017) found that the
knock down of the circadian clock gene bmal1 increased blood-brain
barrier permeability to Evans blue by selectively downregulating the
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