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Abstract

Bovine Viral Diarrhea Virus (BVDV) is a positive sense, single-stranded RNA virus which exhibits two biotypes in standard cell culture
systems. The cytopathic strains of this virus (cpBVDV) induce dramatic cytoplasmic vacuolization in cell cultures, while infection with the
non-cytopathic (NCP-BVDV) strains produces no overt changes in the host cells. Our results show that extensive cytoplasmic vacuolization is
the earliest morphological change in response to cpBVDV infection in MDBK cells. Cells with extensive vacuolization showed no co-existing
chromatin condensation, caspase activation, or loss of membrane integrity. In addition, the caspase inhibitor (zZVAD-fmk), although improving cell
viability of infected cells from 6.7 £ 2.2% to 18.8 & 2.2%, did not prevent vacuolization. On the ultrastructural level, the virus-induced cytoplasmic
vacuoles are single membrane structures containing organelles and cellular debris, which appear capable of fusing with other vacuoles and engulfing
surrounding cytoplasmic materials. LysoTracker Red which marks lysosomes did not stain the virus-induced cytoplasmic vacuoles. In addition, this
lysosomal dye could be observed in the cytoplasm of vacuolized cells, suggesting a lysosomal abnormality. Our data demonstrate that cpBVDV
induced a novel cell death pathway in MDBK cells that is primarily associated with lysosomal dysfunction and the formation of phagocytic

cytoplasmic vacuoles, and this mode of cell death is different from apoptosis and necrosis.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Bovine Viral Diarrhea Virus (BVDV) is a positive sense,
single-stranded RNA virus that belongs to the Flaviviridae fam-
ily (Collett et al., 1988). BVDV is known to cause severe
lesions in the gastrointestinal tract and death in affected ani-
mals (Bolin et al., 1985; Brownlie et al., 1984). Two biotypes,
cytopathic (cpBVDV) and noncytopathic (ncpBVDV), can be
isolated from infected animals exhibiting the classical mucosal
disease syndrome (Brownlie, 1991). However, only cpBVDV
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induces cytopathology in sensitive cell types, such as Madin-
Darby bovine kidney cells (MDBK).

cpBVDV induces dramatic cytoplasmic vacuolization in
infected cell cultures and in tissues of infected calves (Bielefeldt
Ohmann and Bloch, 1982), commonly referred to as cytopathic
effects (CPE) of cpBVDV. To date, the nature of this vac-
uolization during BVDV infection is not understood. Recently,
it was suggested that cpBVDV-induced apoptosis is responsi-
ble for the virus-associated CPE (Grummer et al., 1998; Zhang
et al., 1996). However, the morphology of apoptotic cell death
is generally not associated with cytoplasmic vacuoles. Further-
more, although inhibitors of apoptosis, including zVAD-fmk,
blocked apoptosis in cpBVDV-infected cells and significantly
improved cell survival, they failed to achieve suppression of
cytoplasmic vacuolization (Bendfeldt et al., 2003; Grummer et
al., 2002a).
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In this paper we report that cpBVDV-induced rapid and exten-
sive vacuolization in MDBK cells, which is morphologically
different from apoptosis and necrosis. This cellular response was
characterized by electron microscopy, which shows the presence
of enlarged single membrane vacuoles containing organelles
and cellular debris, capable of fusing with other vacuoles and
engulfing surrounding cytoplasmic materials.

2. Experimental procedures
2.1. Chemicals

All cell culture supplies and fluorescent probes were obtained
from Invitrogen (Carlsbad, CA). Unless specified, all other
reagents were supplied by Sigma—Aldrich (St. Louis, MO).

2.2. Cells and viruses

MDBK cells (ATCC-CCL22) or fetal bovine kidney cells
(FBK) derived from primary tissue, were grown in Dulbecco’s
Modified Eagle’s Minimum Essential Medium (DMEM) con-
taining 4.5 g of glucose, and 10% horse serum in cell culture
incubator (5% CO», 37°C). Cells were infected with plaque-
purified cpBVDV strain NADL in cell culture medium, the
ncpBVDV strain NY-1 or mock-infected with cell culture
medium alone. The titer of BVDV used in our studies was suf-
ficient to generate an input MOI of 3-5 which can completely
destroy MDBK cell monolayers and kill 90% of cells within
72 h of infection or for ncpNY-1 produce a positive fluorescent
stain in 100% of the infected cells.

After initial incubation for 1h in cell a culture incubator
(5% CO», 37°C), the culture medium was changed to a fresh
virus-free medium. For some experiments, either wortmannin
(PI3-kinase inhibitor) or zZVAD-fmk (pan-caspase inhibitor) was
added in required final concentration and then incubated for the
next 48 or 72 h. zVAD-fmk was replenished every 10-12h as
suggested in the literature (Bendfeldt et al., 2003). Cells were
then further incubated for an intended duration of time in the
presence or absence of the inhibitor.

2.3. Cell viability

MDBK cells were plated at a density 1-2 x 103 cells/well in
96 well plates. On the following day, after initial infection for 1 h,
cells were washed and medium containing required inhibitors
were added to cells and incubated for needed period of time.
Then, cell viability was assessed using the Resaruzin (Almar
blue) indicator dye (Mazzio and Soliman, 2004). Quantitative
analysis of dye conversion was measured using a fluorescent
plate reader with ex/em =550/580. Cell viability was expressed
as percentage of untreated cells.

2.4. Light and fluorescent microscopy
2.4.1. Detection of cytoplasmic vacuolization

Mock-infected, cpBVDV-infected, and NY-1 infected
MDBK cells were grown on 96- or 24-well plates in defined

medium for 6, 16, or 24 h post-infection. At these time points
cells were subjected to the light microscopy using a Zeiss
fluorescent microscope and photographed. All images were pro-
cessed and analyzed by counting total number of cells and
number of vacuolized cells. Very often those cells were also
examined for signs of apoptosis including chromatin condensa-
tion (Hoechst 33342) and caspase activation (FLICA (for details,
see below). This allowed us to superimpose light and fluorescent
microscopic images to determine if vacuolization and charac-
teristics of apoptosis co-exist in the same cell. All experiments
were done in triplicates and each “n” represents 3—6 fields from
each of three different wells for each time point (6, 16, and 24 h
post-infection) in the presence or absence of cpBVDV.

2.4.2. Detection and cellular localization of viral NS3 in
MDBK cells

To determine cellular localization of the nonstructural BVDV
protein NS3 while preserving cellular architecture infected or
control cells were fixed in 0.1% gluteraldehyde for 10 min. Cells
were then incubated in 1% Triton x 100 for 30 min, washed in
PBS, and stained for NS3 using BVDV Mab 20.1.6 according
to published methodology (Deregt et al., 2005).

2.4.3. Detection of apoptosis by Hoechst staining

MDBK cells were grown on 96-or 24-well plates. Cells were
then stained with 1 pg/ml Hoechst 33342 for 20 min, washed
with cell culture medium, and imaged using a Zeiss fluores-
cent microscope equipped with a camera. Nuclear morphology
was evaluated using an excitation wavelength of 350 & 10 nm
and a longpass filter of 400 nm for emission. All images were
processed and analyzed by counting total number of cells, vac-
uolized cells and cells with apoptotic nuclei. Uniformly stained
nuclei were scored as healthy, viable cells, while condensed or
fragmented nuclei were scored as apoptotic. All experiments
were done in triplicate and each “n” represents 3—6 fields from 3
different wells for each time point (6, 16, and 24 h post-infection)
in the presence or absence of cpBVDV.

2.4.4. Detection of apoptosis by FLICA staining

Mock-infected and cpBVDV-infected MDBK cells were
grown on 96-or 24-well plates for 24h post-infection were
assayed for the caspase activity using a commercial kit based
on fluorochrome-labeled caspase inhibitors (FLICA, Immuno-
chemistry Technologies LLC, Bloomington, MN), according
to manufacturer’s instructions. Cells were imaged by fluores-
cence microscopy (ex/em=488/520nm) and the images were
processed and analyzed by counting total number of cells, vac-
uolized cells and FLICA-stained cells. All experiments were
done in triplicate and each “n” represents 3—6 fields from 3
different wells.

2.4.5. Detection of necrosis by propidium-iodide staining
Propidium iodide (2.5 pg/ml) (Immunochemistry Technolo-
gies LLC, Bloomington, MN) was incubated with infected
MDBK cells and nuclear localization was determined using a
Zeiss fluorescent microscope as described above. Cellular mor-
phology was evaluated using ex/em wavelengths of 552/570 nm.
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All images were processed and light and fluorescent microscopy
images were superimposed to determine propidium-iodide stain-
ing in highly vacuolized cells.

2.4.6. Detection of lysosomes by LysoTracker Red staining

MDBK cells were grown on 24-well plates. All treatments
were carried out in quadruplicates. Cells were then stained
with 100nM LysoTracker Red for 20 min, washed in cell cul-
ture medium, and imaged using a Zeiss fluorescent microscope
as described above. Cellular morphology was evaluated using
ex/em wavelengths of 552/570 nm. All images were processed
and light and fluorescent microscopy images were superimposed
to determine lysosomal staining in highly vacuolized cells.

2.5. Electron microscopy

Cells were grown in 6-well plates for 24 h prior to infection
with cpBVDV. Sixteen hours post-infection cells were washed
with serum-free medium and fixed with fixation buffer (2.5%
glutaraldehyde, 4% paraformaldehyde, 0.02% picric acid in
0.1 M buffer) for 60 min and then washed with the same buffer.
Post-fixation was done in 1% OsO4-1.5% K-ferricyanide (aque-
ous) for 60 min and then washed. After staining with 1.5% uranyl
acetate for 30 min, dehydration was done through graded ethanol
series. Samples were then infiltrated and embedded in LX-112
resin (Ladd Research Industries, Burlington, VT) by inserting
tubes made from BEEM capsules into the resin prior to poly-
merization. Sections were cut at 55—60 nm (silver—gold) using
a Diatome diamond knife (Diatome, USA, Hatfield, PA) on an
RMC MT-7000 Ultramicrotome. (Boeckeler-RMC Instruments,
Tucson, AZ). Sections were then contrasted with lead citrate and
viewed on a JSM 100 CX-II electron microscope (JEOL, USA,
Inc., Peabody, MA) operated at 80 kV. Images were recorded
on Kodak 4489 Electron Image film then digitized on an Epson
Expression 1600 Pro scanner at 900 dpi.

3. Results

The morphology of MDBK cells infected with cpBVDV
(NADL) was practically indistinguishable from mock-infected
control cells up to 6 h post-infection. However, by 16 and 24 h
after infection, about 15 and 25% of total number of cells,
respectively, were found to have extensive vacuolization of cyto-
plasm (Fig. 1A and B). In addition, by 24h post-infection,
vacuolized cells started to round up and detach, suggesting that
virus-induced dynamic cellular pathology in whole population
of cells have to be investigated within first 24 h. By 24-36h
post-infection, about 50% of monolayers in all wells inspected
for this study were partially destroyed. Further incubation of
infected cells beyond 36 h post-infection resulted in a signifi-
cant number of detached cells, making it difficult to determine
the mode of the cell death. Infection of MDBK cells with the
noncytopathic strain of BVDV (NY-1) did not result in cyto-
plasmic vacuolization or disruption of the cellular monolayer
(Fig. 1A). In addition, ncpBVDV-infected MDBK cells could
be easily cultured without any morphological signs of infection.
Infection of FBK cells with NADL also resulted in appearance
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Fig. 1. cpBVDV infection induces cytoplasmic vacuolization in MDBK cells in
a time-dependent manner. (A) Microscopic analysis of a representative control,
cpBVDYV, and ncpBVDV-infected MDBK cells at 24 h post-infection. Arrows
indicate representative vacuolized cells in slides 24 h post-infection. (B) Vac-
uolized cells in mock-infected (A) and cpBVDV-infected (*) samples were
analyzed and counted as described in Section 2. Error bars indicate standard
deviation for each time point and specified condition (n = 3).

of vacuolized cells, which were not observed in uninfected cells
(data not shown).

Infection of MDBK cells with cpBVDV was confirmed by
immunohistochemistry using a monoclonal antibody to viral
NS3 protein 24 h post-infection (Fig. 2, right panel). Cells which
stained for the viral protein also showed extensive cytoplasmic
vacuolization. NS3 staining was observed throughout the cyto-
plasm, but the nucleus and cytoplasmic vacuoles were unstained.
Uninfected cells were always NS3 negative (Fig. 2, left panel).
These data clearly show that the vacuolated cells were not simply
responding to being next to an infected cell.

To demonstrate that virus-induced cytoplasmic vacuoles were
not due to degeneration of plasma membrane and necrosis, we
stained MDBK cells with propidium iodide (PI) at 24 h post-
infection. No PI staining was observed in any cells, including
those with a large number of cytoplasmic vacuoles (indicated by
arrows) (Fig. 3A). In control experiments, treatment of the same
cells with 0.1 mM of diethyl pyrocarbonate (DEPC) (0.1 mM)
for 10 min to permeabilize the cell plasma membrane resulted in
a rapid uptake of PI into cells as evidenced by the stained nuclei
(Fig. 3B). In addition, on the ultrastructural level, abnormal
and swollen mitochondria, which are commonly found dur-
ing necrosis and necroptosis (Degterev et al., 2005), were not
detected in infected cells with extensive cytoplasmic vacuoliza-
tion (Figs. 6B and 7).

Because previous studies have reported cpBVDV-induced
apoptotic cell death (Grummer et al., 1998, 2002a; Jordan et
al., 2002; Yamane et al., 2005), we compared the proportion of
cells expressing characteristics of apoptosis, such as chromatin
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Control

cpBVDV 24h PI

Fig. 2. Cytoplasmic vacuolization in MDBK cells expressing NS3 viral protein. Microscopic analysis of a representative control and cpBVDV-infected MDBK cells
at 24 h post-infection, stained for NS3 viral protein. Arrows indicate representative vacuolized cells in slides 24 h post-infection.

condensation and caspase activation, with those undergoing
extensive cytoplasmic vacuolization. A hallmark of apoptosis,
chromatin condensation, can be observed using the Hoechst
33824 reagent, which brightly stains condensed chromatin.
Chromatin condensation was determined to be in only 4 + 0.9%
of cells at 24 h post-infection (Fig. 4) whereas vacuolization was
>25%. Caspase activation, quantified using Flica staining, was

detected in only 15.3 £ 1.7% of all cells at 24 h post-infection
(Fig. 4).

To determine the involvement of caspase activation in
cpBVDV-induced cytoplasmic vacuolization, we used the gen-
eral caspase inhibitor, zZVAD-fmk (100 wM), which was shown
to inhibit apoptosis in BVDV-infected cells (Bendfeldt et al.,
2003). We found that, although addition of 100 uM zVAD-fmk

Fig. 3. cpBVDV-induced cytoplasmic vacuolization is not associated with loss of plasma membrane integrity. (A) Infected cells (24 h post-infection) were stained
with propidium iodide (PI) and analyzed using fluorescent microscopy. Vacuolated areas (arrows) show no sign of PI localization in nuclei. (B) Infected cells (24 h
post-infection) were treated with 0.1 mM DEPC for 10 min and stained with propidium iodide and analyzed using fluorescent microscopy, as described in Section 2.

Arrows indicated vacuolated cells.
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Fig. 4. Cytoplasmic vacuolization and apoptotic responses in cpBVDV-infected
MDBK cells. Control and cpBVDV-infected cells were stained with Hoechst and
FLICA dyes, for chromatin condensation and caspases activation, respectively,
at 24 h post-infection. Vacuolized and dye-stained cells, were then analyzed
and counted. Error bars indicate standard deviation for each specified analysis
(n=3).
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Fig. 5. Inhibition of caspase activation in infected cells partially prevents
cpBVDV-induced cell death but does not block cytoplasmic vacuolization. (A)
Light microscopy of infected MDBK cell (16 h post-infection) demonstrates
that cpBVDV-induced cytoplasmic vacuolization is not affected by treatment
with 100 uM zVAD-fmk. (B) Effect of zZVAD-fmk (100 wM) on cell viability in
cpBVDV infected cells.

to MDBK cells prior to and during viral infection improved cell
viability from 6.7 = 2.2% to 18.8 &= 2.2% (Fig. 5B), caspase inhi-
bition had no effect on the appearance of vacuoles (Fig. 5A) in
infected cells 24 h post-infection, suggesting that virus-induced
cytoplasmic vacuolization is caspase-independent.

We further investigated whether apoptotic markers were
localized to the infected cells with extensive cytoplasmic vac-
uolization. We demonstrated that at 48 h post-infection, the

(A)

Fig. 6. Cytoplasmic vacuolization in cpBVDV-infected cells is not associated
with apoptotic markers. (A) Microscopic analysis of Hoechst dye staining in
cpBVDV-infected MDBK cells 48 h post-infection demonstrates uniformly low
intensity stained nuclei in vacuolized cells and brightly stained nuclei in detached
cells. Left panel correspond to light microscopy of representative cells and right
represents fluorescent microscopy of the same cells. (B) Electron microscopy of
infected MDBK cell (16 h post-infection) demonstrates the absence of chromatin
condensation in nuclei of highly vacuolized cells. (C) Microscopic analysis
of FLICA dye staining in cpBVDV-infected MDBK cells 24 h post-infection.
Light microscopic and fluorescent microscopic images for FLICA staining were
superimposed demonstrating no staining of vacuolized cells (dashed arrows) and
brightly stained apoptotic cells (solid arrows, filled arrow heads).

nuclei of cells, which were still attached with extensive vac-
uolization showed no evidence of bright staining with Hoechst
33324 and chromatin condensation (Fig. 6A). On the other hand,
detached cells were labeled by the Hoechst dye, producing bright
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Fig. 7. (A) Electron micrographic analysis of representative control, ncpBVDV and cpBVDV-infected MDBK cell 24 h post-infection. Large vacuoles (V), encapsu-
lated by single membranes and containing cellular debris, are found only in the cytoplasm of infected cells. Mitochondria and nuclei appear to be normal in infected
cells. (B) Ultrastructural analysis of representative cytoplasmic vacuoles found in infected cells. Large encapsulated vacuoles were found to fuse with each other,
forming larger vacuoles (left panel). Some of cytoplasmic autophagic vacuoles were found to be in a process of engulfing cytoplasmic material (as indicated by

arrows) (right panel).

fluorescence, and nuclei in those cells were very poorly defined
(Fig. 6A). To further characterize the apoptosis-vacuolization
association on the ultrastructural level, we examined the nuclei
of highly vacuolated cells at 16 h post-infection using electron
microscopy. We found that none of the highly vacuolized cells
had apoptotic bodies or condensed chromatin in their nuclei
(Fig. 6B). Moreover, infected cells with extensive cytoplasmic
vacuolization did not have FLICA staining, a marker for caspase
activation (Fig. 6C).

Further examination of the cytoplasmic vacuoles observed
after cpBVDV infection on ultrastructural level, demonstrated
that the vacuoles are surrounded by a clearly defined single mem-
brane and contain remains of organelles and cell debris (Fig. 7).
The virus-induced vacuoles were larger than 500 nm in diame-
ter, with an average of 10 &= 1 vacuoles per cell per thin section
examined. Control cells had some cells with cytoplasmic vac-
uoles smaller than 100 nm in diameter, averaging 1-2 vacuoles
per cell (Fig. 7A). Cells infected with noncytopathic BVDV had
cytoplasmic vacuolization similar to control cells (Fig. 7A). In
addition, we were able to identify vacuoles that can fuse with
each other (Fig. 7B, left panel) and can engulf surrounding cyto-
plasm and organelles (Fig. 7B, right panel), which could be a
pathway for the formation of enlarged vacuoles.

Interestingly, in all infected cells examined by electron
microscopy, there were no signs of autophagosomes, i.e. dense
vacuoles surrounded by a double membrane, suggesting that
macroautophagy is unlikely to be responsible for cpBVDV-
induced cytoplasmic vacuolization. To further rule out the
involvement of macroautophagy in virus-induced cytoplasmic
vacuolization, we demonstrated that wortmannin, an PI3-kinase
and macroautophagy inhibitor, at concentrations between 0.1
and 10 uM had no effect on cytoplasmic vacuolization induced
by cpBVDV at 24 h post-infection (Fig. 8A). Treatment of cells
with wortmannin also had no effect on cell viability either in
control cell or infected cells (Fig. 8B).

The presence of cytoplasmic and organelle debris in
cpBVDV-induced vacuoles might be suggestive of lysosomal
involvement. Thus, we investigated lysosomal involvement in
cpBVDV-induced vacuolization using the lysosome-specific
dye, LysoTracker Red. We found that cells with extensive vac-
uolization of cytoplasm demonstrated a partial loss of typical
punctuated LysoTracker Red fluorescence staining compared to
cells without vacuolization. Fig. 9, and it was found to be dis-
tributed throughout cytoplasm of infected cells. Interestingly,
LysoTracker Red, which labels acidic cellular compart-
ments including macroautophagy-associated autophagolyso-
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Fig. 8. Cytoplasmic vacuolization induced by cpBVDV is insensitive to treat-
ment with wortmannin. (A) Light microscopy of infected MDBK cell (16h
post-infection) demonstrates that cpBVDV-induced cytoplasmic vacuoliza-
tion is not affected by treatment with 10 uM wortmannin. (B) Wortmannin
(0.1-10 M) had no effect on decrease in cell viability mediated by cpBVDV
infection.

somes, did not label cytoplasmic vacuoles in cpBVDV
(Fig. 9).

4. Discussion

Cytoplasmic vacuolization is a commonly noted response in
cells infected with the cytopathic biotype of BVDV. However,
there are no detailed reports directly linking the vacuoles to the
presence of virus in the infected cell. In this work, using a mono-
clonal antibody to viral protein, NS3, to identify BVDV-infected

Control

cells (Deregt et al., 2005), we demonstrated that NS3 can be
easily detected in infected cells with cytoplasmic vacuolization,
suggesting the virus induces vacuolization of infected MDBK
cells. Interestingly, ncpBVDYV does not produce any morpholog-
ical changes in infected cells, and can actually block CPE when
co-infected with cpBVDV (Bendfeldt et al., 2003; Yamane et al.,
2005). Thus, vacuolization is unlikely to be important for viral
replication. In support of this hypothesis, we demonstrated that
NS3, which is required for viral replication (Gu et al., 2000),
was identified throughout the cytoplasm of infected cells, but
the lumen of vacuoles were free of this protein.

Extensive cytoplasmic vacuolization is thought to be asso-
ciated with necrosis and necroapoptosis (Degterev et al., 2005;
Kitanaka and Kuchino, 1999; Kroemer et al., 2005). Here we
demonstrated that infected cells with extensive cellular vac-
uolization are impermeable to propidium iodide, suggesting
virus-induced vacuolization does not alter plasma membrane
integrity, a hallmark of necrosis (Kroemer et al., 2005). In
addition, mitochondria in BVDV-infected cells appear to be nor-
mal, unlike mitochondrial abnormalities, such as swelling, that
are observed during necrosis and necroptosis (Degterev et al.,
2005). This also suggests that necrotic events are unlikely to
be primary reasons for cytoplasmic vacuolization in infected
cells.

To address the question of apoptosis versus cellular vac-
uolization during cpBVDV infection, we found that cellular
vacuolization is a major early response to viral infection as
compared to the late apoptotic response of chromatin condensa-
tion. In addition, cells with extensive cytoplasmic vacuolization
have morphologically normal nuclei, which are not brightly
stained with the Hoechst dye. These data are in agreement
with our electron microscopy study demonstrating that highly
vacuolized cells do not show evidence of apoptotic bodies or
chromatin condensation. Although, in agreement with other pub-
lications (Grummer et al., 2002b; Jordan et al., 2002; Schweizer
and Peterhans, 1999), caspase activation was also observed at
24 h post-infection, but cytochemical examination showed an
absence of caspase activation in cells with extensive cytoplasmic
vacuolization (Fig. 6C). These data suggest that caspase activa-

cpBVDV 24h PI

Fig. 9. Microscopic analysis of LysoTracker Red fluorescence in cpBVDV-infected MDBK cells, demonstrating bright fluorescence in morphologically normal cells

and depletion of fluorescence in vacuolized cells (arrow).
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tion is not involved in virus-induced cytoplasmic vacuolization
responses.

A recent study of cells infected with the coronavirus mouse
hepatitis virus (MHV), another cytoplasmic positive sense RNA
virus, showed extensive vacuolization of the cytoplasm thought
to be associated with autophagy (Prentice et al., 2004). This
does not appear to be the case for BVDV. Three classes of
autophagy have been described: macroautophagy, chaperone-
mediated autophagy, and microautophagy. Macroautophagy
and chaperone-mediated autophagy are normal cellular stress
responses designed to remove and recycle misfolded proteins
and damaged organelles (Cuervo, 2004; Shintani and Klionsky,
2004). Electron microscopy of macroautophagic responses
reveals two subtypes of electron-dense macroautophagic vac-
uoles:autophagosomes and autophagolysosomes (Eskelinen,
2005; Lawrence and Brown, 1992) both of which are double
membrane-bound structures. These macroautophagic structures
are also labeled with LysoTracker Red which is easily detected
by wide-field and confocal fluorescent microscopy (Moriyasu
et al., 2003; Rideout et al., 2004). Pharmacologically, macroau-
tophagy can be distinguished from the other types of autophagy
by its sensitivity to wortmannin and other phosphoinositide 3-
kinases (PI3-kinase) inhibitors (Finn et al., 2005; Petiot et al.,
2000). The BVDV-induced vacuoles are single membrane struc-
tures not labeled with LysoTracker Red.

Recently, microtuble-associated protein lightchain 3 (LC3), a
mammalian homolog of yeast Atg8, has been put forth as a spe-
cific marker to monitor macroautophagy. LC3 was found to be
co-localized with LysoTracker-stained macroautophagic struc-
tures (Bampton et al., 2005). However, further work on LC3
and macroautophagy indicates that LC3 could be incorporated
into protein aggregates independent of autophagy (Kuma et al.,
2007). In addition, detection of macroautophagy-associated LC3
conversion (LC3 I to LC3 II) could be problematic because LC3
II tends to be much more sensitive to detection by immunoblot-
ting than LC3 I (Mizushima and Yoshimori, 2007). We chose
not to pursue LC3 staining for the above reason and because the
EM morphological studies, LysoTracker staining, and insensi-
tivity to wortmannin clearly demonstrated that virus-induced
vacuolization is inconsistent with macroautophagy. Chaperone-
mediated autophagy does not exhibit cytoplasmic vacuoles
and can only be detected with specific probes (Kaushik and
Cuervo, 2006; Kaushik et al., 2006). Microautophagy (Kunz
et al., 2004; Muller et al., 2000; Sattler and Mayer, 2000)
is defined as the sequestration of cytoplasmic components
by direct invagination of lysosomal or vesicular membrane,
followed by budding of engulfed small vesicular structures
into the lumen of the autophagolysosomes containing cellular
debris. This process is topologically equivalent to membrane
invagination during multivesicular body formation and to the
budding of enveloped viruses (Kunz et al., 2004). Function-
ally, microautophagy is associated with macroautophagy, thus,
counterbalancing macroautophagy-mediated membrane influx,
which is essential for resumption of cell growth (Dubouloz et
al., 2005).

We did not find electron-dense double-membraned
autophagosomes and autophagolysosomes, typical hallmarks

of macroautophagy (Cuervo, 2004), suggesting that macroau-
tophagy is unlikely to be involved in cellular response to
BVDV. Furthermore, we determine that the PI-3 kinase
inhibitor, wortmannin (0.1-10 uM), known to block macroau-
tophagy even at 0.1 M (Finn et al., 2005), had no effect on
either cytoplasmic vacuolization or cell survival. These data
would also suggest that vacuolization induced by BVDV is
PI-3 kinase-independent. Furthermore, we demonstrated that
the cytoplasmic vacuoles were not stained with LysoTracker
Red. Thus, the absence of three out of four parameters for
determination of macroautophagy suggests that BVDV-induced
vacuolization is different from macroautophagy.

The ultrastructural morphological nature of BVDV-induced
cytoplasmic vacuoles was examined by electron microscopy. We
determined that the vacuoles in infected cells contain organelles’
and cytoplasmic debris. Further examination of cytoplasmic vac-
uoles revealed that they are capable of fusing with each other and
engulfing surrounding cytoplasmic components, suggesting that
virus-induced vacuoles possess phagocytic properties. This mor-
phological observation correlates well with extensive growth
of vacuoles and disappearance of cytoplasm in infected cells,
demonstrated at the level of light microscopy. This morphology
is consistent with previously described microautophagy, where
the cytoplasmic vacuoles seem to be the primary mechanism for
sequestering cytoplasm and organelles in cells (Tuttle and Dunn,
1995; Tuttle et al., 1993; Veenhuis et al., 1983; Yokota et al.,
1993). However, the phagocytic vacuolization response induced
by the virus seems to be cytotoxic, which is different from
postulated functional role of microautophagy for cell survival
(Dubouloz et al., 2005). In addition, because microautophagy
is thought to be in a close association with macroautophagy,
the absence of BVDV-induced macroautophagy could also
suggest the absence of virus-induced microautophagy. There-
fore, cpBVDV-induced cytoplasmic phagocytic vacuolization
appears to be morphologically similar to microautophagy, but
functionally it is different from previously described macroau-
tophagy, chaperon-mediated autophagy, and microautophagy.

Although not extensively covered by this study, it would be
worthwhile to point out that LysoTracker Red staining through-
out the cytoplasm of infected cells is indicative of lysosomal
abnormality (Caruso et al., 2005). If lysomal dysfunction occurs,
an appearance of lysosomal enzymes such as cathepsins and
serine proteases in cytoplasm is likely to result in activation
of number of caspase-dependent and caspase-independent path-
ways in addition to general cell lysis, as was initially described
in serum-starved PC12 cells (Uchiyama, 2001). Interestingly, a
significant proportion of viral NS3, produced during infection
with cytopathic BVDV strains, was found to be associated with
smooth endoplasmic reticulum (Zhang et al., 2003), known to be
involved in the formation of lysosomes (Novikoff, 1976). Thus,
itis possible that the stress induced by NS3 on smooth endoplas-
mic reticulum in cells infected with cytopathic strains of BVDV
could be the cause of lysosomal abnormalities and induction of
formation of cytoplasmic vacuoles with phagocytic properties.

In recent years, there has been much interest in the role of
cellular structures in the replication of numerous viruses. Evi-
dence has been presented to suggest that autophagy is induced
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by viruses to provide intracellular compartments and scaffolds
to assist the replication process (Novoa et al., 2005; Wileman,
2006). BVDV provides some unique insight into this area in
that two biotypes of the virus exist, one that induces exten-
sive vacuole formation (cpBVDV) and the other which does
not (ncpBVDV). Both biotypes replicate equally well to pro-
duce infectious progeny, which indicates that the formation of
vacuoles is irrelevant to virus replication. The autophagy-like
response in this instance may be more related to a cellular
defense mechanism of an innate or adaptive immune response
(Deretic, 2005).

In conclusion, we demonstrate here that the autophagy-like
cellular response is an early response to cpBVDV infection.
This cellular response to the virus is different from apoptosis,
necrosis, and recently described necroapoptosis. Virus-induced
vacuoles possess phagocytic properties, responsible for diges-
tion of cytoplasm and cytoplasmic components, suggesting that
this form of vacuole-mediated autolysis could be named phagop-
tosis.
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