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Infection with mouse adenovirus type 1 (MAV-1) results in fatal acute encephalomyelitis in susceptible
mouse strains via infection of brain endothelial cells. Wild-type (wt) MAV-1 causes less brain inflammation
than an early region 3 (E3) null virus in C57BL/6 mice. A mouse brain microvascular endothelial cell line
infected with wt MAV-1 had higher expression of mRNAs for the proinflammatory chemokines CCL2 and
CCL5 than mock- and E3 null virus-infected cells. Primary mouse brain endothelial cells infected with wt virus
had elevated levels of CCL2 compared to mock- or E3 null virus-infected cells. Infection of C57BL/6 mice with
wt MAV-1 or the E3 null virus caused a dose-dependent breakdown of the blood-brain barrier, primarily due
to direct effects of virus infection rather than inflammation. The tight junction proteins claudin-5 and occludin
showed reduced surface expression on primary mouse brain endothelial cells following infection with either wt
MAV-1 or the E3 null virus. mRNAs and protein for claudin-5, occludin, and zona occludens 2 were also
reduced in infected cells. MAV-1 infection caused a loss of transendothelial electrical resistance in primary
mouse brain endothelial cells that was not dependent on E3 or on MAV-1-induced CCL2 expression. Taken
together, these results demonstrate that MAV-1 infection caused breakdown of the blood-brain barrier ac-
companied by decreased surface expression of tight junction proteins. Furthermore, while the MAV-1-induced
pathogenesis and inflammation were dependent on E3, MAV-1-induced breakdown of the blood-brain barrier
and alteration of endothelial cell function were not dependent on E3 or CCL2.

Adenoviruses are host restricted in their replication, and
pathogenesis is best studied in the natural host. Human ade-
novirus infections are typically mild and self-limiting in immu-
nocompetent hosts; however, disease can be much more severe
in patients who are immunocompromised (86). Disseminated
human adenovirus infections in transplant or other immuno-
deficient patients can result in encephalitis, and these infec-
tions have a mortality rate of up to 60% (18, 21, 22, 27, 63, 75).
Mouse adenovirus type 1 (MAV-1) infection causes dose-de-
pendent encephalitis in susceptible mouse strains through in-
fection of endothelial cells (13, 32, 66). MAV-1 is similar to
human adenovirus in genome and structure, and both viruses
cause persistent infections, making MAV-1 a good model for
adenovirus-based disease in the natural host. While signs of
disease and lethality of MAV-1 infection are positively associ-
ated with the presence of inflammatory cells in the brain (10,
48), the precise manner in which MAV-1 infection causes
inflammation and disease is not yet understood.

Integrity of the blood-brain barrier (BBB) is important for
regulating the flow of nutrients from the blood to the brain and
restricting access by toxins and other substances that are harm-
ful to the central nervous system (CNS) (34, 53). The BBB also
functions to restrict access of inflammatory cells to the CNS,
protecting irreplaceable cells such as neurons from swelling

and damage. The BBB is composed of microvascular endothe-
lial cells, astrocytes, pericytes, neurons, and basement mem-
brane, connected by a network of tight junctions, adherens
junctions, and gap junctions.

Many diseases that affect the CNS also alter the function of
the BBB (3, 42, 49), often through disruption of tight junctions
(17, 42). Human immunodeficiency virus type 1 (HIV-1) en-
cephalitis results in increased permeability of the BBB, and
HIV-1 infection causes a reduction in expression of tight junc-
tion proteins (23). This altered tight junction protein expres-
sion is dependent on CCL2, a chemokine that itself causes a
decrease in expression of tight junction proteins and loss of
barrier properties in brain endothelial cells (65, 67, 68). Hu-
man T-lymphotropic virus 1 also alters tight junction protein
expression and barrier properties of brain endothelial cells (1).
West Nile virus infection in a mouse model causes breakdown
of the BBB mediated by Toll-like receptor 3 and tumor necro-
sis factor alpha (TNF-�) signaling (77). Intracellular adhesion
molecule 1 (ICAM1) and matrix metalloproteinase 9 (MMP-9)
signaling have also recently been shown to contribute to BBB
breakdown in West Nile virus infections (16, 76). Dengue virus
reduces endothelial cell barrier properties in a CCL2-depen-
dent manner (46). Treatment of human umbilical vein endo-
thelial cells with supernatant from dengue virus-infected cells
results in decreased expression of ZO-1, a tight junction pro-
tein important for vascular integrity. Infection with neuro-
tropic mouse hepatitis strains that cause acute encephalitis
results in neutrophil influx with increased MMP-9 activity that
correlates with loss of tight junctions in the BBB (59, 87). Thus,
human and mouse viruses can alter the BBB and tight junc-
tions through a variety of mechanisms, none of which is fully
understood.
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We investigated how MAV-1 infection of mice results in
fatal encephalitis. In the brain, MAV-1 infection is observed in
endothelial cells (34, 41). Infection resulted in recruitment of
inflammatory cells to the brain, both dependent on E3 (cyto-
toxic T lymphocytes) and independent of E3 (neutrophils).
BBB integrity was compromised after infection with MAV-1,
independent of E3. Although inflammation contributes to
MAV-1 pathogenicity and correlates with E3 gene expression
(11, 48), breakdown of the BBB was largely independent of the
presence of inflammatory cells. Infection with either wild-type
(wt) MAV-1 or the E3 null virus resulted in reduced expression
and cell surface localization of tight junction proteins along
with loss of barrier properties in primary mouse brain micro-
vascular endothelial cells. Infection with the E3 null mutant
did not induce CCL2 production, and anti-CCL2 antibody
treatment of MAV-1-infected cells was unable to prevent
MAV-1-induced loss of transendothelial electrical resistance
(TEER). Together these data indicate that CCL2 production
was not necessary for MAV-1-induced alteration of endothe-
lial cell function.

MATERIALS AND METHODS

Cells and viruses. Mouse brain microvascular endothelial cells (MBMECs)
were originally obtained from Howard Fox, Scripps Research Institute, and were
maintained in MBMEC growth medium (Cell Applications, Inc., San Diego).
Isolation of primary mouse brain endothelial cells (pmBECs) is described below.
wt MAV-1 comes from the original stock obtained from S. Larsen (7). pmE101
is the wt parental virus used to construct mutant virus pmE314; pmE314 has stop
codons in all three reading frames encoding E3 sequences (10). pmE101 was
used as the wt virus throughout this work as a control in all experiments using
pmE314.

Mice and infections. Male C57BL/6 mice were obtained from Charles River
(C57BL6/NCr) or Jackson Laboratories (C57BL6/J). Perforin-deficient (pfp�/�)
mice (C57BL/6-Prf1tm1Sdz/J) were obtained from Jackson Laboratories. Three-
to 5-week-old mice were infected via intraperitoneal (i.p.) injection with 103 or
104 PFU of virus diluted in phosphate-buffered saline (PBS) in a total volume of
100 �l. Mock-infected mice were injected with conditioned medium diluted in
PBS. Organs for histological studies were harvested from mice 8 days after
infection and either snap frozen or fixed in 3.7% formaldehyde in PBS. Sections
were stained with hematoxylin and eosin for histopathological analysis and ob-
served under an Olympus BX60 upright fluorescence microscope using only
white light. All animal experiments complied with relevant university and federal
guidelines for humane use and care. Animals were housed in microisolator cages
and provided with food and water ad libitum.

Preparation of cells and staining for flow cytometry. C57BL6/NCr mice in
groups of five were mock infected or infected with 103 PFU of wt MAV-1 or
pmE314 for 8 days. Mice were euthanized and immediately perfused with 30 ml
of PBS before organ collection. CNS cells were isolated by a method similar to
that of Campanella et al. (9). Briefly, brains from each infection condition were
pooled and homogenized in Dulbecco’s modified Eagle medium (DMEM) with
10% heat-inactivated calf serum to create a single-cell suspension. A step gra-
dient was used to isolate cells for staining. Cells were suspended in a 15-ml
conical tube in 70% Percoll in DMEM in a final volume of 5 ml and then overlaid
with 37% Percoll in PBS (4 ml) followed by 30% Percoll in DMEM (4 ml). After
a 20-min spin at 1,500 � g, the cells at the 37:70% interphase were collected.
Cells were treated with fluorescently labeled antibodies to CD8, CD4, CD19,
CD45, CD69, Gr-1 (Ly6 G/C, which stains primarily neutrophils), or F4/80
(which stains primarily macrophages) (F4/80 was from Invitrogen, Carlsbad, CA;
all other antibodies were from BD, San Jose, CA). Cells were analyzed using a
FACSCanto (BD) and FlowJo software (Tree Star Inc, Ashland, OR).

Primary cell isolation. pmBECs were isolated by a combination of methods
described previously (64, 67). Briefly, cortexes from 30 to 60 3- to 4-week-old
C57BL6/NCr mouse brains were isolated and cleaned of blood vessels. Tissue
was minced, homogenized, and suspended in a solution of 18% dextran (USB,
Cleveland, OH) with 50 mM HEPES and antibiotic/antimycotic. The dextran
solution was spun at 12,000 � g for 10 min to remove myelin. Cell pellets were
digested for 90 min in 1-mg/ml collagenase/dispase (Roche, Indianapolis, Indi-
ana) made in Hanks’ balanced salt solution (Gibco) at 37°C. After digestion,

microvessels were isolated by positive selection using sheep anti-rat Dynabeads
(Invitrogen) labeled with a rat anti-CD31 antibody (Southern Biotechnology).
Dynabeads were labeled by overnight incubation at 4°C with 0.1 volume of
antibody and then washed in Hanks’ balanced salt solution. Microvessels from 30
mice were plated initially on a surface area of 28.5 cm2 on collagen IV-coated
plates (BD) in DMEM (Gibco) containing 10% fetal bovine serum, 10% new-
born calf serum, 0.1 mg/ml endothelial cell growth supplement (BD), 0.1 mg/ml
heparin (Sigma), 2 mM glutamine, Pen/Strep (Gibco), antimycotic/antibiotic
(Gibco), nonessential amino acids (Sigma), and 20 mM HEPES (Sigma). When
confluent, cells were passaged one time 1:3 with trypsin-EDTA before use. These
cells are designated pmBECs throughout this work.

pmBEC characterization. To confirm their ability to take up DiI-labeled
acetylated low-density lipoprotein, pmBECs were incubated for 2 hours at 37°C
with the lipoprotein (Biomedical Technologies Inc.), rinsed with PBS, and visu-
alized using an Olympus BX60 upright fluorescence microscope. J774 macro-
phages were used as a positive control with the same conditions. pmBECs were
tested for CD31, ICAM, and VCAM expression levels by flow cytometry. Cells
were trypsinized and incubated with anti-mouse CD16/CD32 monoclonal anti-
body (Fc Block; BD) prior to staining. Primary hamster anti-ICAM and rat
anti-VCAM and anti-CD31 antibodies were from BD (San Jose, CA) and were
detected with anti-hamster–fluorescein isothiocyanate (FITC) from Rockland
(Gilbertsville, PA) and anti-rat–phycoerythrin (Sigma)-labeled secondary anti-
bodies, respectively. Cells were analyzed with the FACSCanto as described
above.

Growth curve/plaque assay. pmBECs were grown on a 24-well plate coated
with collagen IV and infected at a multiplicity of infection (MOI) of 5. Virus was
allowed to adsorb for 1 h at 37°C before the addition of medium. At 1, 2, 3, 4, and
5 days postinfection, cells were scraped off the plate and collected along with
supernatants. Input virus plus conditioned medium was used for the 0 days
postinfection time point. After three rounds of freeze-thawing to release any
intracellular virus, infectious virus was quantified by plaque assay on 3T6 cells
(12).

Quantitation of MAV-1 by capture ELISA. Brain homogenates were prepared
as previously described (80) and assayed for MAV-1 by capture enzyme-linked
immunosorbent assay (ELISA) (81). A total of 1.85 � 106 PFU of a MAV-1 virus
stock, PBS, and conditioned medium were included as positive and two negative
controls, respectively, in each assay performed. The quantitation of virus parti-
cles by ELISA has been shown to correlate with infectious virus levels measured
by plaque assay (80). There is a linear relationship between the log10 of the virus
titer and the log10 of the ELISA optical density.

Sodium fluorescein injection and quantification. Ten minutes before eutha-
nasia, mice were injected i.p. with 100 �l of sterile 10% sodium fluorescein
(Sigma) in PBS. Immediately after euthanasia, blood was collected, and then the
mice were perfused with 30 ml of PBS. Brains were isolated and photographed
against a black background under a UVP M-20 Transilluminator (UVP, Upland,
CA) at 302 nm using the high-intensity (9,400-mW/cm2) setting. The brains were
�4 in. below the UV source. Images were captured with an Olympus C4040
digital camera. Brains were then snap frozen until used for quantitation. To
quantify sodium fluorescein in the brain, the method of Phares et al. (54) was
used. Briefly, brain tissue was homogenized in 7.5% trichloroacetic acid (TCA),
centrifuged, and then neutralized with 5 N NaOH. Fluorescence was measured
with a microplate reader with excitation at 485 nm and emission at 530 nm, and
the amount of fluorescein for each sample was determined by comparison to
standards ranging from 0.125 �g/ml to 4 �g/ml. Brain values were normalized to
serum dye concentrations for each mouse to allow comparisons among mice. The
uptake ratio is the ratio of the amount of sodium fluorescein measured in the
brain to the amount measured in serum. Serum was isolated from the blood, and
serum dye levels were measured by mixing equal parts serum and 15% TCA,
centrifuging, and mixing the supernatant with 1:1 7.5% TCA–5 N NaOH. Flu-
orescence was measured as described above.

Immunofluorescence. pmBECs were grown on collagen IV-coated Lab-Tek
chamber slides (Nalge Nunc, Rochester, NY). Cells were infected for 48 h at an
MOI of 5 and then stained for tight junction protein expression. Cells were
washed, fixed with 3.7% formaldehyde for 15 min at room temperature (RT),
and then permeabilized with ice-cold methanol for 1 min. All remaining steps
took place in a humid chamber. To block, cells were incubated for 1 h at RT with
1% bovine serum albumin in TBS-TX (25 mM Tris-HCl [pH 8.0], 150 mM NaCl,
0.1% Triton X-100). Monoclonal antibodies to zona occludens-2 (ZO-2) (BD no.
611560), occludin (Invitrogen no. 331500), or claudin-5 (Invitrogen no. 352500)
were all used at a 1:50 dilution in 1% bovine serum albumin in TBS-TX for 1 h
at RT. To stain for virus, the AKO-1-103 rabbit antibody to MAV-1 capsid (80)
was used at a 1:5,000 dilution. After washing, cells were incubated for 1 h at RT
with Alexa-Fluor 594-conjugated anti-mouse secondary antibody (Invitrogen)
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and anti-rabbit–FITC (Vector Labs) at 1:200 dilutions. Samples were mounted
with coverslips using ProLong Gold antifade reagent with DAPI (4�,6�-di-
amidino-2-phenylindole) (Invitrogen) and visualized with an Olympus BX60
upright fluorescence microscope.

CCL2 ELISA. pmBECs were mock infected or infected with wt MAV-1 or
pmE314 at an MOI of 5. Supernatants were collected at 0, 6, 12, 24, 48, and 72 h
after infection and assayed for CCL2 expression by ELISA by the University of
Michigan Cellular Immunology Core Facility.

RT-qPCR. RNA was isolated from cells using Tri Reagent (Molecular Re-
search Center, Inc., Cincinnati, OH) according to the manufacturer’s instruc-
tions. cDNA was synthesized from total pmBEC RNA using random hexamers
and Moloney murine leukemia virus reverse transcriptase (RT) (Invitrogen).
Quantitative PCR (qPCR) was performed on an Applied Biosystems 7300 real-
time PCR machine (Foster City, CA). Primers used to amplify claudin-5 were
Mm00727012_s1 and GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
4352339E (Applied Biosystems) with fluorescent probe detection. SYBR green
was used for detection of the other mRNAs by RT-qPCR: primers for ZO-2 were
F455 (5�CCGAGGTTTTGAAGTGATTGAAG3�) and R528 (5�TGTGCCGA
CTCCTC TCACTGT3�); for occludin they were F1270 (5�AGCCTCGGTACA
GCAGCAAT3�) and R1329 (5�CCTTCGTGGGAGCCCTTT3�); and for
GAPDH they were GAPDHfwd (5�TGCACCACCAACTGCTTAG3�) and
GAPDHrev (5�GGATGCAGGGATGATGTTC3�). Claudin-5 reactions were
run in duplex with GAPDH primers as an internal control for normalization of
the chemokine signal. Two microliters of cDNA was added to 25-�l reaction
mixtures containing 12.5 �l of 2� TaqMan universal PCR mix (Applied Biosys-
tems) and 1.25 �l each of 20� primer/probe for the claudin-5 and GAPDH.
Separate reactions with GAPDH primers were prepared in parallel with ZO-2 or
occludin primers for each sample. Two microliters of cDNA was added to 25-�l
reaction mixtures containing iTaq SYBR green Supermix with ROX (Bio-Rad)
with 1.5 �l of each primer. Melting curve analyses were performed for SYBR
green reactions. All reactions were for 40 cycles of 15 s at 90°C and 60 s at 60°C.
Target gene expression was calculated by normalization to GAPDH and ex-
pressed as fold change from control groups (mock infection) using the compar-
ative threshold cycle method (8).

RPA. Total RNA was isolated as described above and analyzed by RNase
protection assay (RPA) as described previously (78). Chemokine RNA expres-
sion was measured using the mCK-5c riboprobe template (Pharmingen), and
MAV-1 hexon RNA expression was measured with a custom probe set and
normalized to L32 levels as described previously (24, 79). All reactions used
[�-32P]UTP (Amersham) as the labeling nucleotide. Bands were detected by
autoradiography and quantified using a Storm or Typhoon PhosphorImager and
ImageQuant software (GE Healthcare).

Western blot analysis. Cells were lysed in radioimmunoprecipitation buffer (10
mM Tris, 140 mM NaCl, 1% Triton, 1% Na deoxycholate, 0.1% sodium dodecyl
sulfate [SDS], 1 �g/ml aprotinin, 50 mM NaF, and protease inhibitor cocktail
[Sigma]) for 15 min at 4°C and centrifuged. Total protein concentrations in the
supernatants were determined by the Bradford protein assay (Bio-Rad). Equal
amounts of protein from each sample were separated on a 10% SDS-polyacryl-
amide gel and transferred to a Protran nitrocellulose membrane (ISC Bio-
Express, Kaysville, UT). Rabbit polyclonal antioccludin (Invitrogen no. 711500),
mouse monoclonal anti-claudin-5 and mouse monoclonal anti-ZO-2 (both as
described above) and rabbit polyclonal actin (Santa Cruz Biotechnology, Santa
Cruz, CA; no. SC-1616-R) antibodies were used at a 1:200 dilution. The anti-
bodies were detected with Amersham ECL Plus Western blotting detection
reagent (Amersham/GE Healthcare, Pittsburgh, PA).

Measurement of TEER. Approximately 1.7 � 105 to 2.5 � 105 pmBECs per
well were grown on a 12-mm collagen IV-coated 12-well transwell plate (Corn-
ing, Corning, NY) with a 0.4-�m pore size. Cells were grown in the presence of
20% conditioned astrocyte medium (a kind gift from A. Andjelkovic) to promote
tight junction formation. After 7 to 10 days of growth on the transwell plate, cells
were mock infected or infected with either wt MAV-1 or pmE314 at an MOI of
5. TEER was measured with an Endohm-12 electrical resistance apparatus
(World Precision Instruments Inc., Sarasota, FL) before infection and every 24 h
following infection. Resistance of a blank transwell insert was measured as a
background reading and subtracted from all experimental values. Recombinant
CCL2 (Peprotech) was added as indicated to a final concentration of 100 nM.
Neutralizing CCL2 antibody (43) or control naïve rabbit serum was added to
cultures at a 1:50 dilution.

MTT assay. To assess pmBEC viability, cells were treated with 3 mg/ml of
3-(4,5-dimethylthiazolyl-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Invitro-
gen). After 2 hours, the solution was aspirated and 0.05 N acetic acid in isopro-
panol was added to solubilize dye crystals. The optical density of a 1:1 mixture of

dye and water was measured at 570 nm to determine cell viability. Sample values
were normalized to values for mock-infected cells, which were set at 100%.

Statistical analysis. Statistical analysis was carried out using Microsoft Excel v.
11.5.3 (Everett, WA), SPSS v.16 (Chicago, IL), and Graph Pad Prism (La Jolla,
CA) software.

RESULTS

MAV-1-induced inflammation in the brain is reduced in the
absence of E3. To study how MAV-1 causes fatal encephalitis
in susceptible mouse strains (32, 66), we infected C57BL/6
mice for 8 days, corresponding to a time of acute infection and
maximum inflammation in the brain (48). A virus null for E3
expression, pmE314, causes low levels of inflammation in out-
bred mice despite replicating to titers similar to those of wt
MAV-1 (10; L. Gralinski, unpublished data). To test whether
this was also true in inbred mice, we infected C57BL6/NCr
mice with 103 or 104 PFU of wt MAV-1 or pmE314. Hema-
toxylin- and eosin-stained brain sections showed the presence
of inflammatory cells and significant perivascular edema in wt
virus-infected mice (Fig. 1A). Previous studies have shown that
MAV-1 infects endothelial cells that comprise the blood ves-
sels of the brain (34, 41). Fewer inflammatory cells were seen
surrounding the blood vessels of mice infected with pmE314
than in mice infected with wt virus. In all infected animals the
endothelium in the brain was thickened compared to that in
mock-infected animals. Virus titers in wt- and pmE314-in-
fected inbred mouse brains were similar (data not shown; see
Fig. 3A), despite the presence of higher numbers of inflamma-
tory cells in wt virus-infected mice. These results were consis-
tent with those seen previously in outbred mice (10).

To identify the inflammatory cells seen histologically in
MAV-1-infected mouse brains, groups of C57BL/6 mice were
mock infected or infected with wt MAV-1 or pmE314. Five
brains were pooled from each group and analyzed by flow
cytometry for the presence of inflammatory cells at 8 days
postinfection. Total leukocytes, identified by CD45 staining,
were significantly increased in the brains of mice infected with
wt virus (Fig. 1B). Specifically, CD4- and CD8-positive T cells,
B cells (CD19�), neutrophils (Gr-1�), and macrophages (F4/
80�) were present at higher levels in the brains of mice in-
fected with wt MAV-1 than in those of mock-infected mice.
Mice infected with pmE314 showed an intermediate pheno-
type, with more CD45-positive cells than mock-infected mice
but fewer than wt MAV-1-infected mice, consistent with the
intermediate phenotype seen histologically in both outbred
and inbred mice. Mice infected with pmE314 virus had fewer
CD8� T cells and B cells in their brains than mice infected with
wt MAV-1 but equivalent numbers of CD4� T cells, macro-
phages and neutrophils.

Chemokine and cytokine transcript levels were analyzed to
determine the signals recruiting inflammatory cells to the
brain. MBMECs, representative of the brain endothelial cells
infected in vivo, were infected for 48 h, and RNA was collected
for analysis by RPA. CCL1, CCL2, CCL5, and CXCL10 all
showed significantly increased steady-state levels of mRNA
expression in cells infected with wt MAV-1 compared to cells
that were mock infected (Fig. 1C). These chemokines function
to recruit macrophages (CCL1, CCL2, and CXCL10), B cells
(CCL1), and T cells (CCL5 and CXCL10) (reviewed in refer-
ences 14 and 51), and CXCL10 also promotes T-cell adhesion

9400 GRALINSKI ET AL. J. VIROL.



to endothelial cells (58). These same four chemokines were
also the major ones upregulated in brains of mice infected
intranasally by MAV-1 (78). MBMEC expression of CCL1,
CXCL10, and CCL5 mRNAs was increased after infection
with pmE314 compared to mock infection but was lower than
in cells infected with wt MAV-1. CCL2 mRNA expression in
pmE314-infected cells was equivalent to levels measured in
mock-infected cells. Other chemokines measured in the RPA
analysis, including CCL3, CCL4, and CCL11, had no change in
expression after MAV-1 infection (data not shown). wt MAV-1
and E3 null virus infection resulted in similar recruitment of

macrophages to the brain (Fig. 1B), although we saw lower
levels of macrophage-recruiting chemokines in the E3 null
mutant-infected endothelial cells (Fig. 1C). We suggest that
the levels of CCL1, CCL2, and CXCL10 in E3 null mutant
virus-infected mice were sufficient to recruit macrophages to
levels like those in wt virus-infected mice and/or that other
macrophage recruitment factors were involved. Minimal ex-
pression of mRNAs for nonchemotactic cytokines such as in-
terleukin-6 (IL-6), TNF-�, or gamma interferon was seen fol-
lowing wt MAV-1 or pmE314 infection (data not shown). We
further determined whether MAV-1 infection induced CCL2

FIG. 1. Inflammation in the brains of mice infected with MAV-1. (A) Mice were infected with 103 or 104 PFU of the wt MAV-1 or pmE314
(E3�) virus or mock infected for 8 days. Brain sections were mounted on slides, stained with hematoxylin and eosin, and examined by microscopy.
The 103-PFU dose sections were processed by formaldehyde fixation, while the 104-PFU dose sections were processed as frozen sections. This
resulted in differences in the staining, so the two images shown for the 104-PFU dose were adjusted in Adobe Photoshop for their magenta
hue/saturation as follows: �40 hue, �100 saturation, and � 96 lightness. (B) C57BL6/NCr mice were mock infected or infected with 103 PFU of
wt MAV-1 or pmE314. At 8 days postinfection, brains were analyzed for the presence of inflammatory cells by flow cytometry with markers
described in the text. Each group represents the number of cells per brain from analysis of five brains that were pooled for staining in one
experiment and is representative of three experiments for the wt MAV-1 and mock samples and two experiments for the pmE314 samples.
(C) MBMECs were infected at an MOI of 5 with wt MAV-1 or pmE314 as indicated for 48 h, and RNA was analyzed for chemokine expression
by RPA using the mck-5c probe set (Pharmingen). Values are shown as percent expression relative to expression of RNA for the ribosomal protein
L32. Brackets indicate a P value of �0.05 for one-way analysis of variance with Bonferroni correction for multiple comparison. The means and
standard errors of transcript levels of triplicate infections are shown. The data are representative of three independent experiments. (D) pmBECs
were infected with wt MAV-1 or pmE314 at an MOI of 5 or were mock infected. Supernatants were collected at the indicated time points and
assayed in duplicate for CCL2 by ELISA. Results are representative of two experiments.
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production in primary cells. We infected pmBECs with wt
MAV-1 or pmE314 at an MOI of 5 and assayed supernatants
for the presence of CCL2 by ELISA. At 48 h postinfection
pmBECs infected with wt MAV-1, but not pmE314, showed a
large increase in CCL2 protein expression compared to mock-
infected pmBECs (Fig. 1D), which correlated with the CCL2
mRNA levels seen in MBMECs (Fig. 1C).

MAV-1-induces breakdown of the BBB. In addition to its
ability to recruit monocytes to its site of expression, the che-
mokine CCL2 mediates disruption of the BBB. Addition of
CCL2 to cultured brain endothelial cells causes a decrease in
expression of tight junction proteins and a loss of the barrier
properties necessary for function of the BBB (65, 68). Further-
more, intracerebral injection of CCL2 is sufficient to cause
leakage of peripherally injected FITC-albumin into the brain,
a measure of BBB breakdown (68). Because MAV-1 causes
fatal encephalitis in susceptible mouse strains (32, 66) and we
saw increased expression of CCL2 mRNA and protein in
MAV-1-infected endothelial cells, we investigated the ability of
MAV-1 to cause breakdown of the BBB in infected mice.
C57BL6/NCr mice were infected i.p. with 103 or 104 PFU of wt
MAV-1 or mock infected for 8 days. Mice were injected with
10% sodium fluorescein dye just prior to euthanasia. This dye
is able to access and stain brain tissue only when the BBB is
compromised (54). Infection with both doses of virus resulted
in dye staining visible under UV light as well as high viral loads
in the brain (Fig. 2A and B). Levels of sodium fluorescein in
the brain were quantitated and found to be increased in mice
infected with MAV-1, indicating that MAV-1 infection caused
a breakdown of the BBB (Fig. 2C). Combining data from
multiple experiments (13 infected mice and 9 mock-infected
mice), we determined that the amount of sodium fluorescein
staining in mouse brains correlated with the amount of virus
measured in brain tissue for C57BL6/NCr mice infected with
wt MAV-1 (data not shown). The Pearson correlation coeffi-
cient between sodium fluorescein levels and virus loads was
0.871, and this was statistically significant (P � 0.001). The data
indicate that there may be a threshold level of virus necessary
before sodium fluorescein penetrates the BBB.

MAV-1-induced breakdown of the BBB is not dependent on
inflammation. To determine whether MAV-1-induced break-
down of the BBB is mediated by the inflammation resulting
from infection or due to direct effects of viral infection of brain
endothelial cells, various infection models that lacked an in-
flammatory response were employed. The first model was to
use the E3 null mutant virus, pmE314, because infection with
pmE314 results in a lower level of inflammation in the brain
than infection with wt MAV-1 (10) (Fig. 1). C57BL6/NCr mice
were infected with 103 PFU of wt MAV-1 or pmE314 for 8 days
and injected with sodium fluorescein. Viral loads were equiv-
alent for wt- and pmE314-infected mice (Fig. 3A). All infected
mice showed breakdown of the BBB, detected by an increase
in brain sodium fluorescein levels compared to mock-infected
mice (Fig. 3B). There were two mice that had low sodium
fluorescein uptake ratios but measurable viral loads (Fig. 3A
and B), consistent with a requirement for a threshold amount
of virus to cause detectable sodium fluorescein uptake.

We used perforin-deficient (pfp�/�) mice as the second
model; these mice do not have visible inflammation in the
brain after MAV-1 infection (48). Furthermore, these knock-

out mice show no clinical signs of disease during acute MAV-1
infection, a phenotype that is associated with a lack of inflam-
matory cell response in the brain to MAV-1 infection. pfp�/�

and C57BL6/J mice were infected with 104 PFU of wt MAV-1
for 7 days and injected with sodium fluorescein; viral load and

FIG. 2. MAV-1-induced breakdown of the BBB. C57BL6/NCr
mice were infected with 103 or 104 PFU of MAV-1 for 8 days. At 10
minutes before euthanasia, mice were injected with sodium fluorescein
dye to measure the permeability of the BBB. (A) Brains were removed
from the animals and photographed with UV light as described in
Materials and Methods. (B) Viral load in the brain was measured by
capture ELISA, including a tissue with dye control (d) to ensure that
sodium fluorescein did not interfere with virus detection in the ELISA.
A positive control of virus stock (v) was included, and each individual
mouse was assayed in triplicate; error bars indicate the standard de-
viation of the mean for each mouse brain. OD 450, optical density at
450 nm. (C) Levels of sodium fluorescein in the brain were quantified
and are presented normalized to dye levels in serum. Bars in panels B
and C are representative of individual mice and are presented in the
same order as in panel A. Results shown are representative of three
experiments.
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dye were quantitated from the brain tissue. While only
C57BL6/J mice showed signs of disease, pfp�/� and C57BL6/J
mice showed similar viral loads in their brains (Fig. 3C). High
levels of sodium fluorescein were measured in the brains of
infected C57BL6/J and pfp�/� mice compared to mock-in-
fected mice (Fig. 3D). Thus, BBB breakdown was equivalent in
wt and pfp�/� mice despite the lack of inflammation in pfp�/�

mice. T-cell-deficient mice (missing �/	 and 
/� T cells) also
lack inflammation after MAV-1 infection (48), and infection of
these mice resulted in the breakdown of the BBB, as measured
by permeability to Evans blue dye (data not shown). Com-
bined, the results with the E3 null virus, pfp�/� mice, and
T-cell-deficient mice indicate that breakdown of the BBB after
MAV-1 infection was not dependent on inflammatory cells.
Furthermore, since mice infected with pmE314 had significant
sodium fluorescein staining in the brain (Fig. 3B), MAV-1-
induced breakdown of the BBB was not dependent on E3.

Infection of pmBECs with MAV-1. To further investigate
how MAV-1 infection might affect brain endothelial cells and
disrupt the BBB, we used pmBECs to enable infection of brain
endothelial cells in an isolated environment. Primary cells are
preferable to established brain endothelial cell lines, such as
bEnd.3 cells, because several functional features and charac-
teristics of endothelial cell lines are unlike those of primary
cells (62, 64). We used fluorescence microscopy to show that

pmBECs passaged one time took up DiI-labeled acetylated
low-density lipoprotein, an important functional characteristic
of endothelial cells (data not shown) (73). Flow cytometric
analysis was used to show that the pmBECs uniformly ex-
pressed high levels of CD31, ICAM, and VCAM, markers
characteristic of endothelial cells (31), after one passage (data
not shown). The cells used in our experiments were passed
only once before use. To establish that pmBECs could be
infected by MAV-1, we added wt virus at an MOI of 5 and
analyzed virus yield at different times postinfection. MAV-1
productively replicated in pmBECs (Fig. 4), as demonstrated
by the increase over input virus measured in infected cells at 2
to 5 days postinfection.

Tight junction protein expression is altered by MAV-1 in-
fection. Tight junction formation is important for maintaining
the function of the BBB (74), and virus-induced disruption of
tight junctions is associated with breakdown of the BBB (17,
23, 59, 87). To determine whether infection with MAV-1 re-
sults in loss of tight junction formation, we infected pmBECs
with MAV-1 and then immunofluorescently stained the cells to
determine the location of their tight junction proteins. ZO-2 is
an intracellular peripheral membrane protein that binds to
transmembrane proteins of the tight junction such as occludin
and the claudins, connecting them to the actin cytoskeleton
(25, 45, 52, 83). Occludin and the claudins are transmembrane

FIG. 3. MAV-1-induced breakdown of the BBB is not dependent on inflammation. Before euthanasia, mice were injected with sodium
fluorescein dye to measure the permeability of the BBB. Bars in panels A and B represent individual mice and are presented in the same order
in each panel. Bars in panels C and D represent a different set of mice that are presented in the same order in each panel. (A and B) C57BL/6NCr
mice were mock infected or infected with 103 PFU of wt or E3� virus, as indicated, for 8 days. (A) Viral load in the brain was assayed by capture
ELISA with virus stock (v) used as a positive control. Each individual mouse was assayed in triplicate; error bars indicate the standard deviation
of the mean for each mouse brain. OD 450, optical density at 450 nm. (B) Sodium fluorescein levels in the brain were quantitated relative to levels
in the serum. Panels A and B are representative of two experiments. (C and D) C57BL/6J or perforin�/� mice were infected for 7 days with 104

PFU of wt MAV-1. (C) Viral load in the brain was measured in individual mice in triplicate by capture ELISA; error bars indicate the standard
deviation of the mean for each mouse brain. MAV-1 viral stock (v) was assayed as a positive control. (D) Sodium fluorescein in the brain of each
mouse was quantitated and normalized to the amount of dye present in the serum. Note that the y axis scale differs from that in panel B and Fig.
2C. Panels C and D are representative of three experiments.
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proteins with extracellular domains that allow them to ho-
modimerize and form tight junctions between adjacent cells
(17, 34, 35, 46, 50). Disruption of these proteins is associated
with vascular leakiness and has been observed in HIV-1 en-
cephalitis and in dengue infections (17, 46). ZO-2, occludin,
and claudin-5 staining was localized to the periphery of mock-
infected pmBECs, creating a cobblestone-like appearance
(Fig. 5), consistent with the expected staining pattern (68). For
ZO-2, this peripheral staining pattern was unchanged 48 h
after infection with either wt MAV-1 or pmE314 (Fig. 5A),
even in cells that showed significant staining for the MAV-1
capsid. Also, ZO-2 expression appeared to be increased in the
nuclei of some infected cells compared to mock-infected cells.
Occludin surface expression was also analyzed at 48 h postin-
fection with wt or pmE314 virus and was decreased at the
periphery of cells (Fig. 5B). Some enrichment in nuclear oc-
cludin staining was observed in infected cells. Another tight
junction protein, claudin-5, also showed decreased expression
at the peripheral membrane in cells infected with either wt
MAV-1 or pmE314 (Fig. 5C) compared to mock-infected cells.
In contrast to the case for occludin and ZO-2, there was no
apparent enrichment in nuclear claudin-5 staining (Fig. 5C).
We note that an apparently uninfected cell showed cytoplasmic
claudin-5 staining in the pmE314-infected panel, but we saw
similar cells with claudin-5 staining in mock- and wt-infected
cultures (data not shown); their significance is unknown. Com-
bined, these results indicate that MAV-1 infection resulted in
a loss of surface expression of some tight junction proteins;
furthermore, this was not dependent on the presence of E3.
These changes in tight junction protein staining were seen
despite the presence of intact nuclei and the appearance of
healthy cell monolayers up to 3 days postinfection (data not
shown).

We examined whether there were changes in steady-state
levels of mRNAs for the tight junction proteins in infected
pmBECs. Steady-state transcript levels were analyzed by RT-
qPCR using RNA isolated from pmBECs at 48 h after
infection and normalized to GAPDH expression (Fig. 6A).
Steady-state ZO-2 mRNA levels in wt and E3 null mutant
virus-infected pmBECs were reduced to �50% of levels in
mock-infected cells. There were much greater reductions in
occludin and claudin-5 mRNA levels, to 15 to 19% of those
in mock-infected cells for occludin and 6 to 12% of those in

mock-infected cells for claudin-5. For all three tight junction
proteins, the differences between infected and mock-infected
cells were statistically significant, but there was no significant
difference between wt and E3 null mutant virus-infected cells.

We confirmed the reduced expression of tight junction pro-
teins using Western blots. Whole-cell lysates of pmBECs were
prepared and analyzed with antibodies to ZO-2, occludin, and
claudin-5. Levels of all three tight junction proteins were lower
in MAV-1-infected cells than in mock-infected cells (Fig. 6B).
Although there were no statistically significant differences in
mRNA levels between wt and E3 null mutant virus-infected
cells (Fig. 6A), there was less of all three tight junction proteins
in E3 null mutant virus-infected cells than in wt virus-infected
cells (Fig. 6B). This suggests that there may be posttranscrip-
tional differences in tight junction protein expression between
the wt and the E3 null mutant.

Barrier properties in pmBECs after MAV-1 infection. Be-
cause MAV-1 infection resulted in changes in tight junction
protein expression at cell junctions, we examined whether in-
fection decreased the barrier properties of brain endothelial
cells. A monolayer of fully functioning brain endothelial cells
should have high TEER (19, 28). pmBECs were grown on
transwell plates so their electrical resistance could be mea-
sured. Cells were either mock infected or infected with wt
MAV-1 or pmE314 at an MOI of 5. There was no drop in
TEER after cells were mock infected (Fig. 7A). After 3 days of
infection with either wt MAV-1 or pmE314, there was a dra-
matic decrease in TEER, to nearly background levels. Al-
though pmE314-infected cells showed a slight lag in their
TEER decrease compared to wt MAV-1-infected cells, all in-
fected cells showed a substantial loss of resistance by 3 days
postinfection.

To determine whether the decrease in the barrier properties
of pmBECs was due to death of the infected cells, cell meta-
bolic activity was assessed by MTT assay at both 2 and 3 days
postinfection, as a measure of viability. At 2 days postinfection,
pmBECs infected with either wt MAV-1 or pmE314 had ac-
tivity that was 50% of that of mock-infected cells (Fig. 7B),
although only wt virus-infected cells had a decrease in TEER.
At 3 days postinfection, MTT assay showed that infection with
wt MAV-1 reduced pmBEC metabolic activity to 34% of that
of mock-infected cells, while cells infected with pmE314 re-
mained at 54% metabolic activity (Fig. 7C). Although cells
infected with pmE314 showed the same MTT activity at 2 and
3 days postinfection, the TEER of these cells decreased to
almost background levels by 3 days postinfection. Thus, al-
though MAV-1 infection resulted in a drop in the metabolic
activity of infected cells, this change cannot entirely account
for the loss of TEER.

A second possible mechanism for the MAV-1 infection-
induced decrease in barrier properties of pmBECs is that the
decrease was mediated by the CCL2 expressed by wt virus-
infected cells. To determine whether CCL2 contributes to the
observed MAV-1-induced changes in TEER, cells were mock
infected or infected with wt MAV-1 or pmE314, and a CCL2-
neutralizing antibody was added to the samples at 2 or 3 days
postinfection. Mock-infected cells had a high TEER that de-
creased after the addition of recombinant CCL2, as expected
(Fig. 7D and E). Subsequent addition of a CCL2-neutralizing
antibody to CCL2-treated, mock-infected samples restored

FIG. 4. Infection of pmBECs with MAV-1. pmBECs were infected
with wt MAV-1 at an MOI of 5. Cells and supernatants were harvested
on the days indicated and assayed for infectious virus by plaque assay.
Results are representative of two experiments.
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FIG. 5. Tight junction protein localization after MAV-1 infection. pmBECs were mock infected or infected with wt MAV-1 or pmE314 at an MOI of 5 for
48 h, and tight junction proteins were visualized by immunofluorescence. (A) ZO-2 expression; (B) occludin expression; (C) claudin-5 expression. Images are
all representative of at least three experiments each from separate primary cell preparations. Image magnifications were identical; the bar indicates 100 �m.
DAPI staining image exposure times were identical. Virus capsid staining image exposure times were identical except that mock in panel A and E3� in panel
B were exposed 1.2 times longer. Tight junction protein staining image exposure times were identical in panels B and C and were 0.15, 0.55, and 0.73 times as
long in panel A for mock, wt, and E3�, respectively. Yellow arrows indicate borders of infected cells that have (A) or lack (B and C) tight junction protein staining.
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their TEER to pretreatment levels. In contrast, addition of the
neutralizing CCL2 antibody had little effect on the TEER of
pmBECs infected for 2 or 3 days with either wt MAV-1 or
pmE314 (Fig. 7D and E), suggesting that CCL2 was not re-
sponsible for the decrease in TEER caused by MAV-1 infec-
tion at these time points. It is important to note that the
amount of CCL2-neutralizing antibody used was able to block
the recombinant CCL2 added to mock-infected cells at a final
concentration of 100 mM. This level was higher than the 6 to
9 ng/ml of CCL2 produced in wt MAV-1-infected pmBECs
(Fig. 1D).

FIG. 6. Tight junction protein mRNA and protein expression.
(A) Steady-state mRNA levels for the indicated tight junction proteins
at 48 h after mock infection or infection with wt MAV-1 or pmE314
(E3�) were determined by RT-qPCR. mRNA levels were normalized
to GAPDH expression in each sample; absolute GAPDH levels were
not significantly different among mock, wt, and E3 mutant virus-in-
fected cells (data not shown). Values for the infected samples were
normalized to those for the mock-infected sample, which was set to a
relative expression of 1. Error bars indicate standard deviations of the
means; the data are for three independent mRNA preparations ob-
tained from two pmBEC preparations. Both wt and E3 values were
statistically significantly different from mock infection values for ZO-2
(P � 0.03), occludin (P � 0.014), and claudin-5 (P � 0.0015). There
were no statistically significant differences between wt and E3 for any
tight junction transcripts. (B) pmBECs that were mock infected or
infected with wt or E3 null mutant (E3�) virus at an MOI of 5 were
lysed at 48 h postinfection. Equal amounts of protein (determined by
Bradford assay) from the supernatant were separated on a 10% SDS-
polyacrylamide gel, transferred to nitrocellulose, and probed with rab-
bit polyclonal antioccludin, mouse monoclonal anti-claudin-5, mouse
monoclonal anti-ZO-2, and rabbit polyclonal actin antibodies at a
1:200 dilution. The antibodies were detected with Amersham ECL
Plus Western blotting detection reagent. Each antibody detected only
a single band on the Western blots. The results shown are represen-
tative of at least two experiments for each tight junction protein with
independent pmBEC preparations.

FIG. 7. Barrier properties in pmBECs after MAV-1 infection.
(A) pmBECs were grown to confluence on 0.4-�m-pore-size transwell plates
with 20% conditioned astrocyte medium added to both the upper and lower
chambers to promote tight junction formation. Cells were infected with wt
MAV-1 or pmE314 at an MOI of 5 or mock infected. Resistance was mea-
sured at 24-hour intervals. (B and C) Mitochondrial metabolic activity as a
surrogate for cell viability was measured by MTT assay at 2 days postinfection
(B) in a replicate experiment and at 3 days postinfection (C) on the same cells
as in panel A. TEER results are representative of four experiments for panel
A, three experiments for panel B, and two experiments for panel C. OD 570,
optical density at 570 nm. (D and E) TEER was measured in cells infected
with wt MAV-1 or pmE314. Recombinant CCL2 was added to mock-infected
cells after 2 days (D) or 3 days (E), and 1 h later CCL2-neutralizing antibody
(CCL2 Ab) or naïve rabbit serum (control) was added to all cells as indicated.
Note that after treatment the x axis is on a different scale. Error bars indicate
means and standard deviations when triplicate samples were available. All
other samples were analyzed in duplicate in multiple experiments.
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DISCUSSION

We demonstrate here that MAV-1 infection, in addition to
causing fatal encephalitis in susceptible mouse strains, causes
breakdown of the BBB. Characterization of the inflammatory
response to MAV-1 infection in C57BL/6 mice showed in-
creased numbers of T cells, B cells, neutrophils, and macro-
phages in infected mouse brains. MAV-1-induced inflamma-
tion in inbred mice was partially dependent on the presence of
the E3 proteins, because infection with an E3 null virus gave an
intermediate inflammatory phenotype. The function of the
MAV-1 E3 proteins is unknown; however, many human ade-
novirus E3 proteins play a role in evasion of the host immune
response (36). Previous experiments with MAV-1 showed that
mice lacking CD8� T cells do not develop acute signs of
disease after infection (48). Cytotoxic CD8� T lymphocytes
were present in significantly lower numbers in the brains of
animals infected with the E3 null virus, pmE314, than in the
brains of animals infected with wt MAV-1, correlating with the
reduced pathogenesis of the E3 null virus. Breakdown of
the BBB occurred in animals deficient in T cells, indicating that
CD8� T cells are not necessary for this process.

Pathogenic viruses such as HIV-1, dengue virus, lymphocytic
choriomeningitis virus, mouse hepatitis virus, and West Nile
virus have been shown to cause breakdown of the BBB and/or
disruption of endothelial junctions through a variety of means
(2, 3, 46, 70, 77, 87). We found that MAV-1 infection caused
breakdown of the BBB. The use of three infection models
deficient in inflammation in the brain showed that MAV-1-
induced breakdown of the BBB was largely independent of the
presence of inflammatory cells, although we cannot rule out
possible contributions of inflammatory cells to the process.
Combined, these data indicate that MAV-1 infection directly
causes breakdown of the BBB during acute infection; however,
signs of disease and lethality of infection depend on inflam-
matory cells being recruited to the site of infection and cross-
ing into the brain parenchyma (10, 48).

MAV-1 infects endothelial cells throughout the mouse, and
the highest viral loads are found in the brain and spinal cord
(13, 41). Thus, given that endothelial cells are the major struc-
tural component of the BBB (reviewed in reference 57), it is
not surprising that MAV-1 infection can damage the BBB.
MAV-1 infection of pmBECs caused a loss of barrier proper-
ties in the endothelial cells, concomitant with decreased clau-
din-5 and occludin protein staining at the cell surface. Loss of
tight junction protein staining at the cell boundaries was ob-
served 2 days after MAV-1 infection for occludin and clau-
din-5, correlating with lower levels of occludin and claudin-5
RNA transcripts than those seen in mock-infected cells. ZO-2
expression at the peripheral membrane appeared unaltered
in MAV-1-infected pmBECs compared to mock-infected
pmBECs, but we did observe a �50% decrease in ZO-2
mRNA steady-state levels and reduced total ZO-2 protein by
Western blotting. To account for the difference between im-
munofluorescence results for ZO-2 compared to occludin and
claudin-5 and for differences in protein levels between wt and
E3 mutant virus-infected cells, we suggest that there are dif-
ferences in posttranscriptional regulation. It is possible that the
ZO-2 protein levels produced in infection are sufficient to give
surface expression comparable to that in mock-infected cells.

Unlike occludin and the claudin family members, ZO-2 is a
peripheral membrane protein that binds to the cytoplasmic
domains of tight junction integral membrane proteins and ac-
tin filaments (39). It is possible that these differences in normal
localization and function of ZO-2, compared to those of oc-
cludin and claudin-5, are responsible for differences of their
phenotypes in response to MAV-1 infection. Reduction of
expression of some tight junction proteins but not others has
been observed in response to infection by human T-lympho-
tropic virus (1). We observed an enrichment in nuclear staining
of ZO-2 and occludin in infected cells; the significance of this
is unknown. However, nuclear localization for ZO-2 and oc-
cludin has been reported (15, 30, 38, 71).

At 2 days after infection, pmBECs infected with wt MAV-1
had a substantial decrease in TEER, while those infected with
pmE314 did not. This occurred although infection with either
virus caused a 50% decrease in cell metabolic activity, mea-
sured as a surrogate for cell viability, compared to mock-
infected cells. At 3 days postinfection, the cells infected with
the E3 null mutant virus had a substantial drop in TEER but
no change in metabolic activity compared to 2 days postinfec-
tion. Thus, loss of cell metabolic activity did not correlate
directly with loss of barrier properties in infected pmBECs.
However, it is possible that decreased pmBEC cell metabolic
activity and viability may indirectly contribute to the decrease
in TEER seen after MAV-1 infection, for example, by affecting
the structural integrity of the cell. Human adenovirus infection
and corresponding shutoff of host protein synthesis are asso-
ciated with degradation of the cytokeratin network (84, 85).

Although some other viruses that cause CNS disease do not
primarily infect endothelial cells (2, 16, 70), they still cause
breakdown of the BBB by disrupting tight junction formation
and altering adhesion molecule expression on brain endothe-
lial cells. CCL2 expression in the CNS is often induced by virus
infection, and CCL2 has been shown to be sufficient for dis-
ruption of tight junctions in endothelial cell culture and also
for BBB breakdown in mice (65, 67, 68). HIV-1 and dengue
virus mediate disruption of tight junctions through CCL2 sig-
naling (23, 46). wt MAV-1 infection of pmBECs also stimu-
lated CCL2 mRNA synthesis and secretion of CCL2. However,
infection of pmBECs with the MAV-1 mutant pmE314 did not
induce CCL2 production, although pmE314 infection did
cause a loss of tight junction protein expression at cell junc-
tions and did induce breakdown of the BBB in C57BL/6 mice.
Furthermore, addition of CCL2-neutralizing antibody did not
restore the TEER of MAV-1-infected pmBECs, although it
restored TEER levels in uninfected pmBECs treated with
larger amounts of recombinant CCL2 than were found in in-
fected cells. Together these results suggest that MAV-1 infec-
tion causes a decrease in tight junction protein expression at
cell borders and breakdown of the BBB in a CCL2-indepen-
dent manner. However, it is possible that CCL2 may contribute
to BBB disruption after wt MAV-1 infection, because CCL2
expression is induced during wt MAV-1 infection. Our data
indicate that CCL2 expression is nonessential for loss of
pmBEC barrier properties following MAV-1 infection at 2 and
3 days postinfection in vitro. We have not examined the role of
CCL2 in BBB integrity during in vivo infections. However,
MAV-1 infection of CCR2�/� mice did not result in higher
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viral loads in brain and spleen compared to infection of control
BALB/c mice (6).

Cytokines other than CCL2 have also been shown to cause
breakdown of the BBB. TNF-� signaling has been implicated
in breakdown of the BBB and endothelial cell barrier function.
Primary bovine brain microvessel endothelial cells treated with
low concentrations of TNF-� show an increase in permeability
as measured by dye migration across cell monolayers (47).
West Nile virus induces breakdown of the BBB (77), and
recent studies have shown that TNF-� is necessary for clear-
ance of virus in the brain, a process that is dependent on T cells
and macrophages and their ability to access CNS tissues (61).
TNF-� also mediates BBB permeability during sepsis induced
by Escherichia coli and Streptococcus pneumoniae infection
(72). Other cytokines, including IL-1	 and gamma interferon,
have also been shown to decrease the barrier properties of
brain endothelial cells (82). These cytokines have not yet been
measured in MAV-1 infection of pmBECs and could contrib-
ute to MAV-1-induced breakdown of the BBB.

The cytokines TNF-� and IL-1	 activate the endothelium of
the CNS, resulting in specific upregulation of MMP-9 (33).
MMP-9 can have deleterious effects in brain injury (5). These
effects are mediated by proteolytic degradation of extracellular
tight junction proteins of the BBB. MMP-9 expression, activity,
and localization to blood vessels are increased in West Nile
virus infections (76). We have not examined MMP-9 levels in
MAV-1-infected pmBECs; it is possible that MMP-9 plays a
role in the breakdown of the BBB in MAV-1 infection.

The mechanism by which MAV-1 infection alters tight junc-
tion protein surface expression is not yet known. Steady-state
transcript levels for three tight junction proteins were reduced
by MAV-1 infection with either wt or the E3 null mutant virus,
and protein levels were reduced in whole-cell lysates. Numer-
ous studies have examined expression of tight junction proteins
and their function in maintaining the BBB or epithelial barri-
ers (20, 44, 69). One important molecule controlling tight junc-
tion protein localization is Rho kinase. Rho kinase signaling is
triggered in cells upon CCL2 binding, and this signal causes a
decrease in cell surface expression of tight junction proteins
after viral infections (29, 52, 83). However, Rho kinase is
unlikely to be the primary determinant of MAV-1-induced
alteration of tight junction protein expression, because infec-
tion with pmE314 caused breakdown of the BBB and loss of
peripheral membrane localization of tight junction proteins
despite failing to induce CCL2 in infected cells. It is possible
that Rho kinase is involved in the MAV-1-induced decrease in
peripheral membrane expression of tight junction proteins if
MAV-1 infection causes a non-CCL2-dependent increase in
Rho kinase signaling.

Other stimuli that alter tight junction protein function and
localization include intracellular calcium levels, cyclic AMP
levels, tight junction protein phosphorylation states, oxidative
stress, and mitogen-activated protein kinase signaling (26, 29,
37, 40, 44, 56, 60, 83). A decrease in tight junction protein
expression is observed after ERK1/2 activation by the HIV-1
Tat protein (4, 55); thus, this represents a precedent for virus-
induced CCL2-independent disruption in tight junctions (55).
It is possible that some of these non-CCL2 pathways are in-
volved in regulation of tight junction protein expression after
MAV-1 infection.

Encephalitis and breakdown of the BBB can be caused by a
number of RNA and DNA viruses. Although the prevalence of
encephalitis caused by adenoviruses is low, it is a particular
problem in disseminated infections of immunocompromised
patients (18, 21, 22, 27, 63). Further characterization of the
mechanism by which viral and cellular gene products contrib-
ute to MAV-1-induced encephalitis will extend our knowledge
of the basic biology of viral encephalitis.
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