
Enhancement of Blood-Brain Barrier Permeability and Reduction of
Tight Junction Protein Expression Are Modulated by Chemokines/
Cytokines Induced by Rabies Virus Infection

Qingqing Chai,a,b Wen Q. He,b Ming Zhou,a,b Huijun Lu,b Zhen F. Fua,b

State-Key Laboratory of Agricultural Microbiology, College of Veterinary Medicine, Huazhong Agricultural University, Wuhan, Chinaa; Department of Pathology, College of
Veterinary Medicine, University of Georgia, Athens, Georgia, USAb

ABSTRACT

Infection with laboratory-attenuated rabies virus (RABV) enhances blood-brain barrier (BBB) permeability, which has been
demonstrated to be an important factor for host survival, since it allows immune effectors to enter the central nervous system
(CNS) and clear RABV. To probe the mechanism by which RABV infection enhances BBB permeability, the expression of tight
junction (TJ) proteins in the CNS was investigated following intracranial inoculation with laboratory-attenuated or wild-type
(wt) RABV. BBB permeability was significantly enhanced in mice infected with laboratory-attenuated, but not wt, RABV. The
expression levels of TJ proteins (claudin-5, occludin, and zonula occludens-1) were decreased in mice infected with laboratory-
attenuated, but not wt, RABV, suggesting that enhancement of BBB permeability is associated with the reduction of TJ protein
expression in RABV infection. RABV neither infects the brain microvascular endothelial cells (BMECs) nor modulates the ex-
pression of TJ proteins in BMECs. However, brain extracts prepared from mice infected with laboratory-attenuated, but not wt,
RABV reduced TJ protein expression in BMECs. It was found that brain extracts from mice infected with laboratory-attenuated
RABV contained significantly higher levels of inflammatory chemokines/cytokines than those from mice infected with wt RABV.
Pathway analysis indicates that gamma interferon (IFN-�) is located in the center of the cytokine network in the RABV-infected
mouse brain, and neutralization of IFN-� reduced both the disruption of BBB permeability in vivo and the downregulation of TJ
protein expression in vitro. These findings indicate that the enhancement of BBB permeability and the reduction of TJ protein
expression are due not to RABV infection per se but to virus-induced inflammatory chemokines/cytokines.

IMPORTANCE

Previous studies have shown that infection with only laboratory-attenuated, not wild-type, rabies virus (RABV) enhances blood-
brain barrier (BBB) permeability, allowing immune effectors to enter the central nervous system (CNS) and clear RABV from
the CNS. This study investigated the mechanism by which RABV infection enhances BBB permeability. It was found that RABV
infection enhances BBB permeability by downregulation of tight junction (TJ) protein expression in the brain microvasculature.
It was further found that it is not RABV infection per se but the chemokines/cytokines induced by RABV infection that down-
regulate the expression of TJ proteins and enhance BBB permeability. Blocking some of these cytokines, such as IFN-�, amelio-
rated both the disruption of BBB permeability and the downregulation of TJ protein expression. These studies may provide a
foundation for developing therapeutics for clinical rabies, such as medication that could be used to enhance BBB permeability.

Rabies virus (RABV) is a negative-stranded RNA virus belong-
ing to the genus Lyssavirus within the family Rhabdoviridae

(1–3). RABV causes fatal encephalomyelitis resulting in more
than 55,000 human deaths annually (2, 4). RABV enters neurons
in the periphery at the wound site and then travels to the central
nervous system (CNS) via sensory and motor neurons. Despite
the dramatic clinical symptoms and outcome, surprisingly little
tissue damage or neuronal pathology has been observed in the
brains of rabid patients (5). In the mouse model, inflammation is
mild after infection with wild-type (wt) RABV (6). However, ex-
tensive inflammation, apoptosis, and expression of innate im-
mune genes have been found in the CNSs of mice infected with
laboratory-attenuated RABV (7–12). Recently, it has been found
that blood-brain barrier (BBB) permeability is enhanced in mice
infected with laboratory-attenuated, but not wt, RABV (10, 13).
Enhancement of BBB permeability is important in RABV attenu-
ation by allowing immune effectors to enter the CNS and clear
RABV (6, 10, 14). Therefore, enhancement of BBB permeability
by using a disease model (experimental autoimmune encephalo-

myelitis [EAE]) (15, 16), as well as by administering laboratory-
attenuated RABV, recombinant RABVs expressing three copies of
the glycoprotein (G) (17), or immune-stimulating agents (18),
resulted in clearing of wt RABV from the CNS and prevention of
the development of rabies in mice.

The BBB is nonfenestrated to large molecules or xenobiotics,
thus providing protection against the invasion of the CNS by mac-
romolecules and microorganisms (19). The BBB is composed of
endothelial cells (ECs), pericytes, and astrocytes (20). Alteration
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of BBB permeability is observed in both bacterial and viral infec-
tions. One of the key mechanisms of BBB breakdown is damage to
the tight junction (TJ) in the brain microvascular ECs (BMECs)
(19). The TJ complex is composed of both transmembrane TJ
proteins (occludin and claudins) and cytosolic TJ proteins
(zonula occludens-1 [ZO-1]) that link transmembrane TJ pro-
teins to the actin cytoskeleton (21–23). Many viral infections, such
as infections with human immunodeficiency virus (HIV), Japa-
nese encephalitis virus (JEV), and mouse adenovirus type 1
(MAV-1), trigger changes in BBB permeability (24–26). Some of
the viruses (for instance, MAV-1) enhance BBB permeability by
direct disruption of the TJ complex in primary ECs (26), while
others (for example, HIV) disrupt the TJ complex and enhance
BBB permeability via induction of the expression of chemokines
(particularly CCL2) in the CNS (24). In the EAE model, disrup-
tion of the BBB is associated with the infiltration of T-helper cells
(27) and the production of interleukin 17A (IL-17A). IL-17A in
T-helper 17 cell-signaling pathways has been demonstrated to in-
duce the downregulation of TJ proteins and the influx of immune
cells in C57BL/6 mice (28, 29). In the present study, the mecha-
nism by which RABVs enhance BBB permeability was investi-
gated, and it was found that the enhancement of BBB permeability
and the reduction of TJ protein expression are associated not with
direct RABV infection but rather with the expression of chemo-
kines/cytokines after infection with laboratory-attenuated RABV.

MATERIALS AND METHODS
Cells, viruses, antibodies, and mice. Mouse brain microvascular ECs
(bEnd.3) were obtained from the American Type Culture Collection
(ATCC; Manassas, VA) and were maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with fetal bovine serum (FBS;
ATCC). A human brain microvascular EC (hBMEC) line was obtained
from Jason Zastre of the College of Pharmacy, University of Georgia.
Mouse neuroblastoma (mNA) cells were maintained in RPMI 1640 me-
dium (Mediatech, Herndon, VA) supplemented with 10% FBS. DRV-
Mexico is a wt virus that originated from a Mexican dog and was propa-
gated in suckling mouse brain (30). CVS-B2c is a RABV that was
attenuated in the laboratory by passaging the challenge virus standard
(CVS-24) in baby hamster kidney (BHK21) cells (31). The recombinant
virus HEP-CXCL10 (rHEP-CXCL10) was constructed in our laboratory
previously (7). A fluorescein isothiocyanate (FITC)-conjugated anti-
RABV nucleoprotein antibody was obtained from Fujirebio (Malvern,
PA). Rabbit polyclonal anti-occludin and anti-actin antibodies were ob-
tained from Santa Cruz Biotechnology (Santa Cruz, CA). An antibody
against gamma interferon (IFN-�) (antibody XMG1.2) and a mouse IgG1
isotype control antibody were purchased from Thermo Scientific (Su-
wanee, GA). A rabbit polyclonal anti-claudin-5 antibody, a biotinylated
goat anti-rabbit antibody, and an Alexa Fluor 488-conjugated goat anti-
rabbit antibody were purchased from Invitrogen (Grand Island, NY).
Mouse monoclonal anti-ZO-1 and rabbit polyclonal anti-CD3 antibodies
were obtained from Sigma (St. Louis, MO) and Abcam (Cambridge, MA),
respectively. Female ICR mice (4 to 6 weeks old) were purchased from
Harlan and were housed in the animal facility in the College of Veterinary
Medicine, University of Georgia. All animal experiments were carried out
under protocols approved by the Institutional Animal Care and Use Com-
mittee (animal welfare assurance no. A3058-01).

Measurement of BBB permeability. BBB permeability was deter-
mined by measuring sodium fluorescein (NaF) uptake as described pre-
viously (32). Briefly, NaF was used as the tracer; 100 �l of 100-mg/ml NaF
was injected into each mouse through the tail vein. Peripheral blood was
collected after circulation for 10 min, and phosphate-buffered saline
(PBS)-perfused brains were then harvested. The serum recovered was
mixed with an equal volume of 10% trichloroacetic acid (TCA) and was

then centrifuged for 10 min. The supernatant was collected after centrif-
ugation and was made up to 150 �l by mixing with 5 M NaOH and 7.5%
TCA. Homogenized brain samples in cold 7.5% TCA were centrifuged for
10 min at 10,000 � g to remove debris. The supernatant was made up to
150 �l by addition of 5 M NaOH. The fluorescence of serum and brain
homogenate samples was measured using a spectrophotometer (BioTek
Instruments, VT) with excitation at 485 nm and emission at 530 nm. The
amount of NaF taken up into brain tissues is expressed as micrograms of
fluorescence per milligram of cerebrum or cerebellum, divided by the
micrograms of fluorescence per microliter of serum in order to normalize
for the amounts of tracer taken up from peripheral blood at the time of
brain tissue collection (32, 33). Data are expressed as the fold difference
between the amount of tracer in tissues from virus-infected mice and the
amount in tissues from the negative control.

Histopathology, IHC, and quantitative Western blot (WB) analysis.
For histopathology and immunohistochemistry (IHC), infected mice
were anesthetized with ketamine-xylazine (0.1 ml/10 g body weight) and
were perfused with PBS followed by 10% neutral buffered formalin as
described previously (12, 34). Three independent samples of mouse
brains were harvested from each group. Brain tissues were removed and
were paraffin embedded for coronal sections (thickness, 4 �m). The sec-
tions were stained with hematoxylin and eosin (HE) for histopathology.
For IHC, the sections were deparaffinized and were rehydrated in xylene
and ethanol. Endogenous peroxidase was quenched by incubation in 5%
hydrogen peroxide, and antigens were retrieved in citrate buffer (Fisher
Scientific, NH). The sections were then blocked with goat serum, incu-
bated with primary antibodies overnight at 4°C, and then incubated with
biotinylated secondary antibodies. The avidin-biotin-peroxidase complex
(VectaStain Standard ABC kit; Vector Laboratories, Burlingame, CA) was
used to localize the biotinylated antibody. Diaminobenzidine (DAB; Vec-
tor Laboratories) was utilized for color development. A negative control
was performed by replacing primary antibodies with PBS. For antigen
quantification, sections were photographed and analyzed using an Olym-
pus (Tokyo, Japan) BX41 microscope. The integrated optical densities
(IODs) of DAB signals were determined by Image-Pro Plus software (ver-
sion 4.5; Media Cybernetics, Bethesda, MD).

For WB, three independent samples of mouse brains from each group
were collected, homogenized, and prepared as 10% (wt/vol) suspensions
in DMEM. After centrifugation, the supernatants were collected and
stored at �80°C. The brain extracts or cell lysates were subjected to 8% to
16% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (Thermo Scientific, Rockford, IL). Separated proteins were elec-
troblotted onto nitrocellulose membranes and were incubated with pri-
mary antibodies overnight. After extensive washing with PBS, the blots
were incubated with secondary antibodies. Proteins were detected by Su-
perSignal West Pico chemiluminescence (Thermo Scientific). Band sig-
nals corresponding to immunoreactive proteins were captured, and
chemiluminescence intensities were analyzed, using a ChemiDoc 4000
MP documentation system (Bio-Rad, CA).

Infection of BMECs with RABV and detection of viral antigen and
RNA. Monolayers of bEnd.3 cells or hBMECs in six-well plates were
cocultured with RABV at a multiplicity of infection (MOI) of 1. Viruses
were seeded and incubated with the cells for 1 h at 37°C, and then the cells
were washed three times with PBS (35). The plates were refilled with fresh
medium and were incubated at 34°C for 24, 48, and 120 h. mNA cells
infected with RABVs were included as positive controls. Virus antigen was
detected by a direct fluorescent-antibody (dFA) assay as described previ-
ously (36). Acetone-fixed cells were stained with an FITC-conjugated
anti-RABV N antibody. Antigen-positive foci were captured under a flu-
orescence microscope (Zeiss, Germany). All experiments were carried out
in quadruplicate. Viral RNA in BMECs was detected by using quantitative
reverse transcription-PCR (qRT-PCR). RNA was extracted from BMECs
infected with RABV by using the RNAeasy Minikit (Qiagen, Germany).
Total RNA was reverse transcribed into cDNA by using the SuperScript III
first-strand synthesis system for RT-PCR (Invitrogen, NY) according to
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the manufacturer’s instructions. Real-time quantitative PCR was per-
formed using the Brilliant II SYBR green QRT-PCR master mix kit (Agi-
lent Technologies, CA). The following set of primers was used: forward,
5=GGAAAAGGGACATTTGAAAGAA3=; reverse, 5=AGTCCTCGTCATC
AGAGTTGAC3=. Gene expression was analyzed in an Mx3000P appara-
tus (Stratagene, La Jolla, CA).

Confocal microscopy. RABV was seeded on monolayers of bEnd.3
cells at an MOI of 1 for 24 h at 37°C on coverslips, and cells were fixed with
4% paraformaldehyde and were stained with antibodies to TJ proteins. In
addition, a 10% (wt/vol) suspension of brain extract was prepared by
homogenizing brain tissues in DMEM containing Complete proteinase
inhibitor cocktail (Roche, Germany). Brain homogenates were centri-
fuged to remove debris, and supernatants were harvested and were seeded
onto monolayers of bEnd.3 cells for 24 h. Cells were fixed and were per-
meabilized with 0.2% Triton X-100. The expression of TJ protein was
detected by using primary anti-occludin or anti-claudin-5 antibodies. Af-
ter washing, cells were incubated with an Alexa Fluor 488-conjugated goat
anti-rabbit secondary antibody for 1 h at room temperature. Samples
were mounted using Prolong Gold antifade reagent with DAPI (4=,6-
diamidino-2-phenylindole) (Invitrogen, NY) and were visualized with a
Nikon A1 confocal laser microscope system equipped with NIS-Elements
imaging software (version 4.13; Nikon Instruments, Inc., Melville, NY).
The images recorded were quantified using NIH’s Fiji (downloaded from
pacific.mpi-cbg.de/wiki/index.php/fiji), a distribution package of ImageJ.
The mean fluorescence intensity (MFI) is calculated using the region of
interest (ROI), which is drawn around an entire cell so that it always
includes the membrane. Three independent experiments were carried out
for each condition. Background staining was accounted for by using three
negatively stained regions per cell, which were subtracted from the total
mean fluorescence.

Determination of cytokine expression in brain extracts. Extracts
from homogenized brains were analyzed simultaneously for concentra-
tions of 30 mouse chemokines/cytokines by using the Milliplex MAP 30-
plex premixed mouse cytokine/chemokine magnetic bead panel (Milli-
pore, Billerica, MA) (37) according to the manufacturer’s instructions.
The 30 cytokines and chemokines analyzed included colony-stimulating
factor 1 (CSF1), CSF3, vascular endothelial growth factor (VEGF), leuke-
mia inhibitory factor (LIF), CSF2, tumor necrosis factor alpha (TNF-�),
IL-1�, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12p40, IL-12p70, IL-13,
IL-15, IL-17, IFN-�, C-C motif ligand 2 (CCL2), CCL3, CCL4, CCL5,
CCL11, C-X-C motif ligand 1 (CXCL1), CXCL2, CXCL9, CXCL10, and
CXCL5. Premixed magnetic beads conjugated to antibodies for all 30
analytes were mixed with equal volumes of brain extracts in 96-well plates.
Plates were protected from light and were incubated on an orbital shaker
overnight at 4°C, and magnetic beads were washed with 200 �l of wash
buffer three times. Then detection antibodies were added to each well, and
the mixtures were incubated at room temperature for 1 h. Streptavidin-
phycoerythrin was added to each well, and the mixtures were incubated at
room temperature for 30 min. The magnetic beads were resuspended in
sheath fluid, and plates were assayed on a Magpix system with xPONENT
software. Median fluorescence intensity data were analyzed using a 5-pa-
rameter logistic method for calculating cytokine/chemokine concentra-
tions in brain homogenates.

IPA. The differentially expressed gene list (Luminex) was loaded into
Ingenuity pathway analysis (IPA) software (version 5.0) in order to per-
form biological network and functional analyses. IPA is a Web-based
software application containing most of the knowledge of biological in-
teractions between gene products in the literature. When one uses the IPA
software, the networks obtained describe functional relationships be-
tween gene products based on known interactions in the literature. The
IPA tool then associates these networks with known biological functions
and canonical pathways. Canonical pathway analysis identifies the path-
ways from the IPA library that are most significant to the data set.

Statistical analysis. Data are expressed as means � standard errors of
the means (SEM), and the significance of differences between groups was

evaluated by Student’s t test or by one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc tests. Graphs were plotted and analyzed using
GraphPad Prism, version 5.0 (GraphPad Software, La Jolla, CA).

RESULTS
Laboratory-attenuated RABV enhanced BBB permeability
more than wt RABV. Previous studies demonstrated that labora-
tory-attenuated CVS-B2c, but not wt DRV-Mexico, enhanced
BBB permeability via intramuscular infection (6). To investigate if
intracranial (i.c.) infection with either of the viruses (DRV-Mex-
ico or CVS-B2c) induces similar changes in BBB permeability, the
leakage of NaF from the peripheral circulation into the CNS was
measured in the cerebra or cerebella of mice infected with either of
the viruses. At day 6 postinfection (p.i.), the BBB was found to be
significantly more permeable in the cerebra of mice infected with
10 MICLD50 (mouse intracerebral 50% lethal doses) of CVS-B2c
(�3-fold increase in NaF uptake) than in those infected with
DRV-Mexico (almost no change), even when 10 times more virus
was used (100 LD50 of DRV-Mexico) (Fig. 1A). No significant
difference was detected in the BBB permeability change in the
cerebellum at this time point. By day 9 p.i., BBB permeability in
the cerebra of mice infected with CVS-B2c continued to be en-
hanced (�4-fold increase in NaF uptake). The most significant
BBB permeability enhancement was observed in the cerebella of
mice infected with 10 LD50 CVS-B2c (�7-fold increase in NaF
uptake) at day 9 p.i. (Fig. 1A). At this time point, NaF uptake was
2- to 4-fold increased in the cerebella of mice infected with DRV-
Mexico, indicating that BBB permeability was not increased until
the end of the disease process in mice infected with wt RABV (at
day 9 p.i., almost all animals had developed severe disease and
reached the humane point for euthanasia). Overall, BBB permea-
bility in the CNS was significantly more enhanced in mice infected
with CVS-B2c than in those infected with DRV-Mexico (P,
	0.05).

Laboratory-attenuated RABV induced more infiltration of
inflammatory cells into the CNS than wt RABV. To investigate
the effects of the enhancement of BBB permeability on cell infil-
tration, mice were infected with each of the RABVs, and the brains
were harvested and stained with HE. Perivascular cuffing and neu-
ronal degeneration were observed in the brains of mice infected
with CVS-B2c at days 6 and 9 p.i., while only a few cells had
accumulated in the perivascular spaces of mice infected with
DRV-Mexico by day 6 p.i. (Fig. 1C). It has been demonstrated that
CD4
 T cells are required for the enhancement of BBB permea-
bility in RABV infection (32). To quantify infiltrating T cells, CD3
was chosen as the T cell marker. Brain sections were stained with
anti-CD3 antibodies, and the numbers of CD3
 T cells were esti-
mated. As shown in Fig. 1C, CD3
 T cells were seen surrounding
the blood vessels of mice inoculated with a low dose of CVS-B2c or
invading the parenchymas of mice infected with a high dose of
CVS-B2c at day 6 p.i., but only mice infected with a high dose of
CVS-B2c showed significantly more CD3
 T cells than the control
(Fig. 1B). Almost no CD3
 T cells were seen in mice infected with
DRV-Mexico at this time point. By day 9 p.i., significantly more
CD3
 T cells were seen surrounding blood vessels and in the
parenchymas of mice infected with both low and high doses of
CVS-B2c than in the control (Fig. 1C). Few CD3
 T cells were
observed in mice infected with a low dose of DRV-Mexico, while
more CD3
 T cells surrounding the vessels were observed in mice
infected with a high dose of DRV-Mexico (Fig. 1B and C). Overall,
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significantly more infiltrated T cells were detected in the CNSs of
mice infected with CVS-B2c than in those infected with DRV-
Mexico (P 	 0.01) (Fig. 1B).

Laboratory-attenuated RABV reduced TJ protein expression
in the CNS more than wt RABV. To provide insight into the
mechanisms by which laboratory-attenuated RABV enhances
BBB permeability, the expression levels of TJ proteins (claudin-5,
occludin, and ZO-1) in the brains of mice infected with CVS-B2c
or DRV-Mexico were assessed by IHC and quantitative WB using
antibodies to each of the TJ proteins. The immune reactivities of
the transmembrane TJ proteins claudin-5 and occludin in the
brains of mice infected with DRV-Mexico were similar to those in
the brains of sham-infected mice, while staining of occludin and
claudin-5 was partially lost in the brains of mice infected with
CVS-B2c at day 6 p.i. (Fig. 2A). The integrated optical densities
(IODs) of both occludin and claudin-5 staining were significantly
lower in the brains of mice infected with CVS-B2c than in the
brains of sham-infected mice or mice infected with DRV-Mexico
at day 6 p.i. The reductions were even more dramatic in mice
infected with CVS-B2c by day 9 p.i. (Fig. 2B). Likewise, the pattern
of cytoplasmic TJ protein ZO-1 in the brains of mice infected with
DRV-Mexico was similar to that in sham-infected mice at day 6
p.i., while the expression level of ZO-1 in mice infected with CVS-
B2c was significantly diminished at day 6 p.i. (P, 	0.01). Overall,

in mice infected with CVS-B2c, the expression levels of ZO-1,
occludin, and claudin-5 at day 9 p.i. were reduced to 3.04%,
5.47%, and 6.34% of the levels in sham-infected mice, respectively
(Fig. 2B). The IHC data were confirmed by WB (Fig. 2C). The
expression levels of TJ proteins were significantly lower in mice
infected with CVS-B2c (particularly in mice infected with a high
dose at day 9 p.i.) than in sham-infected mice or in mice infected
with DRV-Mexico (Fig. 2D). By day 9 p.i., the expression of TJ
proteins in mice infected with DRV-Mexico was slightly de-
creased, corresponding to the increased BBB permeability, partic-
ularly in the cerebella of mice infected with the higher dose of
DRV-Mexico. These results indicate that the TJ complex is broken
down in mice infected with laboratory-attenuated CVS-B2c.

Neither laboratory-attenuated nor wt RABV infects BMECs
or affects the expression of TJ proteins in BMECs. To determine
whether laboratory-attenuated RABV infection causes direct damage
to BMECs, laboratory-attenuated CVS-B2c or wt DRV-Mexico was
inoculated onto human or mouse BMECs at an MOI of 1. mNA cells
were infected with each virus as positive controls. As shown in Fig. 3A,
both RABVs replicated productively in mNA cells as demonstrated
by viral antigen staining. No RABV antigen was detectable in the
monolayers of hBMECs or bEnd.3 cells, indicating that neither DRV-
Mexico nor CVS-B2c infects BMECs (Fig. 3A). Phase-contrast mi-
croscopy showed that bEnd.3 cells and hBMECs were viable at this

FIG 1 NaF uptake and inflammatory cell infiltration in the CNSs of mice infected with laboratory-attenuated CVS-B2c or wt DRV-Mexico. Female ICR mice
were infected i.c. either with 1 or 10 LD50 of CVS-B2c or with 10 or 100 LD50 of DRV-Mexico. (A) At day 6 or 9 p.i., BBB permeability was assessed by NaF uptake
in the cerebrum and the cerebellum. (B) CD3
 T cells were quantified and analyzed statistically. Data are means � SEM of results from three independent
experiments. Statistical analyses for panels A and B were performed using one-way ANOVA followed by Tukey’s post hoc test. Asterisks indicate statistical
significance (*, P 	 0.05; **, P 	 0.01; ***, P 	 0.001; ****, P 	 0.0001). (C) Harvested brains were subjected to HE staining for histopathology as well as to IHC
for the detection of CD3
 T cells.
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time. To confirm this finding, viral RNA was detected by quantitative
RT-PCR (Fig. 3B). Viral RNA levels in the culture decreased by 24
and 48 h p.i. and became undetectable by 120 h p.i., indicating the
lack of active virus replication in the infected cells.

The expression levels of TJ proteins in RABV-infected BMECs
were also investigated. No significant difference in the expression
of occludin or claudin-5 was found between sham-treated bEnd.3
cells and cells inoculated with either RABV (Fig. 3C). Since previ-
ous studies had shown that infection with a recombinant RABV
expressing CXCL10 (rHEP-CXCL10) enhanced BBB permeability
(7), the supernatant from mNA cells infected with rHEP-CXCL10
(containing a high concentration of CXCL10) was inoculated with
bEnd.3 cells for 24 h. As shown in Fig. 3C, the expression of oc-
cludin and claudin-5 decreased to undetectable levels. These re-
sults suggest that RABV does not infect BMECs and that the loss of
TJ protein expression is not due directly to RABV infection.

TJ protein expression in BMECs was altered by extracts from
the brains of mice infected with laboratory-attenuated RABV.
Since direct RABV inoculation does not alter the expression of TJ

proteins in BMECs, extracts from the brains of mice infected with
either RABV were cocultured with bEnd.3 cells, and the expres-
sion levels of TJ proteins were assessed by confocal microscopy. As
shown in Fig. 4A, strong peripheral patterns of claudin-5 and oc-
cludin were observed in cells treated with extracts from the brains
of sham-infected mice. Similar patterns were also observed in cells
treated with day 6 p.i. brain extracts from mice infected with
DRV-Mexico, although the expression levels of occludin and clau-
din-5 were reduced at the peripheries of cells treated with day 9 p.i.
brain extracts from mice infected with 100 LD50 DRV-Mexico
(Fig. 4A). In contrast, the expression of TJ proteins was signifi-
cantly decreased in cells treated with brain extracts prepared either
at day 6 p.i. or at day 9 p.i. from mice infected with CVS-B2c (Fig.
4A and B). These observations were confirmed by quantitative
Western blotting (Fig. 4C). The expression of TJ proteins (occlu-
din and claudin-5) diminished almost completely in bEnd.3 cells
treated with brain extracts prepared at day 9 p.i. from mice in-
fected with CVS-B2c (Fig. 4D). Overall, these results indicate that
the expression of TJ protein is downregulated by molecules in the

FIG 2 Expression of TJ proteins (claudin-5, occludin, and ZO-1) in the brains of mice infected with CVS-B2c or DRV-Mexico. Mice were infected i.c. either with
1 or 10 LD50 of CVS-B2c or with 10 or 100 LD50 of DRV-Mexico. (A) At day 6 or 9 p.i., animals were euthanized, and brains were harvested, fixed, and sectioned
for measurement of the expression of TJ proteins using IHC with antibodies to the respective TJ proteins. (B) The expression levels of individual TJ proteins were
estimated by quantifying IODs and were analyzed statistically. (C) The expression of TJ proteins in RABV-infected mouse brains was confirmed by Western
blotting. (D) TJ protein expression as detected by Western blotting was quantitatively analyzed in brain extracts from mice infected with either virus (CVS-B2c
or DRV-Mexico) or from sham-infected mice. Data are means � SEM of results from three independent experiments. Statistical significance in panels B and D
was assessed using one-way ANOVA followed by Tukey’s post hoc test. Asterisks indicate statistical significance (*, P 	 0.05; **, P 	 0.01; ***, P 	 0.001; ****,
P 	 0.0001).

FIG 3 Infection of human or mouse BMECs with RABVs and their effects on TJ protein expression. (A) Human or mouse BMECs were cocultured with CVS-B2c
or DRV-Mexico at an MOI of 1, and cells were fixed at 120 h after inoculation to assess active viral replication by using FITC-conjugated anti-RABV N antibodies.
mNA cells infected with each virus were included as positive controls. Phase-contrast microscopy was performed to ensure cell viability and structure. (B) Viral
RNA from mouse or human BMECs infected with each virus was detected at 0, 24, 48, and 120 h by quantitative RT-PCR. (C) The expression of TJ proteins on
BMECs cocultured with either virus was detected by using confocal microscopy and antibodies to TJ proteins. BMECs cocultured with the supernatant of mNA
cells infected with rHEP-CXCL10 were included as a positive control.

Mechanism of Rabies Virus-Enhanced BBB Permeability

May 2014 Volume 88 Number 9 jvi.asm.org 4703

http://jvi.asm.org


FIG 4 Effects of brain extracts derived from mice infected with CVS-B2c or DRV-Mexico on the expression of TJ proteins in BMECs. (A) Mouse BMECs were
cocultured with brain extracts from mice infected with different doses of CVS-B2c or DRV-Mexico. After 24 h, BMECs were fixed and were stained with DAPI
and an anti-claudin-5 antibody or with DAPI and an anti-occludin antibody. The staining was visualized by confocal microscopy. (B) MFI for the ROI drawn
around the cells and statistical analysis. (C) The expression of TJ proteins in BMECs after coculturing with brain extracts was also detected using Western blotting.
(D) TJ protein expression as detected by WB was quantitatively analyzed in BMECs treated with brain extracts from mice infected with either virus (CVS-B2c or
DRV-Mexico). bEnd.3 cells treated with brain extracts from sham-infected mice were included as controls. Data are means � SEM of results from three
independent experiments. Statistical analyses in panels B and D were performed with one-way ANOVA followed by Tukey’s post hoc test. Asterisks indicate
statistical significance (*, P 	 0.05; **, P 	 0.01; ***, P 	 0.001; ****, P 	 0.0001). Three samples were collected from three replicates in each group for statistical
analysis.
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brain extracts from mice infected with laboratory-attenuated
RABV.

Cytokine profiling showed significantly more elevated
chemokines/cytokines in the brain extracts of mice infected
with laboratory-attenuated RABV than in those of mice infected
with wt RABV. To analyze the expression of chemokines/cyto-
kines in the brain extracts that might be responsible for the reduc-
tion of TJ protein expression in BMECs, cytokine profiling was
performed using the Milliplex MAP 30-plex premixed mouse cy-
tokine/chemokine magnetic bead panel. This panel was chosen
because it contains antibodies to the chemokines/cytokines previ-
ously determined to be differentially regulated by laboratory-at-
tenuated and wt RABV (10). As shown in Fig. 5, 25 out of 30
chemokines/cytokines were produced at significantly higher levels
in the brains of mice infected with CVS-B2c than in those of mice
infected with DRV-Mexico (Fig. 5). These include chemokines
(CXCL10, CXCL9, CXCL2, CXCL1, CCL11, CCL5, CCL4, CCL3,
and CCL2), interleukins (IL-1�, IL-17, IL-13, IL-12, IL-7, IL-6,
and IL-5), and growth factors (VEGF, CSF3, CSF2, CSF1, and
LIF). Most of these cytokines were upregulated by day 6 p.i. and
continued to increase by day 9 p.i., while others (CXCL2, IFN-�,
CSF1, and LIF) were upregulated only by day 9 p.i., indicating that
they might be induced by other cytokines at a later point in infec-
tion. The increase in the expression of CXCL10 was so great that it
was out of the detection range in the brain extracts prepared from
mice infected with CVS-B2c. The production of cytokines in-
volved in the Th1 signaling pathway, such as IFN-� and IL-12, was
significantly elevated in mice infected with CVS-B2c, while the
secretion of IL-4 and IL-10, involved in the Th2 signaling path-
way, remained unchanged in all groups.

Molecular network analysis of differentially expressed genes
in the CNSs of mice exposed to RABV. Luminex data were further
analyzed with IPA in order to map the networks of chemokines/
cytokines expressed in the brains of mice infected with CVS-B2c
or DRV-Mexico. Chemokines/cytokines were mapped into ge-
netic networks with related molecules in different signaling path-
ways in the IPA database, and the pathways were ranked by scores.
The higher a score, the lower the chance that a network is achieved
by random chance alone. Our analysis generated a CVS-B2c net-
work with a score of 59 and a DRV-Mexico network with a score of
26. These pathways contain 26 and 12 focus molecules, respec-
tively. In the molecular network generated from the group of mice
infected with CVS-B2c, IFN-� is located in the center and is di-
rectly linked with CXCL10, CXCL9, CCL5, IL-17, IL-12, IL-6, and
VEGF (Fig. 6A). In contrast, TNF-� is located in the center of the
network generated from mice infected with DRV-Mexico and
connects with CCL11 and CXCL10 (Fig. 6B).

Neutralization of IFN-� ameliorated the disruption of BBB
integrity and the downregulation of TJ proteins. The IPA data
described above indicate that IFN-� is located in the center of a
molecular network that could play an important role in the en-
hancement of BBB permeability during infection with laboratory-
attenuated RABV. To investigate if disruption of IFN-� function
inhibits the enhancement of BBB permeability, mice were infected
with laboratory-attenuated RABV and were treated with anti-
IFN-� neutralizing antibodies intraperitoneally (i.p.) at days 0, 2,
and 4 after infection. NaF uptake was measured at day 6 p.i. An
isotype control antibody was included. As shown in Fig. 7A, treat-
ment with an anti-IFN-� antibody significantly decreased the
enhancement of BBB permeability observed for treatment with

isotype control antibodies both in the cerebrum and in the cere-
bellum. To test if the anti-IFN-� antibody blocks the downregu-
lation of TJ protein expression, bEnd.3 cells were treated with a
mixture of an anti-IFN-� antibody and a brain extract prepared
from mice infected with CVS-B2c (10 LD50). It was found that the
expression of claudin-5 and occludin in cells treated with the mix-
ture of the anti-IFN-� antibody and the mouse brain extract was
indistinguishable from that for isotype control antibody-treated
cells (Fig. 7B and C). The expression of claudin-5 and occludin
was significantly higher in cells inoculated with the brain extract
mixed with the anti-IFN-� antibody than in cells treated with the
brain extract mixed with an isotype control antibody (Fig. 7B and
C). These results suggest that IFN-� is a critical mediator of BBB
permeability enhancement and TJ protein expression after infec-
tion with laboratory-attenuated RABV.

DISCUSSION

The BBB is a physical and physiological barrier against the entry of
cells and molecules into the CNS (20, 22, 23), and thus, enhance-
ment of BBB permeability has often been associated with patho-
logical changes in the CNS (19). However, transiently increased
BBB permeability has been associated with the clearance of RABV
from the CNS and the prevention of rabies (13). Laboratory-at-
tenuated and recombinant RABVs (17, 18) can transiently en-
hance BBB permeability in a mouse model as early as day 6 after
infection. On the other hand, wt RABV does not induce the en-
hancement of BBB permeability (6, 10, 13). Since TJ proteins are
important in maintaining BBB integrity, TJ protein expression
was investigated in vitro and in vivo after intracranial infection
with laboratory-attenuated or wt RABV in the present study. The
expression levels of TJ proteins were found to be reduced in the
brains of mice infected with laboratory-attenuated, but not wt,
RABV. Furthermore, in vitro studies with BMECs indicate that the
reduction in the level of TJ protein expression is caused not by
RABV infection per se but by chemokines/cytokines induced after
infection with laboratory-attenuated RABV.

ECs are the major components of the BBB, and TJ proteins
present on and between the ECs form a barrier that maintains the
homeostasis of the CNS by restricting the diffusion of blood-
borne molecules (38). Alteration of TJ protein expression has
been observed in viral infections (MAV-1) or autoimmune dis-
eases (EAE) (26, 28). The levels of ZO-2, claudin-5, and occludin
mRNAs and proteins are reduced in ECs infected with MAV-1
(26). In EAE, both claudin-5 and occludin are downregulated, and
claudin-5 has been shown to be the key determinant for BBB
breakdown (39). Reductions in TJ protein levels at the impaired
BBB and the influx of encephalitogenic T cells generate plaques in
the brain parenchyma, resulting in the exacerbation of EAE (40).
However, enhanced BBB permeability has been shown to be ben-
eficial for RABV infection, since a permeable BBB allows immune
effectors to enter the CNS and clear RABV from the CNS (7, 10).
In the present study, the mechanisms by which laboratory-atten-
uated RABV enhances BBB permeability were investigated, and
significantly decreased expression of TJ proteins (claudin-5, oc-
cludin, and ZO-1) was observed in mice infected with laboratory-
attenuated RABV, corresponding to the enhancement of BBB per-
meability in these animals. Little to no reduction in the level of TJ
protein expression was found in the brains of mice infected with
wt RABV, and no enhancement of BBB permeability was found in
these animals until the end stage of disease. Reductions in the
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levels of TJ protein expression have been reported recently for rats
infected with RABV (41). However, only the expression of occlu-
din, not that of ZO-1, was found to be reduced in infected animals.
This discrepancy may have been due to the different animal mod-
els used. The LEW/SsNNarl rat used in the study of Liao et al. (41)
is an inbred strain that may possess allelic loci impacting the se-
verity of RABV in rats (42), while the ICR mouse used in the
present study is an outbred strain that mimics the genetic diversity
of the general population.

Many host and viral factors contribute to the disruption of
BBB integrity (19). In HIV, alteration of occludin and ZO-1
expression at the BBB has been demonstrated to be dependent
on viral gp120 and CCL2 (43–46). MAV-1 infects ECs and
directly damages TJ proteins, so alteration of TJ proteins is
cytokine independent (26). In EAE, IL-17 signaling is crucial
for the reduction of TJ protein expression and the trafficking of
encephalitogenic T cells to the brain (47, 48). Our data show
that RABV does not infect human or mouse BMECs in vitro as

FIG 5 Measurement by Luminex assay of cytokines in brain extracts from mice infected with CVS-B2c or DRV-Mexico. ICR mice were infected i.c. either with
1 or 10 LD50 of CVS-B2c or with 10 or 100 LD50 of DRV-Mexico. At day 6 or 9 p.i., animals were euthanized, and brains were harvested and homogenized. After
centrifugation, the supernatants were loaded in order to measure the concentrations of the indicated cytokines by using the Luminex assay. Shown are expression
levels of chemokines (A), interleukins, TNF-�, and IFN-� (B), and growth factors (C). Experiments were performed with three replicates for each time point and
condition. Hash tags indicate expression levels of cytokines beyond the upper detection range. Data are means � SEM of results from three independent
experiments. Statistical analyses were performed with one-way ANOVA followed by Tukey’s post hoc test. Asterisks indicate statistical significance (*, P 	 0.05;
**, P 	 0.01; ***, P 	 0.001; ****, P 	 0.0001).
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detected by viral antigen expression or viral RNA replication.
Likewise, RABV does not damage TJ proteins in these cells. To
investigate what induced the reduction in TJ protein expres-
sion in RABV-infected mice, brain extracts were prepared from
mice infected with laboratory-attenuated CVS-B2c or wt DRV-
Mexico. The expression of claudin-5 and occludin decreased
significantly in BMECs incubated with brain extracts derived
from mice at day 6 or 9 after infection with laboratory-attenu-
ated RABV, while the expression of TJ proteins showed some
reduction only in BMECs cocultured with brain extracts pre-
pared from mice at day 9 after infection with wt RABV. There-
fore, the disruption of TJ proteins and the enhancement of BBB
permeability are due not to direct RABV infection but to the
molecules in the brain extracts induced by laboratory-attenu-
ated RABV.

To analyze the molecules in the brain extracts induced by
RABV infection that are associated with the reduction of TJ pro-
tein expression, a Milliplex MAP 30-plex premixed mouse cyto-
kine/chemokine magnetic bead panel was used to measure the
levels of chemokines/cytokines in the mouse brain. This panel was
selected because previous studies have indicated that infection
with attenuated RABV increased the expression of innate immune
genes (6, 10). A recombinant RABV expressing a chemokine
(CXCL10, CCL5, or CCL3) induced the enhancement of BBB per-
meability in mice (7) and reduced the expression of TJ proteins in
BMECs, as shown in this study. Furthermore, enhancement of
BBB permeability is chemokine/cytokine dependent in many dis-
eases (19). For example, CCL2 has been demonstrated to reduce
the expression of ZO-1, ZO-2, occludin, and claudin-5 in HIV-1-
infected BMECs through Rho and Rho kinase signaling (49). In
EAE, IL-17-induced reactive oxygen species activate myosin light-
chain kinase and reduce expression levels of ZO-1 and occludin in
BMECs (28). Indeed, our Luminex data showed that brain ex-
tracts from mice infected with laboratory-attenuated RABV con-
tained significantly higher levels of chemokines/cytokines than

those from mice infected with wt RABV. These include CXCL10,
CXCL1, CCL11, CCL5, CCL4, CCL3, CCL2, IL-1�, IL-17, IL-12,
IL-6, IL-5, and IFN-�. These results suggest that these elevated
levels of chemokines/cytokines could be responsible for the reduc-
tion of TJ protein expression and consequently for the enhance-
ment of BBB permeability in mice infected with laboratory-atten-
uated RABV.

To decipher the pathway(s) by which chemokines/cytokines
reduce the expression of TJ proteins, molecular networks associ-
ated with differentially expressed genes were analyzed in the pres-
ent study. In mice infected with laboratory-attenuated RABV,
IFN-� is located in the center of the molecular network. It has
been reported that IFN-�, but not TNF-�, is associated with en-
hanced BBB permeability through the ONOO-dependent path-
way in RABV infection (32). By neutralizing IFN-� with antibod-
ies, the enhancement of BBB permeability can be ameliorated in
mice, and the expression of TJ proteins can be restored in BMECs,
infected with laboratory-attenuated RABV. These studies further
confirm that inflammatory cytokines/chemokines (particularly
IFN-�) play a central role in enhancing BBB permeability in mice
infected with RABV by downregulating TJ protein expression.
Pathway analysis also indicates that IFN-� connects directly with
the most highly expressed chemokine, CXCL10. Although only
low levels of IFN-� were detected at day 6 p.i., it is highly expressed
at the later stage of infection (day 9 p.i.). Thus, CXCL10 could be
the initiation factor for the reduction in TJ protein expression and
the enhancement of BBB permeability in mice infected with lab-
oratory-attenuated RABV. Recombinant RABV expressing
CXCL10 also significantly enhanced BBB permeability, as shown
in previous studies (7).The immunofluorescence data in our study
showed substantial reductions in occludin and claudin-5 expres-
sion in BMECs incubated with a supernatant containing CXCL10.
CXCL10 can be secreted by brain-resident cells such as neurons,
microglial cells, and astrocytes (50, 51); it can also be produced by
the infiltrating immune cells from the periphery (52). In West Nile

FIG 6 Ingenuity pathway analysis of the immune response, regulatory networks, and pathways mediated by infection with CVS-B2c or DRV-Mexico. Data
generated by the Luminex assay were analyzed with IPA software. One network of genes expressed in the brains of mice infected with CVS-B2c (A) and one
network of genes expressed in the CNSs of mice infected with DRV-Mexico (B) were established. Nodes represent genes; their shapes represent the functional
classes of the gene products (C); and arrows indicate the biological relationships between the nodes. The intensity of the node color indicates the degree of
upregulation (red) in mice inoculated with either RABV. White (noncolored) nodes are nonfocus genes that are biologically relevant to the pathways but were
not identified as differentially expressed by our Luminex analysis.
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virus (WNV) infection, it is neuronal CXCL10 that initiates the
influx of CD8
 T cells into the CNS. Neutralization of CXCL10
decreases the number of CD8
 T cells in the brain and elevates
mortality (51). It is not clear, however, whether it is resident neu-
ral cells or cells infiltrating from the periphery that produce
CXCL10 and initiate the alteration of TJ proteins at the BBB after
RABV infection.

In mice infected with wt RABV, TNF-� is located in the center
of the molecular network. TNF-� has been shown to induce BBB
disruption as a result of decreased transendothelial electrical re-
sistance (TEER) of BMECs (53). Intraventricular injection of
TNF-� into rats initiated an increased efflux of radiolabeled albu-
min into the cerebrospinal fluid (54). However, Saija et al. re-
ported that intracarotid injection of TNF-� produced a significant
decrease in BBB permeability to aminoisobutyric acid in rats (55).
Others have shown that intracerebral injection of TNF-� does not
alter BBB permeability in mice or rats (56, 57). The effects of
TNF-� on BBB permeability in RABV infection are not clear (58,
59). CXCL10 was also upregulated in mice infected with DRV-
Mexico; however, the expression level of CXCL10 was signifi-
cantly lower than that in mice infected with CVS-B2c. Although

CXCL10 can be stimulated by TNF-� (60), the expression level of
CXCL10 remained low in mice infected with DRV-Mexico, pos-
sibly due to the lack of IFN-� (60). In contrast, significantly high
levels of CXCL10 were generated with the cooperation of IFN-�
and TNF-�, as shown in the network constructed for the CVS-
B2c-infected group (Fig. 6A).

CXCL10, CXCL9, and CCL5 are three structurally and func-
tionally related IFN-�-inducible proteins; they bind to the recep-
tor CXCR3 expressed on activated CD4
 Th1 cells and function in
governing the migration of lymphocytes into the CNS (61, 62).
There is cross talk between IFN-�, IL-12, and encephalitogenic
CD4
 Th1 signaling pathways (47). Thus, Th1 signaling pathways
may play an important role in the enhancement of BBB permea-
bility in mice infected with laboratory-attenuated RABV. Further-
more, analysis of canonical pathways in our study suggests that
differential regulation of IL-17A production and IL-17A may be a
key event in the BBB permeability enhancement observed in mice
infected with laboratory-attenuated RABV. Therefore, we hy-
pothesize that in the CNS, infection with RABV, particularly lab-
oratory-attenuated RABV, stimulates the production of CXCL10
(other chemokines, such as CCL5 and CCL3, may also be in-

FIG 7 (A and B) IFN-� neutralization ameliorates the enhancement of BBB permeability in RABV-infected mice (A) and the downregulation of TJ
protein expression in BMECs treated with brain extracts from RABV-infected mice (B). (A) Female ICR mice infected i.c. with 10 LD50 of CVS-B2c were
injected i.p. with 100 �g of an anti-IFN-� neutralizing antibody or an isotype control antibody in PBS at 0, 2, and 4 days p.i. At day 6 p.i., BBB permeability
was assessed by NaF uptake in the cerebrum and the cerebellum. Statistical analysis was performed with Student’s t test. (B) Mouse BMECs were
cocultured with brain extracts (treated either with DMEM, with 0.3 �g/ml of an anti-IFN-� antibody, or with an isotype control antibody) from mice
infected with 10 LD50 of CVS-B2c. After 24 h, BMECs were fixed and were stained either with DAPI and an anti-claudin-5 antibody or with DAPI and an
anti-occludin antibody. The staining was visualized by confocal microscopy. (C) The MFIs at the ROI drawn around the cells under the different
conditions were compared and analyzed statistically using one-way ANOVA followed by Tukey’s post hoc test. Asterisks indicate statistical significance (*,
P 	 0.05; **, P 	 0.01; ***, P 	 0.001; ****, P 	 0.0001).
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volved) in neural cells. These chemokines attract CXCR3
 CD4


T cells infiltrating the CNS along the chemokine gradient and
differentiating to IL-17-producing Th17 cells and IFN-�-produc-
ing Th1 cells. This process has been shown to be the exclusive
mechanism of leukocyte skewing in CNS inflammation (29).
IL-17 produced by Th17 cells in the CNS initiates the alteration of
TJ proteins in RABV infection. IFN-� secreted by Th1 cells pro-
motes the positive-feedback loop and amplifies CXCL10 produc-
tion, CXCR3
 CD4 T cell influx, and BBB breakdown (Fig. 8).
The detection of significantly expressed IFN-� at the later stage of
infection further supports this hypothesis. Nevertheless, further
studies are needed to demonstrate these pathways.
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