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Abstract Classical swine fever is a contagious disease of

pigs characterized by fatal hemorrhagic fever. Classical

swine fever virus (CSFV) induces the expression of

pro-inflammatory and pro-coagulant factors of vascular

endothelial cells and establishes a long-term infection. This

study aimed to understand the effect of CSFV on endo-

thelial connexin 43 (Cx43) expression and gap junctional

intercellular coupling (GJIC). Porcine aortic endothelial

cells were infected with CSFV at different multiplicity of

infection for 48 h. Semi-quantitative RT-PCR, immuno-

confocal microscopy, and Western blotting showed that the

transcription and translation of Cx43 were reduced, and

this was associated with an attenuation of GJIC. This

decrease occurred in a time-dependent manner. An ERK

inhibitor (PD98059), a JNK inhibitor (SP600125), and

proteasome/lysosome inhibitors all significantly reversed

the reduction in Cx43 protein levels without any influence

on the titer of progeny virus. In addition, CSFV activated

ERK and JNK in a time-dependent manner and down-

regulated Cx43 promoter activity, mainly through

decreased AP2 binding. This effect was primarily caused

by the replication of CSFV rather than a consequence of

cytokines being induced by CSFV infection of endothelial

cells.

Introduction

Classical swine fever virus (CSFV) is a small enveloped

virus with a single-stranded (?) RNA genome of 12.5 kb

belonging to the genus Pestivirus in the family Flaviviri-

dae. The genome has a single open reading frame that

encodes 12 structural and non-structural viral proteins

[3, 4]. CSFV causes classical swine fever (CSF), which

poses a significant threat to the pig industry, with high

morbidity and mortality, and only a few countries have

implemented vaccination programs. Due to its contagious

nature and difficulty of control, it is a disease that is listed

as notifiable to the OIE. The clinical symptoms of CSF are

characterized by hemorrhagic diathesis, thrombosis,

petechiation, leukopenia, and hematologic depletion in

lymphoid organs; these symptoms can be mild or severe

depending on age, breed, and virulence of the strain [3, 22].

Macrophages and endothelial cells are the primary sites for

CSFV replication, and then lymphoreticular cells and cer-

tain epithelial cells become further predominant sites.

CSFV up-regulates pro-inflammatory and pro-coagulant

factors of endothelial cells and increases permeability,

which triggers the sequential events associated with vas-

cular dysfunction [3, 4]. This haemostatic imbalance and

consumptive coagulopathy partly underlie the multiple

hemorrhages of the organs caused by CSFV, but much

remains unknown [4, 22]. Unlike other viral hemorrhagic

diseases, such as African swine fever and dengue, the

degradation of an initiator of the cascade of a/b interferon,

interferon regulatory factor 3 (IRF3), is induced by the
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CSFV protein, Npro, and CSFV also blocks apoptosis of

infected cells at various levels by inactivation of caspase-3,

caspase-7, caspase-8, and the mitochondrial checkpoints,

thereby establishing a long-term infection without causing

a cytopathic effect [2, 4, 7, 13, 30].

Gap junctions made of connexin molecules mediate

direct intercellular communication. In the endothelial

monolayer of the vascular wall, these junctions contribute

to the maintenance of the functional integrity of the cells

[20, 33]. There is growing evidence to suggest that endo-

thelial dysfunction is associated with several types of stress

events, including high glucose, the presence of nicotine,

and hyperlipidemia, and such dysfunction is associated

with down-regulation of the gap junction [18, 28, 32, 34].

On the other hand, reduction of endothelial connexin 43

(Cx43) has been reported to enhance the expression of pro-

coagulant factors directly [34]. Since CSFV has been

shown to disturb the haemostatic balance, this raises the

possibility that the endothelial gap junction is altered

during infection. To this end, we examined the expression

of Cx43, a member of connexin family that is predomi-

nantly expressed in endothelial cells, the integrity of the

gap junctional intercellular communication (GJIC), and its

signaling pathway following CSFV infection. Our data

show that CSFV down-regulates the Cx43 and attenuates

GJIC through the MAPK pathway. This effect can be

attributed to the replication of CSFV and can be augmented

by increasing the dose of CSFV used for infection.

Materials and methods

Virus, cells, and titration

The CSFV strain TW/05 (GenBank accession no.

GQ396706), obtained from Dr. Ming-Tang Chou (National

Pingtung University of Science and Technology, Taiwan),

was propagated in the pig kidney cell line PK-15 with

Dulbeccos modified Eagle’s medium (DMEM) supple-

mented with 5% fetal calf serum. Virus purification was

done following the procedures of Campos et al. [4] with the

modification that only virus that was released into the

supernatant was collected in order to ensure that cellular

debris was eliminated. Virus titers were determined by an

immunofluorescence method. At 48 hpi, PK-15 cells were

dried and fixed with the neutral formalin (Fisher, USA) for

2 h. The cells were washed with phosphate-buffered saline

(PBS) and incubated with pig anti-CSFV serum or a

monoclonal antibody against the CSFV E2 glycoprotein

(WH303; Veterinary Laboratories Agency, UK) for 1 h at

37�C. After washing, FITC-conjugated rabbit anti-pig IgG

or Texas Red-conjugated anti-mouse Ig (Zymed, USA) was

used as the secondary antibody. Finally, the cells were

visualized by fluorescence microscopy, and virus titers

were calculated and expressed as TCID50/ml [25]. For

the serial experiments, porcine aortic endothelial cells

(PAECs) were obtained from Cell Applications Inc. (USA).

These cells were isolated from healthy and plaque-free

aorta and characterized previously [11]. They were grown

in PAEC growth medium (Cat. No. P211-500), seeded at a

density of 3 9 106 cells/ml, and infected with purified

CSFV at a multiplicity of infection (M.O.I.) of 0.01–10

TCID50 per cell as described previously [3]. UV-inacti-

vated purified CSFV or culture medium alone was applied

to cells as the mock control. For time course experiments,

cells were infected with CSFV at an M.O.I. of 10 TCID50

per cell for 0, 6, 12, 24, 36, and 48 h. For experiments

testing dose dependence, cells were infected with CSFV at

an M.O.I. of 0.01, 0.1, 1, and 10 TCID50 per cell for 48 h.

For drug experiments, PAECs were pre-treated with 25 lM

leupeptin (Sigma, USA), a lysosomal inhibitor, plus 25 lM

N-acetyl-leucyl-leucyl-norleucinal (ALLN) (Sigma, USA),

a proteasomal inhibitor, 40 lM PD98059 (Sigma, USA),

15 lM SB203580 (Sigma, USA) or 10 lM SP600125

(Sigma, USA) for 60 min and then inoculated with an

M.O.I. of 10 TCID50 per cell of CSFV for 1.5 h at 37�C.

For interleukin-1b (IL-1b) experiments, PAECs were

inoculated with CSFV at an M.O.I. of 10 TCID50 per cell,

the inactivated supernatant from CSFV-infected cells, and

0.5 lg/ml of IL-1b (Calbiochem, USA). The inoculum was

then removed and replaced with the growth medium with

or without the same concentration of drugs. At 48 hpi, cells

were lysed by freezing and thawing, and the progeny

viruses of each group were titrated on PK-15 cells.

Western blotting

Cells were collected in a buffer containing 150 mM NaCl,

5 mM EDTA, 1% NP40, 2 mM PMSF and 50 mM

Tris–HCl, pH 7.4, followed by sonication for 30 s. Thirty

micrograms of sample was loaded into each lane, resolved

by 12% SDS-PAGE, and transferred to a PVDF membrane

(Amersham, UK). The membrane was incubated with anti-

Cx43 antibody (Chemicon, USA), anti-non-phospho-Cx43

antibody (Zymed, USA), anti-JNK antibody (Cell Signal-

ing Technology, USA), anti-phospho-JNK antibody

(Upstate, USA), anti-p42/p44 Erk antibody (Cell Signaling

Technology, USA), anti-phospho-p42/p44 Erk antibody

(Cell Signaling Technology, USA) or anti-actin antibody

(Chemicon, USA) at room temperature for 1 h. The cross-

reactivity of antibodies with porcine proteins was con-

firmed previously. After washing with TBST (20 mM Tris,

pH 7.6, 150 mM NaCl, and 0.1% Tween 20), a horseradish

peroxidase-conjugated mouse anti-rabbit or donkey anti-

mouse IgG (TBST plus 10% BSA), as appropriate, was

added, and the membrane was then developed using an
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enzyme-linked chemiluminescence system (ECL; Amer-

sham, UK). For one group of drug experiments, the cells

were treated with 25 lM leupeptin plus 25 ALLN, 40 lM

of PD98059, 15 lM of SB203580 or 10 lM of SP600125.

For both groups of drug experiments, the drugs were added

60 min prior to CSFV infection. Densitometric analysis

was performed on immunoblots using Imagemaster

(Amersham, USA), and the total amounts of Cx43 protein

were divided by those of actin protein within each lane.

Immunofluorescence detection

At 48 hpi, cells on coverslips were fixed with methanol at

-20�C for 5 min. After blocking with 0.5% BSA, the cells

were incubated with anti-Cx43 antibody at 37�C for 1 h,

followed by incubation with a CY3-conjugated donkey

anti-mouse antibody (Chemicon, USA). The cells were

then incubated with bisbenzamide (1 lg/ml; Sigma, USA)

for 15 min, mounted, and examined using a Leica TCS SP

confocal laser scanning microscope.

Semi-quantitative RT-PCR

Total RNA was extracted using Trizol Reagent (Invitrogen,

USA) according to the manufacturer’s instructions. The

RNA was dissolved in RNase-free water and then treated

with RNase-free DNase (QIAGEN, Germany) before

quantification. Total RNA (2 lg) was reverse-transcribed

into complementary DNA using SuperScriptTM II reverse

transcriptase and random primers and then diluted to a final

volume of 20 ll. The optimal number of PCR cycle was

determined for Cx43 (Cx-1: 50-TCTGAGTGCCTGAAC

TTGC-30 and Cx-2: 50-ACTGACAGCCACACCTTCC-30)
and GADPH (GA-1: 50-CATTGACCTCAACTACAT

GG-30 and GA-2: 50-TTGCCCACAGCCTTGGCAGC-30)
so that amplification was completed during an exponential

phase. Cx43 primers were located separately in exon 1 and

exon 2 of Cx43 gene (GenBank accession number:

AK312324) with a 10,949-bp intron in between, which,

under normal mRNA splicing, should result in a 188-bp

fragment. Amplification of the GADPH transcript was used

as an internal control. The amounts of Cx43 mRNA on the

gel were divided by those of GADPH mRNA.

Reporter assay

The activity of the Cx43 promoter was determined using

b-galactosidase and luciferase reporter assays (Promega,

USA). The Cx43 promoter region spanning positions -164

to ?23 was cloned into the luciferase vector and called

-164-Cx43pGL3 [8]. Cells were first co-transfected with

-164-Cx43pGL3 and CMVpb-gal together and then

infected with CSFV (10 M.O.I.). To identify the region of

the Cx43 promoter that is affected by CSFV, cells were

cotransfected with deletion mutants of -164-Cx43pGL3

(-83-Cx43pGL3, -46-Cx43pGL3, and -34-Cx43pGL3)

and CMVpb-gal and then infected with CSFV. At 48 hpi,

the cells were lysed with 100 ll of 19 reporter lysis buffer,

and 20 ll of lysate was used to measure both luciferase and

b-galactosidase activities using a luminometer. The values

of luciferase activity were normalized to an equal amount

of b-galactosidase activity.

Nuclear protein preparation and electrophoretic

mobility shift assay

Cells were infected with CSFV at an M.O.I. of 10 TCID50,

and nuclear extracts were isolated at the indicated time

intervals. Briefly, 7 9 105 cells were washed with PBS,

suspended in 200 ll of buffer A (10 mM HEPES, pH 8.0,

10 mM KCl, 1.5 mM MgCl2, and 1 mM DTT), and incu-

bated on ice for 10 min. After centrifugation at 20,0009g for

3 min, nuclear pellets were resuspended in 150 ll of buffer

B (20 mM HEPES, pH 8.0, 1.5 mM MgCl2, 420 mM NaCl,

0.2 mM EDTA, 1 mM DTT, and 25% glycerol) and kept on

ice for 2 h. Samples were centrifuged at 14,0009g for 5 min,

and the supernatant was stored at -70�C. Oligonucleotides

used for electrophoretic mobility shift assay (EMSA) were as

follows: NF-jB: 50-CCACAGTTGGGATTTCCCAACCT

GACCAG-30 and AP2: 50-CCCCCCAGCCCTT-30. Nuclear

extracts (5 lg) were incubated in 20 ll of reaction buffer

containing 20 mM HEPES pH 8.0, 50 mM KCl, 0.5 mM

DTT, 0.05 mM EDTA, 1 mM MgCl2, 25% glycerol, 0.05%

Igepal CA-630, and 0.2 lg of poly (dI-dC) for 20 min at

room temperature. In competition experiments, a 100-fold

molar excess of unlabeled oligonucleotides was added dur-

ing the preincubation period to confirm the authenticity of

these protein–DNA complexes. Results were obtained using

a biotin-labeled EMSA kit (Panomics, USA) according to the

manufacturer’s instructions.

Scrape loading assay

At 48 hpi, GJIC in PAECs was evaluated by scrape loading

assay. The medium from confluent cells was removed, and

the cells were washed with Hank’s balanced salt solution

(Gibco, USA). A 27-gauge needle was used to create

multiple scrapes through the cell monolayer in the presence

of PBS containing 0.5% rhodamine-dextran and 0.5%

lucifer yellow. After 3 min of incubation at room temper-

ature, the culture was rinsed and then incubated for 10 min

in PAEC growth medium to allow the loaded dye to

transfer to adjoining cells. The cells were viewed and

recorded using a fluorescence microscope. The area

between the bilateral edges of lucifer yellow transfer and

the scrape line was measured.
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Analysis

All values are presented as mean (%) ±SE, and significant

differences were analyzed by one-way ANOVA or t test.

Results and discussion

Down-regulation of both Cx43 protein and transcript

by CSFV

At 48 hpi, no changes in cell density or cell morphology

could be observed. The Cx43 proteins were abundantly

expressed along the cell borders as typical plaques, and the

size and number of plaques was gradually reduced in

response to CSFV infection (Fig. 1). Western blotting ver-

ified the dose-dependent effect of CSFV on Cx43 expres-

sion. A significant reduction (P \ 0.05) was observed at an

M.O.I. of 1, and the relative amount of Cx43 protein was

76.3 ± 3.9% of the control cells. A more pronounced

reduction was observed at an M.O.I. of 10, at which the Cx43

protein level was decreased to 62.7 ± 4.7% of that of the

control cells (Fig. 2a). Similar to the total amount of Cx43

protein, CSFV exhibited a dose-dependent effect on the non-

phosphorylated form of the Cx43 protein, a reduction of

which was apparent at an M.O.I. of 0.1 (40.5 ± 3.7%

reduction; P \ 0.05) (Fig. 2b). The decrease in the Cx43

protein level was time-dependent, and significant reductions

at an M.O.I. of 10 were seen at 24, 36, and 48 hpi, with

relative levels of 86.4 ± 1.6, 67.7 ± 1.5, and 65.4 ± 3.2%,

respectively, compared to the control cells (all P \ 0.05,

Fig. 2c). CSFV also had a dose-dependent down-regulating

effect on Cx43 transcripts. At an M.O.I. of 1 and 10, their

levels were decreased by 21.7 ± 1.4 and 32.0 ± 10.6%,

respectively (both P \ 0.05, Fig. 3a). At an M.O.I. of 10, a

time-dependent down-regulation of Cx43 transcripts was

evident, and significant reductions were seen at 36 and

48 hpi (32.1 ± 4.7 and 32.2 ± 2.2% decrease; both

P \ 0.05, Fig. 3b). This parallel decrease in Cx43 RNA and

protein levels indicates that the decrease in the amount of

Cx43 protein was due to a reduced level of Cx43 mRNA

available for translation. In addition, a greater decrease in

unphosphorylated Cx43 proteins than total Cx43 proteins

suggested that the ratio of phospho-Cx43 protein to total

Cx43 protein had increased. Consistent with this, an increase

in the phosphorylation of Cx43 protein was accompanied by

an impairment of GJIC [5]. Studies have shown that a wide

range of cellular offenses, such as high glucose, the presence

of nicotine, and treatment with angiotensin II and epidermal

growth factor induces phosphorylation of the Cx43 protein

through activation of protein kinase C, MAPK, and v-Src

protein kinase [10, 14, 18, 19, 32]. Phosphorylation of

tyrosine or serine residues is an initiator of degradation of

the Cx43 protein by the proteasome and lysosome pathways

[10, 14].

Down-regulation of the Cx43 promoter activity

by CSFV through decreasing of AP2 binding activity

Reporter assays showed that all multiple transcription fac-

tors, except NF-jB, to a greater or lesser extent, contributed

to the basal activity of the Cx43 promoter. Although AP1 is

responsible for the maximal Cx43 promoter activity in

cardiomyocytes, AP2 affects about 50% of the Cx43

Fig. 1 Expression of Cx43 gap

junctions in PAECs after CSFV

infection, as evaluated by

immunoconfocal microscopy.

Compared to the control group,

Cx43 gap junctions (red spots)

are decreased in amount as the

infectious dose of CSFV is

increased. Red label Cx43, blue
label nucleus. The M.O.I. in

TCID50 per cell is indicated in

the upper left of each image. All

images are at the same

magnification. Bar 20 lm

(colour figure online)
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promoter activity in PAECs [27]. This discrepancy may

result from the use of different cell types and promoter

constructs. In addition, similar to the cooperative action

between AP1 and SP1 for the Cx43 promoter activity

reported in prostate cells, a synergy between AP2 and other

factors may exist [12]. CSFV infection led to a dose-

dependent reduction in Cx43 promoter-driven luciferase

activity. At an M.O.I. of 1 and 10, compared to the control,

the relative light units (RLUs) produced were reduced

44 ± 5.9 and 50 ± 6.1%, respectively (both P \ 0.005,

Fig. 4a). This indicated that the Cx43 promoter activity was

reduced at least twofold at an M.O.I. of 10. For the region of

the Cx43 promoter affected by CSFV, a significant down-

regulation was associated with positions -164 to -83,

which includes two AP2-binding sites (48 ± 0.3% reduc-

tion; P \ 0.005). With the deletions between positions -83

to -64, no obvious differences were observed between

control and infected cells. A slight increase in Cx43 promoter

activity induced by CSFV was associated with positions -34

to ?148, where a binding site for NF-jB is located (Fig. 4b).

EMSA results further confirmed the above observations. The

DNA-binding activities of AP2 decreased in a time-depen-

dent manner but an increase in NF-jB binding was observed,

with a maximal level at 12 hpi (Fig. 4c, d). Consistent with

this, an association between NF-jB and attenuation of the

gap junction has been found in myocytes and astrocytes

treated with polyinosinic-cytidylic acid [36]. NF-jB is one

of the downstream targets of MAPKs and is induced as a

defensive response to injury, stress, and microbial pathogens

[5, 15]. Promoter activities such as tissue factor and

E-selectin have been proven to be up-regulated by NF-jB after

CSFV infection [3, 24]. Taken together, our results show that

down-regulation of Cx43 promoter activity by CSFV is

dominated by the region of the promoter that stretches from

positions -164 to -83 through decreased binding of AP2.

Attenuation of GJIC by CSFV

Attenuation of GJIC by CSFV was observed in the scrape

loading assay. The green fluorescing lucifer yellow was

Fig. 2 Reduced expression of Cx43 (a) and non-phosphorylated

Cx43 proteins (b) and time-dependence of reduction of expressed

Cx43 proteins (c) in PAECs after CSFV infection, as detected by

Western blotting. For each M.O.I. of CSFV or each hpi, the relative

level of the total amount of Cx43 or non-phosphorylated Cx43

proteins, averaged from data of three independent experiments, is

shown in a histogram at the top of the blot. *P \ 0.05 compared to

control cells

Fig. 3 Reduced transcription of

Cx43 (a) and time-dependence

of reduction of Cx43 transcripts

(b) in PAECs after CSFV

infection, as detected by semi-

quantitative RT-PCR. For each

M.O.I. or time point, the relative

level of Cx43 transcripts is

shown in a histogram at the top
of the blot. *P \ 0.05 compared

to control cells
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Fig. 4 Repression of Cx43 promoter activity by CSFV by decreasing

AP2 binding activity. PAECs were co-transfected with -164-

Cx43pGL3 and CMVpb-gal and then infected with CSFV (a).

Alternatively, PAECs were co-transfected with deletion mutants

(-164-Cx43pGL3, -83-Cx43pGL3, -46-Cx43pGL3 or -34-

Cx43pGL3) and CMVpb-gal in the absence or presence of CSFV

(b). At 48 hpi, luciferase activity was measured and normalized

against b-galactosidase activity. Bars represent the mean ± SE of

three independent experiments. *P \ 0.005 compared to control cells

(a) or the activity in the absence of CSFV (b); time course of the

binding of transcription factors to their elements on the Cx43

promoter after CSFV infection, as measured by EMSA. PAECs were

infected with CSFV for the indicated time intervals. Five micrograms

of nuclear extract was prepared and incubated with biotin-labeled

probes encoding AP2 (c) and NF-jB (d). Arrows denote the band

location of the relevant transcription factor. For competition analysis,

experiments were performed in the presence of excess unlabeled

probes. A representative of three independent experiments is shown

Fig. 5 Attenuation of gap

junctional intercellular coupling

by CSFV, as measured by

scrape loading assay. The

images at the bottom are phase-

contrast micrographs of the

upper fluorescent images (a).

The M.O.I. is indicated in the

upper left of each pair of

images. All images are at the

same magnification. Bar 20 lm.

Analysis of the area between the

bilateral edges of lucifer yellow

transfer and the scrape line is

shown in the histogram (b).

*P \ 0.05 compared to control

cells
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found to pass into adjacent cells in the controls; infection

with CSFV decreased the area of spread (Fig. 5a). The

relative area of dye transfer decreased in a dose-dependent

manner, and infection at an M.O.I. of 1 and 10 resulted in

55.5 ± 3.4 and 54.5 ± 3.9% reductions, respectively (both

P \ 0.05, Fig. 5b). Similar findings have been seen in cells

infected with certain RNA or tumor viruses [9]. Replication

of feline immunodeficiency virus resulted in a 30% of

decrease in the gap junction in both astroglia and kidney

cells [6]. The release of tumor necrosis factor-a, IL-1b,

interleukin-6, and interferon-c upon borna disease virus

(BVD) infection has been shown to inhibit astroglial Cx43

expression and functional coupling in rats [17, 23]. E5

protein of human papilloma virus was the first viral protein

shown to impair the GJIC [1, 20]. It would be tempting to

conclude that the down-regulation of Cx43 leading to an

Fig. 6 Involvement of the

lysosomal and proteasomal

pathways, MAPK pathways,

and cytokines in CSFV-induced

Cx43 down-regulation. Reversal

of the down-regulation of Cx43

protein by CSFV with leupeptin

plus ALLN (a), PD98059 (b) or

SB203580 (c), as detected by

Western blotting; time-course of

phosphorylation of ERK1/2 (d)

and JNK1/2 (e) induced by

CSFV, as detected by Western

blotting; irrelevance of

cytokines in the down-

regulation of Cx43 induced by

CSFV (f), as detected by

Western blotting; The relative

level of the total amount of

Cx43 or the phosphorylated

protein is shown in the

histogram at the top of the blot.

*P \ 0.05 compared to control

cells
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attenuated GJIC is likely to be a protective attempt used by

infected cells or surrounding neighbors to prevent the

intercellular transmission of death signals or spread of

infection. In accordance with the above notion, when the

GJIC of rat hepatocyte was blocked by a specific inhibitor,

1-(5-isoquinolinesulfonyl)-2-methylpiperazine at 40 lM,

the plaques caused by herpes simplex virus completely

disappeared [16].

Involvement of the lysosomal, proteasomal, and MAPK

pathways in CSFV-induced Cx43 down-regulation

Cx43 protein turnover is involved in both the lysosomal

and proteasomal pathways [19]. The co-administration of

proteasome and lysosome inhibitors, leupeptin and ALLN,

increased the basal level of Cx43 proteins, which reached

121.2 ± 11.1% of the control level. In addition, the down-

regulation of Cx43 by CSFV was abrogated, and the rela-

tive amount of Cx43 protein was raised to the basal level

(Fig. 6a). This might be caused by direct interference with

the Cx43 transcriptional regulatory proteins or simply

blockage of the degradation of Cx43 protein by inhibitors.

Furthermore, potential signaling pathways involved in

the down-regulation of Cx43 by CSFV were investigated.

Both an ERK inhibitor (PD98059) and a JNK inhibitor

(SP600125) reversed the reduction of Cx43 protein levels

to 101.1 ± 2.1 and 105.5 ± 8.8% of the control (P \ 0.05,

Fig. 6b, c). In contrast, a p38 inhibitor (SB203580) did not

affect CSFV-induced Cx43 down-regulation (data not

shown). None of the MAPK inhibitors caused any notice-

able alteration of the basal level of Cx43 protein or affected

the titers of progeny virus (Table 1). In addition, ERK1/2

began to be significantly phosphorylated at 2 hpi and

increased more than twofold at 24 hpi (P \ 0.05, Fig. 6d).

A more modest phosphorylation was seen with JNK, and a

significant increase was only demonstrated at 24 hpi

(P \ 0.05, Fig. 6e). In accordance with our results,

phosphorylation of ERK1/2 and JNK accompanied by

down-regulation of Cx43 protein has been found in

cardiomyocytes, epithelial cells, and endothelial cells

treated with 12-O-teradecanoylphorbol-13-acetate and

epidermal growth factor [14, 24, 26, 33]. Instead of phos-

phorylation of c-Jun, JNK activated by CSFV may ubiq-

uitinate c-Jun, a component of AP1, to facilitate its

degradation by the proteasome pathway, leading to the

reduction of Cx43 promoter activity [8, 29]. The activation

of JNK gradually increased at the late phase of infection,

implying that a late product of viral replication or progeny

virus is likely to participate in this process. Since either

ERK or JNK inhibitors can reverse the down-regulation of

Cx43 protein, there is a possibility that cross-talk between

MAPKs is involved in the regulation of Cx43.

Irrelevance of cytokines in CSFV-induced

Cx43 down-regulation

To clarify whether the down-regulation of Cx43 could be

directly attributed to replicating CSFV or was a conse-

quence of cytokines induced by CSFV in endothelial cells,

the supernatant containing inactivated CSFV was inocu-

lated into PAECs. The Cx43 protein remained unchanged,

and the relative level was 97.9 ± 4.4% of the control level

(Fig. 6f). This indicated that pro-inflammatory cytokines

induced by CSFV, such as interleukin-1a and interleukin-6,

did not affect the expression of Cx43 [4]. In addition, there

was also a possibility that the level of secreted cytokines

was insufficient to affect the expression of Cx43. Studies

have shown that IL-1b mRNA and arginase-1 in macro-

phages increase significantly after CSFV infection and

subsequently counteract each other [35]. Our data obtained

with endothelial cells are consistent with those of other

studies suggesting that the Cx43 protein is up-regulated by

exogenous IL-1b, and the relative level was 115.3 ± 2.6%

Fig. 7 Dose-dependent increase in immunofluorescence intensity in

PAECs after CSFV infection. The M.O.I. of TCID50 per cell is

indicated in the upper left of each image. All images are at the same

magnification. Bar 200 lm

Table 1 Titers of progeny virus from CSFV-infected cells in the presence or absence of inhibitors

CSFV inhibitor: CSFV CSFV ALLN/leupeptin CSFV PD98059 CSFV SP600125 CSFV SB20358

Titers (TCID50/ml)a,b: 1.7 ± 0.1 9 106 2.1 ± 0.5 9 106 1.9 ± 0.7 9 106 1.1 ± 0.2 9 106 1.2 ± 0.4 9 106

a The titers are mean plus standard error (mean ± SE) of four independent experiments
b All titers of progeny virus from CSFV-infected cells with inhibitors did not show significant differences versus the control group, P [ 0.05
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of the control level (P \ 0.05 compared to the control

group, Fig. 6f) [21, 31].

A direct relationship between the yield of progeny virus

and the infectious dose of CSFV

The immunofluorescence signals represented the amount of

E2 glycoproteins inside the infected cells originating from

the progeny virus. No signals were observed in the mock

control. In accordance with recent studies demonstrating

that 97% of PAECs inoculated at an M.O.I. of 0.01 of

TCID50 per cell were infected at 48 hpi [4], nearly all cells

infected at an M.O.I. of 0.01 showed green fluorescence

despite a few variations, and this could be observed in

repeated experiments. It is worth noting that the increase in

immunofluorescence intensity was direct proportional to

the inoculum dose (Fig. 7). Moreover, the titers of progeny

viruses from cells infected with CSFV and the inoculated

doses were in direct proportion (Table 2). This indicates

that the yield of progeny virus depends primarily on how

much virus was used for inoculation and on replication in

the cells, which subsequently affected the degree of down-

regulation of GJIC.

Down-regulation of PAEC Cx43 by CSFV may con-

tribute to the pathogenesis of CSF in animals. Our recent

study using an siRNA specific for Cx43 to decrease the

expression of Cx43 in cultured human endothelial cells

showed that reduction of Cx43 per se activated endothelial

cells to pathological status, as characterized by up-regula-

tion of plasminogen activator inhibitor I and von Wille-

brand factor, and impairment of proliferation, viability, and

angiogenesis of the cells [33]. Since plasminogen activator

inhibitor I and von Willebrand factor enhance coagulation,

this finding is consistent with previous reports that CSFV

disturbed the haemostatic balance [4]. In addition, the

impairment of normal endothelial physiology due to

reduction of Cx43 may delay the recovery of endothelium

from CSFV infection.

In summary, this study, for the first time, shows that

CSFV, in addition to inducing blockage of cellular anti-

viral and apoptotic responses, down-regulates Cx43 and

attenuates the GJIC [3, 15]. Further investigation is war-

ranted in order to identify the cellular protein(s) or CSFV

component(s) that participate in this event. Our findings

could provide further understanding of how CSFV pro-

motes its pathogenesis by persisting inside cells to maintain

production of progeny virus through a modulation of cel-

lular physiology.
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