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cells were infected with the bICPO null mutant or the bICPO-
rescued virus (MOI=1) and the appearance of DNA ladders
monitored by agarose gel electrophoresis (Figure 2). We also
included the LR mutant strain (lane L) in this study because
previous studies demonstrated that the LR gene inhibits apop-
tosis in transfected cells, trigeminal ganglia, but not tonsils
(Ciacci-Zanella et al., 1999; Henderson et al., 2004a; Lovato
et al., 2003; Perez et al., 2005). Relative to mock infected RS
cells (lane M), there was an increase in apoptotic DNA ladder-
ing following infection with the bICPO-rescued virus (lane R),
the LR mutant virus (lane L), or UV light (lane U). Reduced
DNA laddering was consistently observed when RS cells were
infected with the bICPO null mutant (lane N).

To compare the results obtained with RS cells, MDBK
cells were infected with the respective viruses (Figure 2). Rel-
ative to mock infected MDBK cells (lane M), there was an in-
crease in apoptotic laddering following UV treatment, which
was expected (lane U). Following infection with the bICP0
null mutant, we observed a slight increase in levels of apop-
totic DNA laddering (Figure 2, lane N), and/or a smear of low
molecular weight DNA (for example, see Figure 4, lane N).
DNA laddering was not readily detected when MDBK cells
were infected with the bICPO-rescued virus (lane R) or the
LR mutant (lane L), which was consistent with the results ob-
tained in Figure 1.

To confirm and extend the results obtained from examin-
ing apoptotic DNA laddering in agaraose gels, we measured
the sub GO/G1 DNA content by FACS analysis. Mock in-
fected or infected cells were fixed in ethanol, stained with PI,
and then analyzed. Following infection of MDBK cells with
wt BHV-1, most of the cells were floating at 24 h after infec-
tion. In contrast, it took 2-3 days for this to occur in RS cells.
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Figure 2. Induction of DNA laddering following infection with the bICP0
null mutant. RS or MDBK cells were mock-infected (M), UV-treated (U), or
infected with the bICPO-rescued virus (R), bICPO null mutant (N), or the LR
mutant (L). A MOI = 1 was used for all viruses. After virus inoculation, cells
were incubated for 1 h at 37 °C, monolayers were rinsed twice with CMF-
PBS, and EMEM supplemented with 5% FCS was added to each well. Two
days after plating, media was removed from mock-infected RS or MDBK
cells, and these cells were exposed to UV light as described in Figure 1. AT
48 h after infection, cells were collected and small molecular weight DNA
prepared as described in Materials and Methods. DNA was electrophoresed
along with a 2-log molecular weight DNA marker (New England Biolabs)
through a 2% agarose gel in 1x TAE (2xL).

Consequently, we examined RS cells at later times after in-
fection. At 16 or 48 h after infection, a statistically signifi-
cant difference in the percentage of cells containing sub GO/
G1 DNA content was seen following bICPO-rescued virus
infection of MDBK cells compared to mock infected (Fig-
ure 3A). At 48 h after infection, a higher percentage of cells
with sub G0/Gl DNA content were detected when MDBK
cells were infected with the bICPO null mutant, however
these values were not statistically significant (P > 0.05). The
finding that slightly higher levels of sub GO/G1 DNA con-
tent was observed in MDBK cells following infection with
the bICPO-rescued virus suggested that non-apoptotic death
was occurring, which resulted in DNA degradation that was
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Figure 3. Examination of membrane permeability and DNA content fol-
lowing BHV-1 infection. MDBK or RS cells were mock-infected (M), or in-
fected with the bICPO null mutant (N), or the bICP0O-rescued virus (R). A MOIL
= 1 was used for all viruses. At various times following infection, cells were
collected, stained, and approximately 2 x 10* viable cell events were analyzed
by flow cytometry as described in Materials and Methods. The data presented
are the average and standard deviation of two experiments and summarize
the percent of the total cells that stained for altered membrane integrity. The
data sets for RS cells at 2 and 5 dpi represent a single experiment. A Tukey-
Kramer multiple comparison post-ANOVA test demonstrated that the differ-
ences between MDBK cells infected with the bICPO null mutant at 16 h after
infection, and bICPO-rescued virus-infected cells at 24 and 48 h after infec-
tion were significantly different compared to mock-infected cells at the same
time points (P < 0.01, 0.02, and 0.001, respectively). Although bICPO-res-
cued virus-infected MDBK cells at 16 h after infection appeared to have a
higher percentage of cells with compromised membrane integrity compared
to mock-infected cells, there was not a significant difference (P > 0.05). Rab-
bit skin cells infected with the bICP0 null mutant and the bICPO-rescued virus
at 4 dpi were significantly different compared to mock-infected cells on the
same day (P < 0.01 and 0.002, respectively). Panel A: Determination of DNA
content. Panel B: Determination of membrane permeability.



not typical DNA laddering observed during apoptosis. Simi-
lar results were also observed when wt BHV-1 was compared
to the bICPO-rescued virus (data not shown). With respect to
RS cells, a statistically significant increase in sub G0/G1 DNA
was observed following infection with the bICPO-rescued vi-
rus at 4 dpi. Following infection of RS cells with the bICPO
null mutant virus, enhanced levels of cells containing sub
GO0/G1 DNA was detected at 4 dpi, however the values were
not statistically significant compared to mock infected cells.
When RS cells were cultured, an increase in the levels of sub
GO0/G1 DNA occurred as a function of time.

We also compared membrane integrity in cells infected
with the bICPO null mutant versus the bICP0O-rescued virus.
One method to distinguish cells that are undergoing apopto-
sis or necrosis is to evaluate cell membrane integrity follow-
ing infection. If the cell membrane is intact, propidium iodide
does not enter the cell. At various times after infection (16,
24, or 48 h after infection for MDBK cells or 2, 4, or 5 d after
infection for RS cells), cells were collected, and a portion of
the cell population was stained briefly with propidium iodide
(PI). Flow cytometry analysis of PI staining intensity was then
determined (Figure 3B). At 24 and 48 h after infection, a sta-
tistically significant difference in membrane integrity was ob-
served when MDBK cells were infected with the bICPO-res-
cued virus versus mock-infected cells or cells infected with
the bICPO null mutant. The number of cells with compro-
mised membranes in MDBK cells was also significantly dif-
ferent when infected with the bICP0O null mutant for 16, but
not 24 or 48 h after infection. When RS cells, were infected
with the bICPO null or the bICPO-rescued virus, statistically
significant differences in membrane integrity were also de-
tected at 4 dpi. As expected, the bICPO-rescued virus had a
higher percentage of cells with compromised integrity com-
pared to the bICPO null mutant at 2, 4, or 5 dpi. Collectively,
these studies confirmed that BHV-1 induced apoptosis in RS
cells, and that expression of bICP0O had a profound effect on
how cultured cells die after infection. These results also indi-
cated that most of the infected MDBK cells underwent DNA
damage that was not due to apoptosis, which suggested these
cells died as a result of necrosis.

bICPO expressing viral strains inhibit UV induced apopto-
sis in MDBK cells.

HSV-1, another alpha-herpesvirinae sub-family member,
can induce or inhibit apoptosis by cell-type-dependent mech-
anisms (Galvan and Roizman, 1998). When cells are treated
with pro-apoptotic chemicals, HSV-1 efficiently inhibits apop-
tosis indicating that the viral genome contains several anti-
apoptotic genes. To test whether BHV-1 can inhibit apoptotic
induction by pro-apoptotic stimuli, MDBK cells were treated
with UV light to initiate the apoptotic response, and then these
cells were infected. Since the bICPO-rescued virus and LR
mutant virus did not contain detectable levels of DNA ladder-
ing in MDBK cells, we compared the ability of these bICPO
expressing viruses to inhibit UV-induced DNA laddering rel-
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ative to the bICPO mutant. Cells were mock infected or pre-
infected with the respective virus strain for 4 h prior to UV
treatment, and then DNA laddering analyzed (Figure 4). Cells
infected with the bICPO rescued virus (lane RU) or LR mu-
tant (lane LU) had reduced levels of UV-induced DNA ladder-
ing compared to mock infected cells that were UV-treated (U).
In contrast, the bICPO null mutant appeared to enhance UV in-
duced apoptosis (lane NU). As expected, DNA laddering was
not detected in mock infected MDBK cells not treated with UV
light (M), or when infected with the bICPO rescued virus (R)
or the LR mutant virus (L). A smear of low molecular weight
DNA was detected in cells infected with the bICP0O null mutant
(N), which was seen in varying degrees in all of the studies.
In summary, bICPO expressing viruses inhibited UV induced
apoptosis in MDBK cells or RS cells (data not shown).

Analysis of infected MDBK cells by electron microscopy

We next examined the cytopathic effects that BHV-1 has
on MDBK cells following virus infection by transmission
electron microscopy (TEM). MDBK cells were used for these
studies because results derived from Figures 1-4 suggested
that following infection with the bICPO null mutant, a novel
form of cell death occurred that was, in large part, non-apop-
totic. Cells infected with the bICPO null mutant had increased
numbers of cytoplasmic vacuoles (autophagosomes) (Figure
Sa, arrows) compared to mock-infected cells (Figure 5c), or
following infection with bICPO expressing strains (Figure 5b
and 5d). bICPO expressing virus strains (Figure 5b and 5d)
also exhibited marginated chromatin, nuclear reorganization,
and contained structures that resembled viral replication cen-
ters (Figure 5b and 5d, arrowheads). In contrast, these changes
were not evident in mock-infected cells (Figure 3c) or in cells
infected with the bICPO null mutant (Figure 5a).

Figure 4. The bICPO null mutant does not protect cells from UV-induced DNA
laddering. MDBK cells were mock-infected (M), infected with the bICPO-res-
cued virus (R), bICPO null mutant (N), or the LR mutant (L). A MOI = 1 was
used for all viruses. After virus inoculation, cells were incubated for 1 h at 37
°C, monolayers were rinsed twice with CMF-PBS, and EMEM supplemented
with 5% FCS was added. At 4 h after infection, media was removed from 1
well of mock- or viral-infected MDBK cells. These cells were exposed to UV
light (U) as described in Figure 1. Cells were collected and small molecular
weight DNA was prepared as described in Materials and Methods. The DNA
was electrophoresed along with 2-log molecular weight DNA marker (New
England Biolabs) through a 2% agarose gel in 1x TAE.
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Figure 5. MDBK cells infected with the bICP0 null mutant exhibit increased numbers of cytoplasmic vacuoles. MDBK cells were (a) infected with the
bICPO null mutant (21,000x magnification); (b) infected with wt BHV-1 (18,000 magnification); (¢) mock-infected (18,000x magnification); or (d) infected
with the bICPO-rescued virus (15,000 magnification). Virus infection was performed with MOI = 1. After incubation for 1 h at 37 °C, monolayers were rinsed
twice with CMF-PBS, fresh media was added to each plate, and incubated for 24 h at 37 °C. Cells were fixed with 2.5% glutaraldehyde for 2 h, and ultra-thin
sections were prepared. Sections were fixed in 1% osmium tetroxide (OsO,) for 1 h, dehydrated in graded ethanol, and embedded in Epon 812 mixture. The ul-
tra-thin sections of cells were stained with 2% uranyl acetate and examined under a Hitachi H7500 transmission electron microscope (TEM). Arrows denote au-
tophagosomes present in the bICPO null mutant infected cells. Arrowheads denote viral replication centers in wt or bICPO-rescued virus infected cells. The nu-

clei are denoted by the N.

DISCUSSION & CONCLUSIONS

These studies provided evidence that BHV-1 induced
high levels of apoptosis in RS, but not MDBK, cells suggest-
ing cell type specific factors mediate viral induced apopto-
sis. Furthermore, BHV-1 strains that expressed bICPO inhib-
ited UV induced apoptosis in RS or MDBK cells. HSV-1,
another alpha-herpesvirinae family member, also induces or
inhibits apoptosis by cell-type-dependent mechanisms (Gal-
van and Roizman, 1998), in part, because it encodes several
anti-apoptotic factors (Blaho and Aubert, 2001). Interestingly,
these studies have also demonstrated that HSV-1 can inhibit
apoptosis in cells that were previously treated with chemicals
to induce apoptosis, which confirms that HSV-1 encodes sev-
eral anti-apoptotic genes. These demonstrate that BHV-1 also
has the potential to induce or inhibit apoptosis, and this occurs
in a cell type dependent fashion. The ability of BHV-1 to in-
duce apoptosis (Lovato et al., 2003; Perez et al., 2005; Win-
kler et al., 1999) and non-apoptotic forms of programmed cell
death in infected calves is likely to mediate certain aspects of
pathogenesis.

Productive infection of RS, but not MDBK, cells led to a
high frequency of apoptosis. We have observed apoptosis in
various tissues of infected calves (Lovato et al., 2003; Perez
et al., 2005; Winkler et al., 1999; Winkler et al., 2002); thus
it was not surprising to find that BHV-1 induced high levels
of apoptosis in RS cells. However, it was unexpected that
productive infection did not lead to high levels of apoptosis
in MDBK cells. Although one could argue that MDBK cells
were not susceptible to apoptosis, this was not the case be-
cause MDBK cells undergo apoptosis following UV light

treatment. BHV-1 encodes at least two genes with anti-apop-
totic activity; the LR gene (Ciacci-Zanella et al., 1999; Hen-
derson et al., 2004a; Lovato et al., 2003), and UL14 (Marfe
et al., 2006). In the context of productively infected RS cells,
the LR gene did not play a major role in inducing or inhibit-
ing apoptosis, which is consistent with previous studies dem-
onstrating it has no effect on the frequency of apoptosis in
tonsils of infected calves (Perez et al., 2005). Consequently,
these studies suggested that: 1) a viral gene induced apoptosis
in RS, but not MDBK cells; 2) a viral encoded anti-apoptotic
gene does not function in RS cells; and/or 3) cell type specific
interactions occurred between viral and cellular proteins that
regulated the mechanism of cell death.

In general, four types of cell death exist in eukaryotes:
apoptosis, autophagy, oncosis, and pyroptosis (Fink and Cook-
son, 2005). Regardless of the signal that initiates programmed
cell death, membrane disruption can lead to necrosis. FACS
analysis demonstrated that membrane disruption occurred in
RS or MDBK cells following infection with BHV-1, but apop-
tosis did not occur frequently in cultures of infected MDBK
cells. Consequently, these studies suggested that necrosis was
the predominant type of cell death in infected MDBK cells.
In contrast, when MDBK cells were infected with the bICPO
null mutant virus many cells contained numerous autopha-
gosomes suggesting these cells were undergoing autophagy.
The hallmarks of authophagy include formation of cytoplas-
mic autophagosomes leading to degradation of cytoplasmic
components in an intact cell, and slight chromatin condensa-
tion (Burch, 2001). Although autophagy appears to occur up-
stream or parallel to apoptosis (Akdemir et al., 2006), inde-
pendent studies have also concluded that autophagy is crucial



for cell survival in starving cells (Bachrecke, 2006). A previ-
ous study found that the bICPO null mutant persists in infected
MDBK cells, and that a subset of infected cells continued to
grow and divide (Geiser et al., 2005). It is tempting to specu-
late that formation of autophagosomes in MDBK cells is due
to autophagy, which promoted cell survival following infec-
tion with the bICPO null mutant.

Expression of the bICP0O gene was important for cytotox-
icity in RS or MDBK cells indicating that bICPO expression
directly or indirectly induced cell death (apoptosis or necro-
sis respectively). The bICPO null mutant does not express de-
tectable levels of bICPO protein, but does express detectable
levels of RNA (Geiser et al., 2005) indicating that bICPO pro-
tein expression was necessary for the effects observed in this
study. In the absence of other viral genes, bICPO protein ex-
pression indirectly activates caspase 3, thus increasing the fre-
quency of apoptosis (Henderson et al., 2004b). bICPO also ac-
tivates viral gene expression and productive infection, which
consequently promotes cell death. In contrast to these two ob-
servations, two bICPO expressing strains (wt or the bICPO res-
cued virus and the LR mutant virus) inhibited UV induced
apoptosis in MDBK cells. The bICPO null mutant had no ef-
fect on UV induced apoptosis. The most logical explanation
for these observations is that during the course of productive
infection bICPO activated expression of viral encoded anti-
apoptotic genes, which consequently interfered with ongoing
apoptosis. At the same time, bICPO promoted productive in-
fection, which also led to cell death. It was also possible that
when BHV-1 infected a cell undergoing apoptosis, the viral
anti-apoptotic genes are expressed earlier and/or at higher lev-
els. In contrast to bICPO, a recent study concluded that HSV-
1 ICP0O RNA expression is an apoptotic stimulus following in-
fection of human epithelial cells (Sanfilippo and Blaho, 2006).
Studies designed to examine the mechanism by which bICP0
protein expression regulates cell death in certain cell types, but
under certain conditions inhibited apoptosis, is in progress.

MATERIALS AND METHODS

Cells and Virus

Madin—-Darby bovine kidney (MDBK) cells and rabbit
skin cells (RS) were plated at a density of 5x103 cells per 100
mm? plastic dish in Earle’s modified Eagle’s medium supple-
mented with 5% fetal bovine serum (FBS), penicillin (10 U/
ml) and streptomycin (100 pg/ml). MDBK and RS cells were
split in a 1:8 ratio every 3-4 days.

The Cooper strain of BHV-1 (wt virus) was obtained from
the National Veterinary Services Laboratory, Animal and Plant
Health Inspection Services, Ames, IA, USA. The bICPO null
mutant contains mutations at the 5’ end of bICPO0, including
the 304 initiating methionine that prevents bICPO protein ex-
pression (Geiser et al., 2005). The bICPO-rescued virus be-
haves like wt BHV-1.

The LR mutant virus was constructed by replacing wt
(Cooper strain) LR gene sequences with an oligonucleotide
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that contain a unique EcoRI restriction site and three stop co-
dons that is designed to block protein synthesis in each read-
ing frame (Inman et al., 2001a). Viral stocks were prepared by
infecting MDBK cells at an MOI of 0.01 from plaque-purified
virus and subsequently titrating on MDBK cells.

The bICPO null mutant contains mutations in the first in
frame ATG of bICPO, a C[]A substitution down stream of the
first in frame ATG (Geiser et al. 2005). As a result of these
mutations, bICP0O protein expression is not detectable in in-
fected cells. DNA prepared from the bCIPO null mutant vi-
rus and a plasmid that contains the bICPO gene was cotrans-
fected into bovine cells to generate the bICPO-rescued virus.
The resulting bICPO-rescued virus produces wt plaques and
has identical properties as wt BHV-1. For further details of
the bICPO null mutant virus and the bICPO-rescued virus, see
Geiser et al. (2005).

Flow cytometry

Cell cycle analysis was performed according to standard
techniques. MDBK or RS cells were infected with the desig-
nated virus. As negative controls, mock-infected cells were
used. At the indicated times following infection, adherent and
non-adherent cells were collected in a 15 ml conical tube.
Cells were pelleted by centrifugation at 4° C, 300 x g for 5
min. The cell pellet was suspended in CMF-PBS at a den-
sity of 1x10° cells/ml. Propidium iodide (PI) viability staining
was conducted on a fraction of cells as described previously
(Sasaki et al., 1987). Immediately before flow-cytometry anal-
ysis, PI staining solution was added to the cell suspension to
yield a final concentration of 50 ug/ml PI.

The remaining cell suspension was prepared for PI stained
DNA content analysis. Cells were suspended at a concentra-
tion of 2x10° cells/ml in 70% ethanol, and incubated at -20°
C for 15 min. The cell suspension was pelleted, washed in
PBS, and suspended at 2x10° cells/ml in 1x PI working solu-
tion (40 pg/mL PI, 100 ug/mL ribonuclease A in CMF-PBS),
incubated at 37° C in the dark for 30 minutes, and then incu-
bated at 4° C in the dark for 12-16 h.

Flow cytometry analysis was performed for PI fluores-
cence (488-nm argon ion laser, 493-536 nm dye excitation,
617-639 nm dye emission; 585/42 nm filter) of individual
cells with a flow cytometer (FACScan; Becton Dickinson Im-

munocytometry Systems, San Jose, CA). Cells that Were not
stained with PI were used to set gates, and set up photomul-

tiplier tube voltages and amperage gain. Approximately 2 x
10* viable or cycling cell events were acquired at the low flow
rate and analyzed using the Cell Quest program. To exclude
cell debris, cells were gated using standard forward and side
scatter properties.

Apoptotic DNA laddering assay

Fragmented DNA from virus infected and UV-treated cells
was analyzed using a modified DNA laddering assay (Jin et
al., 2004). For virus-induced apoptotic laddering, 1 to 2x10°
cells was seeded into 6 well plates. For virus protection from
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UV-induced apoptosis, 3 x 10> MDBK cells were seeded into
6 well plates, and allowed to reach confluence by incubating
for 3 days prior to infection. Cells were collected by scraping
adherent cells into the spent media, and then centrifuged at 4°
C, 2000 x g, for 10 min. Cells were suspended in 400 uL of
hypotonic buffer and incubated at 20° C for 10 min. Samples
were pelleted by centrifuging at 4° C, 10,000 x g for 10 min.
to remove nuclei. The supernatant was mixed with 2 ml of
Qiagen miniprep kit (#27106) PB buffer (#19066), and loaded
onto a miniprep column (#1018398). Columns were washed
with 750 ul of PE buffer. PB and PE buffers were supplied
by Qiagen. Following an additional spin to remove residual
wash buffer, 100 ul of 70°C TE was added to the column to
elute DNA. The DNA solution was concentrated under vac-
uum to 15 ul, suspended in DNA loading buffer, and separated
through a 2% agarose gel in 1 x TAE.

Electron microscopy

At 24 h after infection, cells were fixed with 2.5% glutaral-
dehyde for 2 h and ultra-thin sections prepared. Sections were
fixed in 1% osmium tetroxide (OsO4) for 1 h, dehydrated in
graded ethanol, and embedded in Epon 812 mixture. Sections
were stained with 2% uranyl acetate and examined under a
Hitachi H7500 transmission electron microscope (TEM).
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