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ABSTRACT

Gap junctions (GJs) form intercellular channels which directly connect the cytoplasm between neighboring cells to facilitate the
transfer of ions and small molecules. GJs play a major role in the pathogenesis of infection-associated inflammation. Mutations
of gap junction proteins, connexins (Cxs), cause dysmyelination and leukoencephalopathy. In multiple sclerosis (MS) patients
and its animal model experimental autoimmune encephalitis (EAE), Cx43 was shown to be modulated in the central nervous
system (CNS). The mechanism behind Cx43 alteration and its role in MS remains unexplored. Mouse hepatitis virus (MHV) in-
fection-induced demyelination is one of the best-studied experimental animal models for MS. Our studies demonstrated that
MHYV infection downregulated Cx43 expression at protein and mRNA levels in vitro in primary astrocytes obtained from neona-
tal mouse brains. After infection, a significant amount of Cx43 was retained in endoplasmic reticulum/endoplasmic reticulum
Golgi intermediate complex (ER/ERGIC) and GJ plaque formation was impaired at the cell surface, as evidenced by a reduction
of the Triton X-100 insoluble fraction of Cx43. Altered trafficking and impairment of GJ plaque formation may cause the loss of
functional channel formation in MHV-infected primary astrocytes, as demonstrated by a reduced number of dye-coupled cells
after a scrape-loading Lucifer yellow dye transfer assay. Upon MHYV infection, a significant downregulation of Cx43 was ob-
served in the virus-infected mouse brain. This study demonstrates that astrocytic Cx43 expression and function can be modu-
lated due to virus stress and can be an appropriate model to understand the basis of cellular mechanisms involved in the altera-
tion of gap junction intercellular communication (GJIC) in CNS neuroinflammation.

IMPORTANCE

We found that MHV infection leads to the downregulation of Cx43 in vivo in the CNS. In addition, results show that MHV infec-
tion impairs Cx43 expression in addition to gap junction communication in primary astrocytes. After infection, Cx43 did not
traffic normally to the membrane to form gap junction plaques, and that could be the basis of reduced functional gap junction
coupling between astrocytes. This is an important first step toward understanding how viruses affect Cx43 expression and traf-
ficking at the cellular level. This may provide a basis for understanding how structural alterations of astrocytic gap junctions can
disrupt gap junction communication between other CNS cells in altered CNS environments due to infection and inflammation.
More specifically, alteration of Cx43 may be the basis of the destabilization of Cx47 in oligodendrocytes seen in and around in-
flammatory demyelinating plaques in MS patients.

Gap junction communication (GJC) is one of the pivotal re-
quirements in all vertebrates for maintaining cellular homeo-
stasis (1). Gap junctions span the plasma membranes of closely
opposed cells to align end to end, forming intercellular channels
which allow the exchange of small molecules (less than 1 kDa).
They are composed of two hemichannels contributed by two op-
posing cells. These hemichannels or connexons are formed by six
protein subunits, called connexins (Cx). Connexin proteins con-
sist of an intracellular N terminus, four transmembrane domains,
two extracellular loops, one cytoplasmic loop, and an intracellular
C terminus (2). In the central nervous system (CNS), the major
cell type which is coupled by gap junctions is the astrocyte. Astro-
cytes also form gap junction channels between other neuronal
cells to form panglial networks to provide metabolic support and
maintain homeostasis in the CNS.

Astrocytes, being the most abundant cells in this panglial sys-
tem, perform essential metabolic functions by maintaining the
balance of fluid, ions, pH, and some neurotransmitters in the CNS
(3). Enormous amounts of evidence have proven astrocytes to be
the cell population providing metabolic support and trophic sup-
port to neurons (4) and oligodendrocytes (5, 6). Astrocytes are
well connected through GJCs, forming a glial network which bears
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an essential role in maintaining metabolic homeostasis and os-
motic balance. Astrocytes mainly express the GJ proteins Cx43
and Cx30 (7), of which Cx43 is the more prevalent astrocytic con-
nexin both in vivo and in vitro (8). Cx43 is the most abundant gap
junction protein in the brain, where it is found primarily between
astrocytes (9), but it also forms a substantial amount of GJCs
between oligodendrocytes in combination with Cx47, playing an
important role in oligodendrocyte K* buffering and small metab-
olite exchange (10).

GJCs allow the passage of small molecules, e.g., glucose and its
derivatives (11), and second messengers, such as inositol 1,4,5-
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trisphosphate, cyclic AMP (cAMP), and Ca** (12-15). Apart
from exchanging small molecules, connexins interact with a
myriad of proteins, including cytoskeletal elements, enzymes, and
signaling molecules, through their cytoplasmic domain (16). One
report has shown the involvement of astrocytic hemichannels in
intercellular Ca*>* signaling via ATP release (17). Although a lot is
known about Cx43 coupling in CNS cells, its implication in neu-
rological diseases was not studied very well until the early 1990s.
Recent studies demonstrated that functional coupling between
astrocytes, as well as in panglial connections, is altered in patho-
logical conditions, more specifically in neurodegenerative disor-
ders. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-in-
duced Parkinson’s disease results in an immediate yet transient
increase in Cx43 in mice but induces no change in functional dye
coupling between astrocytes (18). Also, Cx43 is increased in am-
yloid plaques of Alzheimer’s disease patients (19). The infiltration
of these amyloid plaques by astrocytic processes might be a cause
of elevated local concentrations of Cx43. In contrast, the expres-
sion of Cx43 is known to be downregulated in high-grade (grade
III'and grade IV) human gliomas, which might be related to tumor
development (20). Cx43 mutation causes severe pathological con-
ditions, including a dysmyelinating phenotype observed in hu-
man oculodentodigital dysplasia (ODDD) (21).

Astrocytes obtained from whole brains of late-gestation litters
from heterozygous mice containing a Cx43 null mutation exhibit
areduction in gap junction coupling (8). Interestingly, under such
conditions, Cx43 knockout astrocytes can express other types of
connexins, like Cx30, Cx40, and Cx45 (22); however, these con-
nexins cannot compensate for Cx43 reduction in astrocytes. As-
trocyte-targeted deletion of Cx43 and Cx30 leads to a dysmyeli-
nating phenotype in mice (10). Changes in astrocytic structure
and morphology are one of the characteristic features of human
MS. In autopsy brains of MS patients, numerous glial fibrillary
acidic protein-positive (GFAP™) large reactive astrocytes are ob-
served to be preserved in perivascular areas and around demyeli-
nating plaques, whereas astrocytes are found to be significantly
reduced inside necrotic lesions (23). Cx43 is downregulated in the
spinal cord white matter of EAE mice (24); however, the precise
mechanism of downregulation is poorly understood and demands
further investigation.

Recent studies found that in addition to neurodegenerative
conditions, neuroinfections also can lead to the alteration of Cx43
expression in vivo. For example, persistent Borna disease virus
(BDV) infection led to a global reduction of Cx43 mRNA and
protein in infected rats. Although Cx43 reduction was observed in
forebrain and hippocampal CA3 regions, Cx43 levels increased in
areas associated with the dentate gyrus (25). Another report
showed that the E8 protein of bovine papillomavirus type 4 in-
duces the loss of GJIC between primary fibroblasts, but the in-
volvement of specific connexins was not shown (26). Rous sar-
coma virus (RSV)-induced transformation of mammalian
fibroblasts also disrupts Cx43-mediated gap junction communi-
cation (27), and prenatal human influenza virus infection in mice
induces the downregulation of Cx43 in neocortex and cerebellum
(28). HIV infection of astrocytes induces the opening of Cx43
hemichannels, which results in the dysregulated secretion of dick-
kopf-1 protein, a soluble inhibitor of Wnt signaling (29). Thus far,
these types of studies were restricted mainly to describing either
the alteration of expression levels in vivo or alteration of the func-
tion of gap junction channels in vitro.
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In this context, our study was designed to understand the cel-
lular mechanism of mouse hepatitis virus (MHV)-induced alter-
ation of Cx43 expression and functional channel formation both
in vitro in primary astrocytes and in vivo in the CNS of MHV-
infected mice.

MHV-A59, a neurotropic strain of coronavirus, causes menin-
goencephalitis, demyelination, and concurrent axonal loss (30,
31) which mimics certain pathologies of the human CNS demy-
elinating disease multiple sclerosis (MS). MHV-induced acute
neuroinflammation and chronic demyelination in mice is an ex-
cellent animal model to study the regulation of Cx43 in astrocytes,
as astrocytes are known to get infected by this virus both in vitro
and in vivo (32, 33).

In vitro and in vivo studies demonstrated that there was a
downregulation of Cx43 expression both at RNA and protein lev-
els. In addition, MHV-A59 infection induced the retention of
Cx43 in ER/ERGIC and affected Cx43-mediated GJIC, which
might be due to altered Cx43 trafficking. To our knowledge, this is
the first report of MHV-induced remodeling of Cx43 expression
and induced alteration of GJIC. Thus, the alteration of expression
of Cx43 in astrocytes might play a role in MHV-induced neuro-
inflammation.

MATERIALS AND METHODS

Preparation of mixed glia cultures. Primary cultures of mixed glia from
newborn mice (day 0 to 1) were prepared as described previously (34),
with minor modifications. Briefly, after the removal of meninges, brain
tissues were minced and incubated in a rocking water bath at 37°C for 30
min in Hanks’ balanced salt solution (HBSS; Gibco) in the presence of 300
pg/ml DNase I (Sigma) and 0.25% trypsin (Sigma). Enzyme-dissociated
cells were triturated with 0.25% of fetal bovine serum (FBS), followed by
a wash and centrifugation (300 X g for 10 min). The pellet was resus-
pended in HBSS and passed through a 70-pm nylon mesh, followed by a
second wash and centrifugation (300 X g for 10 min), and then diluted
with astrocyte-specific medium (Dulbecco’s modified eagle medium con-
taining 1% penicillin-streptomycin, 1% L-glutamine, and 10% FBS). Cells
were plated and allowed to adhere for 1 day in a humidified CO, incubator
at 37°C. After 24 h, all nonadherent cells were removed and fresh astro-
cyte-specific medium was fed. Adherent cells were maintained in astro-
cyte-specific medium until confluence with a medium change every 3 to 4
days.

Isolation of primary astrocytes from mixed glia. After obtaining con-
fluent monolayers of mixed glial cells as detailed above, the addition of
new medium was stopped for 10 days to allow differential adhesion of
astrocytes and microglia. To remove the microglia from the astrocyte
monolayer, the culture flask was thoroughly agitated in an orbital incu-
bator shaker (180 rpm for 45 min at 37°C), followed by an immediate
shake off. Cells suspended in the culture medium then were removed, and
the remaining adherent monolayers of astrocytes were used as enriched
glial cultures for further experimentation. These enriched primary cul-
tures were quantified for GFAP™ astrocytes with the help of immunoflu-
orescence, cell cytometry, and Western blotting and showed that the cells
present in the primary culture were 86.6% * 1.5% to 90.3% = 1.5%
GFAP™ astrocytes (Fig. 1). Double immunolabeling of these astrocytes
with Cx43 and GFAP showed the cells expressed high levels of Cx43,
which was present as distinct puncta on the cell surface of two adjacent
GFAP™ astrocytes (Fig. 2).

Infection of primary astrocytes with MHV-A59. A neurotropic de-
myelinating strain of MHV-A59 was used for studying the effect of virus
infection on astrocyte gap junction communication (35). Primary astro-
cytes were infected with inoculation medium (DMEM containing 1%
penicillin-streptomycin and 1% glutamine with 2% FBS) containing
MHV-A59 at multiplicities of infection (MOI) of 2 and 5 and allowed to
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FIG 1 Enrichment and characterization of astrocytes enriched from mixed glial culture. One confluent monolayer of mixed glial cells (A) and an astrocyte-
enriched primary culture (B) isolated from neonatal mouse brain were labeled with anti-GFAP antibody (astrocytic marker; green) and CD11b (microglia
marker; red). Cells were counterstained with DAPI (nuclear stain; blue). (C) Visual counting of immunostained cells demonstrated that mixed glial cultures
consist of GFAP™ astrocytes (70% = 3.0%) and CD11b™ microglia (9% = 2%), whereas astrocyte-enriched cultures demonstrated a significantly higher
percentage (90.3% = 1.5%) of cells that were positive for GFAP (data were mean values = SEM from three experimental sets having 10 replicates each; ****, P <
0.0001). (D) Five micrograms of total protein from mixed glial cultures as well as astrocyte-enriched cultures was immunoblotted for GFAP and an internal
control, y-actin. (E) Astrocyte-enriched cultures demonstrated 26.3% = 3.4% higher GFAP expression (normalized to internal control actin) than mixed glial
cultures (data were mean values = SEM from three experiment sets; ***, P < 0.001). (F) For quantification, primary astrocytes were immunostained with
FITC-labeled anti-GFAP antibody and subjected to flow cytometric analysis. A total of 86.6% of cells were positive for GFAP (one representative plot of three
experiments is shown).

adhere for 1 h at 37°C in a humidified CO, incubator. After 1 h of incu- Flow cytometry. Primary astrocytes were trypsinized and washed
bation, infected cells were maintained in astrocyte-specific medium con-  thrice in flow buffer (PBS containing Ca®>*/Mg>™", 2% FBS, 0.01% sodium
taining 10% normal serum. Cultures were subjected to different cell bio-  azide) and centrifuged at 500 X g for 5 min at 4°C. Approximately 1 X 10°
logical and biochemical assays at different time points postinfection (p.i.)  cells were added to 5 ml polystyrene round-bottom tubes, washed with 3
as described for each experiment. ml of flow buffer, and centrifuged at 300 X gfor 5 min. Cells were fixed by
Immunofluorescence. Immunofluorescence studies were done ac-  adding 100 pl BD Perm/Fix buffer (BD Biosciences, San Jose, CA) for 15
cording to a protocol described previously (36), with minor modifica-  min. Following a wash with flow buffer, cells were incubated with mouse
tions. For standard immunofluorescence, primary astrocytes were plated  anti-GFAP antibody (1:40; Sigma) diluted in BD Perm/Wash buffer (BD
on etched glass coverslips and fixed with 4% paraformaldehyde (PFA).  Biosciences, San Jose, CA) for 30 min at room temperature (RT). Cells
Permeabilization was done with phosphate-buffered saline (PBS) con-  were washed, centrifuged, labeled with goat anti-mouse fluorescein iso-
taining 0.5% Triton X-100 and blocked with PBS containing 0.5% Triton  thiocyanate (FITC)-conjugated secondary antibody (1:40), and diluted in
X-100 and 2.5% heat-inactivated goat serum (PBS-GS). The cells were =~ BD Perm/Wash buffer for 30 min at RT. After a final wash and centrifu-
incubated with primary antisera diluted in blocking solution for 1 h,  gation, cells were resuspended in 200 pl of flow buffer and subjected to
washed, and then labeled with secondary antisera diluted in blocking so-  flow cytometry using a BD FACSverse flow cytometer and analyzed using
lution. Cells then were washed with PBS, mounted with mounting me-  BD FACSuite software.
dium containing 4’,6-diamidino-2-phenylindole (DAPI; VectaShield, Total protein extraction from astrocyte cultures. Total proteins from
Vector Laboratories), and visualized using a Zeiss confocal microscope  primary astrocytes were extracted as described previously (37), with mi-
(LSM710). Images were acquired and processed with Zen2010 software  nor modifications. Primary astrocytes were washed and harvested with
(Carl Zeiss). PBS containing protease inhibitors. Following centrifugation, cell pellets

2588 jvi.asm.org Journal of Virology March 2016 Volume 90 Number 5


http://jvi.asm.org

FIG 2 Expression of Cx43 at the cell surface of GFAP™ primary astrocytes.
Primary astrocytes were double immune labeled with mouse anti-GFAP (as-
trocyte marker) and rabbit anti-Cx43 antisera. Cells subsequently were labeled
with FITC goat anti-mouse IgG and Texas Red goat anti-rabbit IgG, respec-
tively. Immunostained cells were counterstained with DAPI (blue). Merged
images show that GFAP-positive astrocytes express high levels of punctate
Cx43 staining at the cell surface. Insets show magnifications of the expression
of Cx43 at the cell surface of GFAP ™ astrocytes.

were resuspended in ice-cold protein extraction buffer containing 25 mM
Tris, pH 7.6, 1 mM MgCl,, 1% Triton X-100, 0.5% SDS with 1 X EDTA-
free complete protease inhibitor (Roche, Mannheim, Germany), and
phosphatase inhibitors (1 mM NaVO, and 10 mM NaF) for 30 min with
a mild vortex at regular time intervals. The suspension was centrifuged at
10,000 X g for 15 min at 4°C using an Eppendorf 5415 R centrifuge. The
supernatant was taken as whole-cell lysate and protein content was mea-
sured using the Pierce bicinchoninic acid (BCA) protein assay kit
(Thermo Scientific, Rockford, IL). The whole-cell lysates were resus-
pended in Laemmli’s sample buffer (38) and subjected to Western blot
analysis.

Membrane protein preparation and analysis. Primary astrocytes
were washed, harvested in PBS containing protease inhibitor cocktail
(complete protease inhibitor; Roche, Mannheim, Germany) and phos-
phatase inhibitors (1 mM NaVO, and 10 mM NaF), and then passed
through a Dounce homogenizer 100 times (39). The homogenate was
centrifuged at 500 X g for 5 min using an Eppendorf 5415 R centrifuge,
and the resulting supernatant was centrifuged at 100,000 X g for 30 min
using a Beckman Optima Max ultracentrifuge to obtain a membrane-
enriched pellet. To analyze total membrane connexin expression, this
pellet was resuspended in Laemmli’s buffer and subjected to immunoblot
analysis for Cx43.

For detergent solubilization studies, the membrane-enriched pellet
was resuspended in PBS with protease and phosphatase inhibitors at 4°C
containing 1% Triton X-100 and then incubated for 30 min at 4°C. Care
was taken to ensure that the samples were not warmed to RT during the
extraction procedure. The sample then was centrifuged at 100,000 X g for
30 min and separated into Triton X-100 soluble supernatant and insoluble
pellet fractions (40). The soluble fraction then was diluted into Laemmli’s
sample buffer, while the insoluble fraction initially was resuspended in
PBS with 1% Triton X-100 prior to dilution. Equal volumes of soluble and
insoluble fractions were probed for Cx43 by Western blotting.
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LY dye transfer assay. The gap junction functional coupling between
astrocytes was determined using scrape loading of Lucifer yellow (LY) in
confluent monolayers of primary astrocytes as described previously (41),
with minor modifications. Primary astrocytes were scrape loaded with
PBS containing 4 mg/ml Lucifer yellow CH (Sigma, Saint Louis, MO).
After a 1-min incubation, LY solution was removed from the culture, the
culture was washed thoroughly with PBS, and astrocyte-specific medium
was added. The distance of LY spread from the scrape-loading point to
neighboring cells was imaged using an Olympus IX-81 microscope system
with a Hammatzu Orca-1 charge-couple device (CCD) camera, and the
distance spread was measured using Image]J software.

Western blotting. For immunoblotting, samples were resolved by
SDS-PAGE using a 12% polyacrylamide gel (42), transferred to polyvi-
nylidene difluoride (PVDF) membranes using transfer buffer (25 mM
Tris, 192 mM glycine, and 20% methanol), and blocked for 1 h at RT using
blocking solution (5%, wt/vol, powdered milk dissolved in TBST or Tris-
buffered saline containing 0.1%, vol/vol, Tween 20). The samples then
were incubated overnight at 4°C in primary antisera diluted in blocking
solution, followed by washes with TBST and then a 1-h incubation of
horseradish peroxidase (HRP)-conjugated secondary IgG in blocking so-
lution. The immunoblots were washed in TBST, and then immunoreac-
tive bands were visualized using Super Signal WestPico chemiluminescent
substrate (Thermo Scientific, Rockford, IL). Densitometric analysis of
nonsaturated films was performed using Bio-Rad Quantity One analysis
software (Hercules, CA) or using a Syngene G:Box ChemiDoc system and
GENESys software.

RNA extraction both in vitro and in vivo. To extract total RNA from
mouse tissues, animals were transcardially perfused with diethyl pyrocar-
bonate (DEPC)-treated PBS, after which the brain and liver tissues were
immediately harvested in RNAlater solution (Ambion) and stored at
—20°C for total RNA extraction. Total RNA from astrocytes and brain
tissues was isolated by a Qiagen RNeasy minikit (Qiagen GmbH, Hilden,
Germany) according to the manufacturer’s protocol. RNA was quantified
by absorption at 260 nm and stored at —80°C before use. The first-strand
cDNA was synthesized from 1 g of total RNA with random primers and
MultiScribe reverse transcriptase from a high-capacity cDNA reverse
transcription kit (Applied Biosystems, Foster City, CA). The quality of
cDNA was evaluated by amplification of a housekeeping gene encoding
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Upon obtaining
the amplicons specific for GAPDH, the 20-pl cDNA samples were treated
with 0.5 wl RNase H (Escherichia coli RNase H; 2U/pl stock; Invitrogen)
for 1 h at 37°C. The cDNA samples from liver were checked for the pres-
ence of virus nucleocapsid amplicon using two specific primers, IZ]5 (5'-
GCTCCAACAGTTGGTGCC-3') and 1ZJ6 (5'-ACGTAGGACCTTGCT
AACTTC-3'), and the resulting amplified fragment of 601 bp was
analyzed by 1.2% agarose gel electrophoresis (35).

Real-time quantitative PCR (qPCR) analysis. The cDNA samples
from astrocytes and brain tissues were subjected to real-time PCR using
an ABI Fast 7500 real-time PCR system (Applied Biosystems, Foster City,
CA) with a 10-pl reaction volume. Each reaction mix was prepared using
2X TagMan universal PCR master mix (Applied Biosystems), probe/
primer mix (Solaris; Thermo Scientific), and 50 ng cDNA template.

Real-time qPCR was done in parallel wells using probe/primer mix
specific for the target Cx43 (GJA1) gene and a gene for an internal control,
B-actin (ACTB), with TagMan universal PCR master mix assays per-
formed in replicate. A nontemplate control was included in all experi-
ments. The results of relatively quantitative real-time PCR were analyzed
by the comparative threshold cycle (AAC;) method and normalized by
B-actin as an internal control. Finally, products amplified by real-time
PCR were subjected to 4% agarose gel electrophoresis to confirm the
presence of specific amplicons.

Inoculation of mice. Four-week-old, MHV-free, C57BL/6 mice were
intracranially inoculated with 50% of the 50% lethal dose (LDs,) of
MHV-A59 (2,000 PFU) and were monitored daily for signs and symp-
toms of disease (30, 35). Mice mock infected with PBS-bovine serum
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albumin (BSA) were maintained in parallel. The mice were sacrificed at
the peak of inflammation (day 5 p.i.). Mice were transcardially perfused
with PBS-DEPC (Sigma) and treated with PBS for RNA extraction. Liver
and brain tissues were harvested for experimentation.

Isolation of total protein from brain. To analyze Cx43 expression in
vivo, total protein was extracted from brain as described previously (43),
with minor modifications. Brains were flash frozen in liquid N, and im-
mediately dissolved in PBS containing 2% SDS, 1X EDTA-free complete
protease inhibitor (Roche), and phosphatase inhibitors (1 mM NaVO,
and 10 mM NaF). The lysates were sonicated thrice on ice at a 30% am-
plitude of 30 kHz for 0.5 s using a Sartorius Labsonic M sonicator. The
samples then were centrifuged for 20 min at 10,000 X g at 4°C in an
Eppendorf 5415 R centrifuge. The supernatants were taken and total pro-
tein content was estimated with a Pierce BCA protein assay kit (Thermo
Scientific). Twenty micrograms of total protein was loaded for each sam-
ple, and they were probed for Cx43 as well as for an internal control,
y-actin (Biobharati Lifescience Pvt. Ltd., Kolkata, India), by Western
blotting.

Tissue processing and double-label immunofluorescence of frozen
sections. Mock- and MHV-A59-infected mice (day 5 p.i.) were perfused
transcardially with PBS, followed by cold PBS containing 4% PFA. Brains
were harvested in 4% PFA for 6 h and then placed at 4°C for 4 h in 10%
sucrose, followed by 30% sucrose overnight. Tissues were embedded with
OCT medium (Tissue Tek, Hatfield, PA), sectioned sagitally with the help
of Cryotome (Thermo Scientific) to 10-pum thickness, and mounted on
charged glass slides. Immunostaining was done as described previously
(32). Frozen tissue sections were washed with PBS at RT to remove cryo-
matrix. Tissues then were incubated for 1 h at RT with 1 M glycine in PBS
to reduce nonspecific cross-linking, followed by a 10-min incubation at
RT with 1 mg/ml NaBH, in PBS to reduce autofluorescence. Slides were
washed with PBS and incubated with blocking serum containing PBS with
0.5% Triton X-100 and 2% goat serum (GS). The sections were incubated
overnight at 4°C with a primary antiserum diluted in blocking serum,
washed, and subsequently incubated with secondary antiserum diluted in
PBS with GS for 2 h at RT. All incubations were carried out in a humidified
chamber. After PBS washing, sections were mounted with DAPI contain-
ing mounting medium and were imaging using an Olympus IX-81 epifluo-
rescence microscope or Zeiss confocal microscope (LSM710), as specified.
The images were processed with the help of Image] software.

Colchicine treatment of primary astrocytes. Primary astrocytes were
treated with 100 wM colchicine (44) for 24 h (45) to depolymerize the
microtubule network, as this concentration of colchicine was found to be
effective at disrupting the microtubule network in primary astrocytes in
earlier studies. After 24 h of colchicine treatment, primary astrocytes were
processed for Cx43 staining as described above.

Statistical analyses. All values shown are mean values = SEM (stan-
dard errors of the means). Student’s unpaired ¢ test was used to identify
significant differences in two-group comparisons. The tests were two-
tailed. One-way analysis of variance (ANOVA) was used to make statisti-
cal comparisons between three experimental groups, after which pairwise
comparisons were made using the post hoc Tukey method for multiple
testing. For all experiments, statistical significance was set at P < 0.05.

RESULTS
Retention of Cx43 in the perinuclear compartment of MHV-
A59-infected astrocytes. Primary astrocytes were infected with
MHV-A59 at MOIs of 1 (Fig. 3) and 2 (Fig. 4). At different times
postinfection, cells were fixed and subjected to immunofluores-
cence. For double labeling, astrocytes were stained for both Cx43
(Fig. 3 and 4, red) and viral antigen/nucleocapsid protein (Fig. 3
and 4, green). Cells were counterstained with DAPI (Fig. 3 and 4,
blue).

In culture, a heterogenous population of astrocytes remains
visible as aggregations of cells, as well as large individual cells of a
fibrous nature. In the lower-dose viral inoculum at an MOI of 1
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Mock (A) & 12 h (B) p.i.

241 (C) & 36 h (D) p.i.

36 h p.i.

MOI 1

50 um

FIG 3 Intracellular localization of Cx43 in MHV-A59-infected primary astro-
cytes at an MOI of 1. Primary astrocytes were mock infected (A) or infected
with MHV-A59 at an MOI of 1 (B to E) and subjected to double-label immu-
nofluorescence with anti-Cx43 antisera (red) and antiviral nucleocapsid (N)
antisera (green). Astrocytes demonstrated heterogeneous morphology. At this
low viral dose, syncytia were not found to be present, even at 36 h p.i. Infected
cells showed characteristic intracellular retention of Cx43 upon viral infection.
Astrocytes which were part of a confluent monolayer (B to D), as well as
astrocytes which grew as isolated large single cells (E), showed similar reten-
tion of Cx43 in an intracellular compartment after infection.

(Fig. 3B to E), the cells did not form syncytia even at 36 h p.i.
Specifically, infected astrocytes, positive for viral nucleocapsid
(N) protein, showed Cx43 retention within the intracellular com-
partment. Mock-infected cultures showed typical Cx43 staining at
the cell surface (Fig. 4A, C, and E). Upon MHV-A59 infection at
an MOI of 2 (which was the best-optimized experimental condi-
tion), Cx43 was localized in the intracellular compartment and
mostly colocalized with viral N protein. At 12 h p.i., Cx43 was
distributed both in the intracellular compartment (Fig. 4B, thick
arrow) as well as at the cell surface (thin arrow). At 24 h p.i., the
majority of cells were infected and showed intracellular localiza-
tion of Cx43 (Fig. 4D, thick arrow) with very little distribution at
the cell surface (Fig. 4D, thin arrow). This altered localization of
Cx43 was independent of visible cytopathic effect, alteration of
cellular morphology, or cell-to-cell fusion. Indeed, prominent vis-
ible syncytium formation was not observed, consistent with prior
studies on primary astrocytes infected with MHV-A59 (46). Inter-
estingly, both at 12 and 24 h p.i., the alteration of Cx43 expression
was restricted to virus-infected cells only. In the MHV-A59-in-
fected culture, the cells which were anti-N negative showed the
presence of Cx43 at its cell surface (Fig. 4B and D, thin arrow). At
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FIG 4 Intracellular localization of Cx43 in MHV-A59-infected primary astro-
cytes at an MOI of 2. Primary astrocytes were mock infected (A, C, and E) or
infected with MHV-A59 at an MOI of 2 (B, D, and F). Cells were subjected to
double-label immunofluorescence at 12 h (A and B), 24 h (Cand D),and 36 h
(E and F) p.i. with anti-Cx43 antisera (red) and anti-N antisera (green). Cells
were visualized at 40X on a laser-scanning microscope. (A, C, and E) For the
mock-infected cells, Cx43 was localized at the cell surface (thin arrow) with
very minimal distribution in the intracellular compartment. In contrast, in
MHYV-A59-infected cells Cx43 was localized primarily in the intracellular
compartment with very minimal distribution at the cell surface and was mostly
colocalized with anti-N antisera (B, D, and E, thick arrow). Interestingly, in-
tracellular retention of Cx43 was restricted to infected cells only. Cells negative
for viral-N (B and D, thin arrow) did not show retention of Cx43 in an intra-
cellular compartment. At each time point p.i., mock-infected cells (A, C, and
E) expressed Cx43 at the cell surface (thin arrow), whereas Cx43 was localized
mainly in the perinuclear compartment (B, D, and F, thick arrow) and partially
colocalized with viral N protein in infected cells. To better illustrate these
observed localization patterns, a single cell from the confluent astrocyte mono-
layer is shown at higher magnification in an inset.

36 h p.i., similar retention of Cx43 was observed in virus-infected
cells only (Fig. 4F). Localization of Cx43 at the single-cell level is
shown in insets in each figure. The intracellular compartment
retained Cx43, mostly colocalized with the ER marker calnexin
(Fig. 5B, thick arrow) and endoplasmic reticulum Golgi interme-
diate complex (ERGIC) marker 3-Cop (Fig. 5D, thick arrow). In
contrast, Cx43 was observed predominantly at the cell surface
with characteristic punctate staining in mock-infected astrocyte
cultures without colocalization with calnexin or B-cop (Fig. 5A
and B, thin arrow).
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FIG 5 Localization of Cx43 predominantly in the ER/ERGIC of virus-infected
cells. Primary astrocytes were mock infected or infected with MHV-A59 at an
MOI of 2 and were subjected to double-label immunofluorescence at 24 h p.i.
with anti-Cx43 antisera (red) and anti-calnexin (green) or anti-f3-cop antisera
(green). The images show prominent punctate staining of Cx43 at the cell
surface (A and C, thin arrow), forming gap junction plaques, in mock-infected
cells. Cx43 in the virus-infected cells, which was retained in the intracellular
compartments, mostly colocalized with the ER marker calnexin and/or ERGIC
marker B-cop (B and D, thick arrow).

Downregulation of Cx43 protein and RNA due to MHV-A59
infection. It has been reported previously that systemic human
influenza virus infection can cause the downregulation of Cx43
expression in the CNS. Similarly, our study demonstrated that
neurotropic MHV infection can cause the downregulation of
Cx43.

To determine MHV-A59-induced alteration of Cx43 expres-
sion at the protein level, immunoblotting was performed on
proteins isolated from mock-infected as well as from MHV-A59-
infected astrocytes. Primary astrocytes were infected with MHV-
A59 at MOIs of 2 and 5. At 24 h p.i., total protein was extracted and
the concentration was measured, and 5 g of total protein was
loaded for immunoblotting, probed with either rabbit anti-Cx43
antibody (Sigma), rabbit anti-GFAP antibody (Sigma), or internal
control rabbit anti-y-actin antibody (Biobharati Lifescience Pvt.
Ltd.), and detected with HRP goat anti-rabbit secondary anti-
body. This experiment demonstrated that due to MHV-A59 in-
fection, Cx43 expression was downregulated compared to the
level for the control (Fig. 6A). Virus-mediated altered expression
of Cx43 was specific, as GFAP expression was found not to be
altered upon virus infection (Fig. 6A).

Comparative densitometric analysis revealed a 36.3% * 3.3%
reduction of Cx43 at an MOI of 2 and 40.8% = 6.8% reduction at
an MOI of 5 compared to Cx43 expression in mock-infected as-
trocytes (Fig. 6B). Compared to mock-infected astrocytes, astro-
cytes infected at MOIs of both 2 and 5 showed statistically signif-
icant alteration of Cx43 (****, P < 0.0001), but the differences in
expression levels between groups infected at MOIs of 2 and 5 were
not statistically significant. The reduced expression of Cx43 pro-
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FIG 6 Reduction of Cx43 protein expression due to MHV-A59 infection. Primary astrocytes were either mock infected or infected with MHV-A59, and total
protein was extracted at 24 h p.i. Protein (5 pg) was resolved in SDS-PAGE, transferred to a PVDF membrane, and immunoprobed. (A) Upon infection with
MHV-A59, whole-cell Cx43 protein levels were decreased compared to those of mock-infected cells. The internal loading control y-actin showed similar signal
intensity for all experiments. (B) Densitometric analysis showed that there was a 36.3% = 3.3% (at an MOI of 2) and 40.8% =* 6.8% (at an MOI of 5) reduction
in total Cx43 for MHV-infected cells compared to the level for mock-infected control cells. The total proteins isolated from primary astrocytes also were probed
for GFAP, but expression was found to be similar in all experimental groups. The mean * SEM incidences of six experimental replicates from three different

experiments are shown (****, P < 0.0001).

tein implies increased degradation and/or reduced synthesis.
Thus, it was further determined whether MHV-A59 infection af-
fects relative Cx43 mRNA expression. Due to the limited availabil-
ity of primary astrocytes from neonatal mouse brain, further ex-
periments were performed atan MOI of 2 at 24 h p.i., representing
the best-optimized experimental condition.

RNA extraction and ¢cDNA synthesis was done from both
mock-infected and MHV-A59-infected (at an MOI of 2) cells.
Fifty nanograms of cDNA template was used for real-time qPCR
analysis for both Cx43 (target gene; GJA1) and B-actin (internal
control; ACTB) expression using a TagMan probe method. Real-
time PCR showed that Cx43 transcripts expressed by MHV-A59
primary astrocytes were 3.49- = 0.25-fold reduced compared to
levels for mock-infected astrocytes (Fig. 7A). This Cx43 down-
regulation was statistically significant (***, P < 0.001). The qPCR
product was resolved in 4% agarose gel, and amplicon-specific
product was visualized (Fig. 7B).

Alteration of Cx43-mediated gap junction plaque formation
due to MHV-A59-induced stress. Following MHV-A59 infec-
tion, the amount of Cx43 expressed in total membrane fractions
was reduced compared to that in mock-infected cells (Fig. 8A).
Similarly, immunofluorescence, immunoblotting, and real-time
qPCR data revealed a total reduction of Cx43 as well as reduced
surface expression of Cx43 due to MHV-A59 infection irrespec-
tive of viral dose. The amount of Cx43 reduction at the cell surface
(visual observation) is not reflected in the reduction at the total
protein or RNA level. As previously shown (Fig. 3 and 4), this
reduction of Cx43 expression at the cell surface was due to the
retention of Cx43 in the ER/ERGIC.

Experiments by Musil and Goodenough (40) showed that
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FIG 7 Reduction of Cx43 mRNA abundance in viral infection. Primary astro-
cytes were infected with MHV-A59 at an MOI of 2, and mock-infected cells
were maintained in parallel. RNA was extracted at 24 h p.i., and subsequently
cDNA was synthesized. Equal amounts of cDNA template were used for gPCR
analysis. The relative expression of Cx43 mRNA was obtained using the AAC;-
method. (A) Compared to that of mock-infected cells, Cx43 expression was
3.49- =+ 0.25-fold downregulated after MHV-A59 infection. The end products
of the qPCR of Cx43 and an internal control, B-actin, were resolved in a 4%
agarose gel and are shown in panel B. Mean = SEM incidences from three
different experiments are shown (***, P < 0.001).
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FIG 8 Confirmation of reduced gap junction plaque formation due to infec-
tion using Triton X-100 solubilization. Primary astrocytes were infected with
MHV-A59 at an MOI of 2, and mock-infected cells were maintained in paral-
lel. A membrane-enriched fraction was isolated from homogenized cells from
each culture, and then protein was solubilized in the presence of 1% Triton
X-100 at 4°C. Subsequently, these fractions were loaded in a gel and probed for
Cx43. (A) Compared to levels for mock-infected controls, a reduction in both
the total membrane fraction as well as the Triton X-100 insoluble fraction was
observed upon MHV-A59 infection. (B) The amount of Cx43 present in the
total membrane fraction was reduced 38.4% * 6.9% in virus-infected cells
compared to the level for mock-infected cells (means = SEM; n = 3; %, P <
0.05). In mock-infected cultures, most of the Cx43 (81.6% = 3.2%) was
pooled in the Triton X-100 insoluble (Ins) fraction, whereas only 18.4% =+
3.3% was pooled in the soluble (Sol) fraction. In contrast, in MHV-A59-in-
fected astrocytes (at an MOI of 2 at 24 h p.i.), large fractions of Cx43 (50.6% *
2.5%) appeared in both the Triton X-100 soluble fraction and the Triton X-100
insoluble gap junction plaques (49.4% = 2.5%). The insoluble versus soluble
fraction ratio was calculated for mock- and virus-infected astrocytes. For vi-
rus-infected astrocytes this ratio (1.01) was significantly lower than that for
mock-infected astrocytes (5.05; ***, P < 0.001).

Cx43 assembled into gap junction plaques is resistant to 1% Tri-
ton X-100 solubilization at 4°C, while remaining Cx43 dissolves in
the Triton X-100 soluble fraction. Therefore, Triton X-100 solu-
bilization was performed to determine whether MHV-A59 infec-
tion promotes the retention of Cx43 in the intracellular compart-
ment instead of it being trafficked to the cell surface to form gap
junction plaques.

The membrane fraction was isolated from cells and was solu-
bilized using 1% Triton X-100 at 4°C, separated into detergent-
soluble and -insoluble fractions, and probed for Cx43 (39, 40).
Mock-infected astrocytes showed that the majority of Cx43
(81.6% = 3.2%) was pooled into the Triton X-100 insoluble frac-
tion. In contrast, MHV-A59-infected astrocytes accumulated
large amounts of Cx43 in the Triton X-100 soluble fraction
(50.6% * 2.5%) (Fig. 8B). Hence, the insoluble/soluble fraction
ratio of Cx43 expression was significantly higher (***, P < 0.001)
for mock-infected astrocytes than that for virus-infected astro-
cytes. This experiment demonstrated that upon infection, a sig-
nificant amount of Cx43 failed to traffic to the cell membrane to
form gap junction plaques.

Inhibition of functional gap junction coupling due to virus
infection. LY is a small molecule (457 Da) that moves freely
through gap junctions from loaded cells to neighboring ones. Due
to MHV-A59 infection there was a clear alteration of Cx43 mRNA
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expression, protein expression, and trafficking to the cell surface.
To understand whether this change could affect functional gap
junction communication between astrocytes, cells were scrape
loaded with LY and the distance of dye spreading from the tip of
the scrape-loading zone (arrow) was measured for mock- and
virus-infected cells (Fig. 9A). Upon infection, LY dye spread was
significantly reduced, 46.3% * 0.6% (for an MOI of 2; **, P <
0.01) and 53.6% = 5.96% (for an MOI of 5; **, P < 0.01), com-
pared to that of mock-infected cells (Fig. 9B). The alteration be-
tween groups infected at MOIs of 2 and 5 was not statistically
significant. The depletion of Cx43 gap junction plaque formation
due to MHV-A59 infection could be the basis of reduced func-
tional gap junction coupling between astrocytes.

Downregulation of Cx43 expression in vivo in MHV-A59-
infected mice. Astrocytes, the most abundant glial cells in the
CNS, maintain cerebral homeostasis and provide functional sup-
port (3). These cells mainly express Cx43 that takes part in the
formation of functional syncytia among themselves as well as
other CNS cells (47).

To understand whether alteration of Cx43 in vitro could be
reflected in vivo, mice were intracranially inoculated with MHV-
A59 at 50% of the LD5, or with PBS-BSA for mock-inoculated
mice. Tissues were processed at day 5 p.i. (peak of inflammation)
from virus-infected as well as mock-inoculated mice to extract
RNA along with total protein. As hepatitis and the presence of
virus in hepatocytes is the index of viral infection in the acute
phase of infection, total RNA was extracted from liver, cDNA was
synthesized, and the viral N gene was detected by PCR. Amplifi-
cation of the viral N gene resulted in a specific PCR product which
was obtained from virus-infected mice, but no amplicon was ob-
served for mock-infected mice (Fig. 10A). Upon confirmation of
infection, RNA was extracted from brains and cDNA was pre-
pared. These samples were subjected to qPCR and normalized by
B-actin as an internal control. With real-time qPCR quantifica-
tion, the infected mice showed a 3.13- = 0.06-fold downregula-
tion of Cx43 compared to that of mock (n = 3)-infected mice (Fig.
10B). This difference was statistically significant (****, P <
0.0001). To examine changes in Cx43 expression at the protein
level, total protein was extracted from mouse brains and probed
for Cx43 as well as y-actin. Total protein also was probed for the
astrocyte marker GFAP. Upon MHV-A59 infection, there was a
reduction in total Cx43 protein expression. Noticeably, the reduc-
tion of the Cx43 protein expression in brain was more prominent
in mice with a higher viral load, as quantified by viral N gene-
specificamplicon. A major reduction in phosphorylated isoforms,
which are located mainly at the cell membrane and are involved in
intracellular signaling (48), was observed upon MHV infection
(Fig. 10C). Viral nucleocapsid proteins were detected from the
CNS of infected mice, confirming that the reduction of Cx43 ex-
pression correlated with MHV-A59 infection (data not shown).
Similar to the in vitro data, the change of Cx43 was found to be
specifically regulated by MHYV infection. The nonphosphorylated
form of Cx43 (42 kDa) expression was reduced 20.1% after MHV-
A59 infection, whereas a 43.2% reduction was observed in phos-
phorylated forms of Cx43 (44 kDa and 46 kDa) after viral infec-
tion (Fig. 10D). This reduction was statistically significant (*, P <
0.05). GFAP expression was not altered in MHV-infected brain
tissues. The reduced Cx43 expression of MHV-A59 in the brain of
infected mice at day 5 p.i. resolved later in the disease, as levels
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FIG 9 Loss of functional gap junction communication between astrocytes after virus infection. Confluent astrocyte monolayers were infected with MHV-A59
at MOIs of 2 and 5 for 24 h, and mock-infected control cells were maintained in parallel. (A) The cells were scrape loaded with 4 mg/ml Lucifer yellow (LY), which
was allowed to diffuse through gap junctions. Following scrape loading of LY (arrow), the dye was transferred to a greater distance in control astrocytes than in
infected astrocytes at an MOI of either 2 or 5. The average distance of LY spread was measured and expressed as a ratio of the distance spread in virus-infected
versus mock-infected cells. (B) The average dye spread in infected cells was significantly reduced to 46.3% * 0.6% (for an MOI of 2; **, P < 0.01) or 53.6% *
5.96% (for an MOI of 5; **, P < 0.01) of the spread measured in mock-infected cells. The small difference in spread between cells infected at an MOI of 2 and 5
was not statically significant. The mean *+ SEM measurements of three different experiments are shown.

became comparable to normal levels in mock-infected mice at day
30 p.i. (Fig. 11).

Alteration of Cx43 in astrocytes present in mouse brain fol-
lowing MHV-A59 infection. To examine alterations of Cx43 ex-
pression specifically in and around areas of infection, frozen sec-
tions were immunostained with either GFAP (red) and viral N
(green) or Cx43 (red) and viral N (green) protein, followed by
counterstaining of the nucleus with DAPI (blue). GFAP™ astro-
cytes were found to be infected (Fig. 12D to F, thick arrow) in vivo,
although the cell morphology of the infected astrocytes was found
be unaltered from that of the mock-infected brain sections (Fig.
12A and C, thin arrow). Cx43 was observed to be expressed abun-
dantly as prominent puncta in mock-infected mouse brains (Fig.
12G and [, thin arrow). In contrast, Cx43 expression was reduced
in virus-infected mouse brains (Fig. 12] to L, thick arrow).

Alteration of Cx43 expression in colchicine-treated primary
astrocytes. To understand whether the retention of Cx43 in an
intracellular compartment could be due to a trafficking defect of
Cx43 along microtubules due to virus-specific utilization of the
microtubule network, primary astrocytes were treated with col-
chicine in the absence of virus. Confluent monolayers of primary
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astrocytes were treated with 100 wM colchicine, a known micro-
tubule-depolymerizing agent. Untreated cells were maintained in
parallel as a control. After 24 h, cells were subjected to Cx43 (red)
immunolabeling and counterstained with DAPI (blue). Cx43 was
present as prominent characteristic puncta in untreated cells
(Fig. 13B and C, thin arrow), but colchicine-treated cells showed
Cx43 was distributed in an intracellular compartment in a pattern
similar to that observed in virus-infected cells (Fig. 13E and F,
thick arrow). Hence, virus-induced disruption of tubulin-Cx43
interaction could be a major cause of retention of Cx43 in an
intracellular compartment.

DISCUSSION

In our study, it was shown that MHV-A59 can directly cause in-
fection in primary astrocytes. MHV-A59 infection induced the
downregulation of Cx43 at both mRNA and total protein levels.
Beyond the alteration of Cx43 synthesis, it was observed that the
majority of Cx43 was localized in a perinuclear region of virus-
infected cells, mostly colocalizing with viral nucleocapsid (N) pro-
tein. This Cx43 pool was found to be unable to reach the cell
surface to form Triton X-100 insoluble gap junction plaques. As a
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FIG 10 Alteration of Cx43 in mouse brain due to MHV-A59 infection. Mice were infected intracranially with MHV-A59 at 50% of the LD, or with PBS-BSA
for mock-infected mice. Mice were sacrificed at day 5 p.i., after which their liver and brain tissues were processed for RNA extraction. cDNA was synthesized from
RNA of the brains and livers. To confirm infection, cDNAs from liver were amplified for virus-specific antinucleocapsid primers (IZJ5 and 1ZJ6). (A) Intracranial
injection of mice with the virus showed the presence of nucleocapsid-specific amplicons (Infected lanes 1, 2, and 3) in liver. As expected, no such amplification
was noted from mock-inoculated mice (Mock lanes 1 and 2). (B) Real-time qPCR analysis of the RNA samples from brain showed a significant 3.13- = 0.06-fold
reduction in relative abundance of Cx43 mRNA after MHV-A59 infection. The mean * SEM incidences from three different mice are shown. (****, P < 0.0001;
n = 3). Total protein was extracted from brain, and 20 g of protein was resolved in SDS-PAGE, transferred to a PVDF membrane, and probed for Cx43 or the
internal control, y-actin. (C) Following infection with MHV-A59, the total Cx43 expression level was reduced, with a significant reduction observed for both 44-
and 46-kDa isoforms of Cx43. This alteration was specific for Cx43, as GFAP expression was not changed significantly upon virus infection. Infection in mouse
brains was confirmed by the presence of viral nucleocapsid protein (data not shown). (D) The nonphosphorylated form of Cx43 (42 kDa) expression was reduced
20.1% after MHV-A59 infection, whereas a 43.2% reduction was observed in phosphorylated forms of Cx43 (44 kDa and 46 kDa) after viral infection. The
mean * SEM incidences from three different animals is shown (*, P < 0.05).

result of these alterations, functional gap junction communica-
tion was reduced between astrocytes in primary culture, as dem-
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To the best of our knowledge, this is the first report showing
that MHV-A59-induced cellular stress may affect Cx43 trafficking
to the cell surface. Cx43 was localized in the ER and ERGIC of

= infected cells instead of forming gap junction plaques. The re-
Cx43 QS QS = = duced synthesis and accumulatiogn if C;(43 inside the intracellular
compartment successively altered the functional coupling be-
tween astrocytes, which might play a major role in altered CNS
homeostasis during acute infection. In vivo, a noticeable reduction
in 44- and 46-kDa isoforms of Cx43 was observed. These isoforms
are known to be located primarily in cell membrane and to form
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FIG 12 In situ immunofluorescence data on infected brain tissue demonstrated alteration of Cx43 in GFAP-positive astrocytes. Cryosections of brain
tissue from MHV-A59-infected and mock-infected mice were double immunolabeled for either GFAP (red) and viral N (green) protein (A to F) or Cx43
(red) and viral N (green) protein (G to L). Cells were counterstained with DAPI. Mock-infected (A to C) and virus-infected (D to F) astrocytes appeared
to be morphologically normal (thin arrow in panels A and C and thick arrow in panels D and F). Abundant punctate Cx43 staining was observed (thin
arrow in panels G and I) in mock-infected brain tissue. In contrast, significant loss of Cx43 staining was observed in MHV-A59-infected brain tissue (thick

arrow in panels J and L).

reduced in vivo and in vitro. It has been reported that MHV hijacks
the host translational machinery to produce its own proteins
which may arrest the synthesis of a large number of host cellular
mRNAs (49), and virus-induced host translational shutoff can
directly downregulate mRNAs that have a short half-life. As a
consequence, Cx43 mRNA, with a short half-life (50, 51), may
have been downregulated directly due to MHV infection. In addition,
current studies have shown that unfolded protein responses (UPR)
induced by ER stress result in the fast downregulation of Cx43 expres-
sion at both protein and mRNA levels (52). Thus, it is also possible
that viral infection-mediated ER stress leads to the accumulation of
Cx43 in the perinuclear region, subsequently inducing the down-
regulation of Cx43 mRNA and protein.

Although it was observed that virus infection in astrocytes in-
duced the retention of Cx43 in the intracellular compartment, the
underlying mechanism was not known. Cx43 directly binds to
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microtubules (53) and gets transported to the cell membrane
along the microtubules (54). A recent in vitro study showed a
demyelinating strain of MHYV is preferentially transported by mi-
crotubules in neurons (45). MHV-A59 proteins are also targeted
to the Golgi apparatus (GA), inducing fragmentation of the GA
and rearrangement of the microtubule network (55). Thus, the
virus-specific utilization of the microtubule network may hin-
der Cx43 transport to the cell surface. Indeed, results here show
colchicine-treated astrocytes have similar retention of Cx43 in
the intracellular compartment, as seen in virus-infected astro-
cytes. This experiment showed that in vitro, in the absence of
virus, depolymerization of the microtubule network affects
Cx43 trafficking in a manner similar to that of viral infection.
Results suggest Cx43 and microtubule association during in-
fection needs to be further investigated as a mechanism medi-
ating effects of MHV-A59-induced demyelinating disease.
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FIG 13 Retention of Cx43 in an intracellular compartment in colchicine-treated primary astrocytes. Primary astrocytes were treated with 100 wM colchicine, a
known microtubule-depolymerizing agent, and untreated astrocytes were maintained in parallel as a control. After 24 h, the cells were subjected to immuno-
fluorescence for Cx43 (red), and DAPI (blue) was used to counterstain the nuclei. Untreated astrocytes showed characteristic punctate staining of Cx43 at the cell
surface (B and C, thin arrow). In colchicine-treated astrocytes, Cx43 was localized mainly in the intracellular compartment (E and F, thick arrow) and was

depleted from the cell surface.

Results of the current studies provide important insights
into the virus-induced alteration of GJIC between astrocytes.
Cx43 not only is involved in maintaining homeostasis among
astrocytes but also is equally important in forming heterotypic
gap junction channels with the oligodendrocytic GJ protein
Cx47 present in glial networks in the CNS. Astrocyte/oligoden-
drocyte heterocellular coupling is important for maintaining
the integrity of oligodendrocyte function as well as normal
myelin formation. The underlying mechanism predicts that
these GJCs play a crucial role in oligodendrocyte K* ion buff-
ering and metabolite homeostasis (47). In addition, Cx43 also
mediates different signaling pathways that might be linked to
myelination and maintenance of myelin in vivo. For example, a
recent study showed that ATP released from axons mediates
the release of leukemia inhibitory factor (LIF) from astrocytes,
which in turn induces myelin oligodendrocyte glycoprotein
(MOG) production and myelination by mature oligodendro-
cytes (56). Perhaps astrocyte-to-oligodendrocyte GJCs propa-
gate one or more of these signals (47).

Moreover, Cx43 has been shown to control Cx47 phosphory-
lation and stability in gap junctions, and the loss of Cx43 may
result in the secondary loss of Cx47 at astrocyte/oligodendrocyte
GJCs (57). Previous studies have shown that the deletion of astro-
cytes Cx43 and Cx30 (10) or oligodendrocytes Cx47 and Cx32
(58) can cause pathological conditions featuring demyelination
and oligodendrocyte cell death. In a human channelopathy,
ODDD, Cx43 mutation can cause the loss of visual function and
demyelination, which is similar to effects of MS (59). Further-
more, Cx43/Cx47 is reported to be critical for human myelination
under disease conditions (60, 61). The loss of Cx47 in a mouse
model causes severe myelin loss and microglial activation (62),
which are major pathological hallmarks of MHV-induced demy-
elination (63) and of human MS. Therefore, the loss of Cx43 in
astrocytes initiated during acute neuroinflammation, as observed
here, may have a significant impact on oligodendroglial pathology
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during chronic inflammation which subsequently can contribute
to myelin degeneration and expansion of demyelinating lesions
(64).

Furthermore, it is evident that astrocyte/oligodendrocyte gap
junction communication via Cx43/Cx47 is severely reduced not
onlyin and around chronic MS lesions but also in normal-appear-
ing white matter (NAWM) in MS and therefore may be a contrib-
uting factor to disease progression.

Early stages of neuroinflammation in a model of MS provided
evidence of marked reduction of Cx43 linked with disruption of
GJ communication between astrocytes and oligodendrocytes, but
data identifying mechanisms of initial Cx43 alteration were lack-
ing. The current study in a virus-induced neuroinflammatory
model suggests a cause-effect relationship between viral infection,
trafficking and expression of Cx43, and potentially subsequent
demyelination. In summary, our study showed that Cx43 synthe-
sis and its membrane docking machinery were significantly mod-
ified in astrocytes due to MHV-A59 infection, which in turn led to
the failure of intercellular gap junction communication. The lack
of intercellular communication between glial cells may be one of
the major cellular determinants of chronic progressive demyeli-
nation.
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