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Abstract

Many viruses alter different stages of apoptosis of infected cells as a strategy for successful infection.
Few studies have addressed mechanisms of equine herpesvirus 1 (EHV-1) strain-induced cell death.
We investigated the effect of an abortigenic strain (AR8 strain) on heterologousMadin–Darby bovine
kidney cells and homologous equine dermis (ED) cells cell lines. We compared morphologic and
biochemical features of early and late apoptosis at different postinfection times. We investigated
translocation of phosphatidylserine to the cell surface, nuclear fragmentation and changes in the
cytoskeleton using flow cytometry and annexin V/propidium iodide staining, DNA laddering,
terminal deoxynucleotidyl transferase UTP nick-end labeling assay and immunofluorescence stain-
ing of cytokeratin 18 cleavage. AR8 EVH-1 strain interfered with apoptosis in both cell lines,
particularly during the middle stage of the replication cycle; this was more evident in ED cells.
Although this antiapoptotic effect has been reported for other alpha herpesviruses, our findingsmay
help elucidate how EHV-1 improves its infectivity during its cycle.
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Apoptosis frequently is initiated by viral infection
(Miles et al. 2007). Many viruses alter different
stages of apoptosis in infected cells as a strategy
for successful infection (Aubert et al. 2007, De
Martino et al. 2003, Munger et al. 2001, Perng
et al. 2000). Alteration of apoptosis of infected
host cells may prevent premature death of the
virus, which enables it to replicate and establish a
latent phase. Proapoptotic mechanisms may be
activated, however, to enhance efficient diffusion
of viral progeny to neighboring cells (Cheung et al.

2000, Longo et al. 2009, Pagnini et al. 2005). Owing
to the importance of this process, many techniques
have been developed to identify early and late
stages of apoptosis.

Equine herpesvirus-1 (EHV-1) belongs to the
genus, Varicellovirus, subfamily, Alpha herpesvirinae.
Infection in horses is associated with clinical man-
ifestations including rhinopneumonitis, abortion,
neonatal death and neurological disease. As with
other alpha herpesviruses, EHV-1 can cause latent
infections in trigeminal ganglia that are reactivated
under stressful situations (Allen et al. 2004). EHV-1
expresses genes known as immediate early, early
and late genes. Their sequential expression is
important for a successful viral replication cycle
(Honess and Roizman 1974). Their possible impli-
cations for regulation of infected cell survival,
however, remain unknown.
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It has been reported that different alpha herpes-
viruses, including herpes simplex virus 1 (HSV-1)
(Aubert and Blaho 1999, Galvan et al. 1999, Miles
et al. 2007), suid herpesvirus 1 (SuHV-1) (Deruelle
et al. 2010) and bovine herpesvirus 1 (BoHV-1) (De
Martino et al. 2003) regulate apoptosis in infected
cells. Cymerys et al. (2012) reported that EHV-1
exhibited an inhibitory effect on apoptosis in neu-
ronal cell cultures, which might be associated with
establishment of the latency phase. Building upon
our previous investigation using heterologous cell
lines and Japanese EHV-1 HH1 strain (Scrochi et al.
2013), we evaluated the effect of EHV-1 on two cell
lines during replication to characterize further its
effect on host cell apoptosis.

Material and methods

Cell culture

We used Madin–Darby bovine kidney (MDBK)
cells (ABAC, Argentine Cell Bank Association,
Argentina) to study a heterologous cell line
model and an homologous cell line model was
developed using equine dermis (ED) cells pro-
vided by the Butantan Institute (Sao Paulo,
Brazil). Both cell lines were grown in minimum
essential medium (MEM) (Gibco, Invitrogen,
Carlsbad, CA), supplemented with 2 mM gluta-
mine (Gibco, Invitrogen), 100 IU/ml penicillin,
100 μg/ml streptomycin (Ritchet, Buenos Aires,
Argentina), 100 IU/ml nystatin (Parafarm,
Buenos Aires, Argentina) and 10% fetal calf
serum (FCS). FCS was reduced to 2% (M-MEM)
for cell maintenance. Cells were harvested with
trypsin (0.25% w/v)-EDTA (0.2% w/v) (Sigma-
Aldrich, St Louis, MO) and viability was
assessed using trypan blue staining and optical
microscopy.

Virus strain

The Argentinean AR8 strain used for all assays was
obtained from our virus collection (Department of
Virology, School of Veterinary Sciences, National
University of La Plata). The virus was isolated in
1996 from one of several aborted equine fetuses on
an Argentinean farm (data not published). The
strain was maintained in RK13 rabbit kidney cells
with M-MEM. A genomic study of several strain
regions showed no changes compared to the Ab4
and V592 strains (Fuentealba et al. 2011).

Confluent monolayers of RK13 cells were
grown in individual T25 flasks (Cellstar,

Frickenhausen, Germany), infected with AR8
strain and incubated with M-MEM at 37° C in
a 5% CO2 atmosphere. When extensive cyto-
pathic effect was observed, the flasks were fro-
zen at −70° C. After three cycles of freezing and
thawing, the cells and infectious supernatant
were centrifuged at 8000 × g for 20 min to
remove cell debris. The final infectious super-
natant was fractionated in small volumes and
stored at −70° C until use. Virus titer was deter-
mined using the Reed and Muench method
(Reed and Muench 1938). Viral suspension was
incubated for 1 h at 37° C with either cell line at
a multiplicity of infection of 10 CCID50 (Deruelle
et al. 2010, Soboll Hussey et al. 2014).
Subsequently, the inoculum was removed and
cells were washed with FCS-free medium and
re-incubated with M-MEM at 37° C in a 5% CO2

atmosphere for 3, 9 or 18 h postinfection. In
uninfected groups, the viral inoculum was
replaced by M-MEM. Infected MDBK and ED
cells were collected at 0, 3, 9 and 18 h postinfec-
tion for total DNA determination using a
Wizard Genomic DNA Purification Kit
(Promega, Madison, WI) according to manufac-
turer’s protocol.

Infection of MDBK and ED cells by EHV-1

To verify viral replication, the number of glycoprotein
C (gpC) gene copies was determined using quantita-
tive real-time PCR (qPCR). qPCR was performed
using a pair of specific oligonucleotide primers
that amplified a 369-bp fragment derived from a
conserved gpC region of EHV-1: 5′-CAAC
AATCGGGGAGGCGTCATA-3′ (position 21582–
21603) and 5′-GTAGCATAGACTGGTACAGGGA-3′
(position 21929–21950).

Amplification was accomplished using a pre-
viously standardized protocol (Galosi et al. 2001)
that uses SYBR® Green (Applied Biosystems,
Foster City, CA) and an iCycler (Bio-Rad,
Sacramento, CA). The presence of viral particles
also was evaluated by transmission electron
microscopy (TEM). At 9 h postinfection, infected
cells were scraped, fixed with buffered glutaralde-
hyde for 2 h at 4° C, then treated with osmium
tetroxide. Samples were observed using a JEM 1200
EX II (Tokyo, Japan) electron microscope.

Experimental design

For each cell line, several experimental groups,
grown on either coverslips or in flasks, were ana-
lyzed at specific times. Uninfected cells (Cc) were
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used as controls. Cell lines in which apoptosis was
induced (Apo+) were positive controls. For this pur-
pose, cells were incubated with 1M sorbitol for 1 h at
37° C (De Martino et al. 2003, 2007). Subsequently,
sorbitol was removed, monolayers were washed
twice with MEM for 5 min each and incubation was
continued in M-MEM for 2 h at 37° C until further
analysis. Experimentally infected cell (Inf) samples
were taken at 3, 9 and 18 h incubation.

Morphological analysis of apoptosis

Flask-cultured cells, 5 × 105 cells/ml, were har-
vested with trypsin-EDTA for 5 min at 37° C at
each time point postinfection. After washing
twice in phosphate-buffered saline (PBS), 50 µl
of the supernatant containing approximately
12,500 viable cells was mixed with 3 µl 200
μg/ml acridine orange + 200 μg/ml ethidium
bromide (Sigma-Aldrich) solution. Then, 5 µl of
each sample was spread on a slide and quanti-
fied under a wide field microscope (BX51,
Olympus Co., Tokyo, Japan) using a
PlanFluorite, NA 0.75, 40 × objective. Normal
and early apoptotic cells were stained bright
green by acridine orange, whereas late apoptotic
cells were stained bright orange by ethidium
bromide.

DNA fragmentation assay for apoptosis

Cells were harvested with trypsin-EDTA and DNA
extraction was performed using the Wizard
Genomic DNA Purification Kit (Promega), accord-
ing to manufacturer’s protocol. Electrophoresis of
the sample was performed on 1.5% agarose gel for
4 h at 80 V, stained with 0.5 µg/ml ethidium bro-
mide and visualized under UV light. Band size was
calculated compared to a standard 100 bp molecu-
lar weight marker (Invitrogen, Milan, Italy).
Fragments 100−200 bp indicated internucleosomal
DNA fragmentation.

Annexin V/Propidium iodide staining analysis by
flow cytometry

Early stages of apoptosis were quantified by
flow cytometry using annexin V-FITC/propi-
dium iodide double staining. Use of propidium
iodide with annexin V distinguishes viable,
apoptotic and necrotic cells by differences in
plasma membrane integrity and permeability.
Annexin V-FITC binds to phosphatidylserine
and indicates early apoptosis, whereas propi-
dium iodide staining indicates necrosis. Cells

were removed with scrapers, washed twice
with PBS, incubated for 20 min with annexin
V-FITC (BD Biosciences, San Jose, CA) in the
dark, then propidium iodide was added just
before quantification. In this way, early (annexin
V+/propidium iodide−) and late (annexin V
+/propidium iodide+) apoptotic events were
quantified. Fluorescence was detected using a
FACS Calibur cytometer (BD Pharmigen,
Becton, Dickinson Co., Franklin Lakes, NJ). A
homogeneous cell population was gated using
forward scatter/side scatter in control samples.
Then, the same gate was used for all samples.

Terminal deoxynucleotidyl transferase UTP nick
end labeling (TUNEL)

DNA is cleaved during apoptosis. TUNEL is
used to detect fragmentation of nuclear chroma-
tin at a late stage of apoptosis, which results in
myriad 3′-hydroxyl termini of DNA. Cells
grown on coverslips and fixed with acetone
were incubated for 1 h at 37° C using the
in situ cell death detection kit TMR red (Roche,
Mannheim, Germany) according to the manufac-
turer’s instructions. Cells then were washed
twice with PBS containing 0.5% Tween 20
(Merck, Schuchardt OHG, Hohenbrunn,
Germany). Nuclei were counterstained with 5
μg/ml 6-diamidino-2-phenylindole (DAPI)
(Invitrogen Life Technologies, Eugene, OR).
Coverslips were mounted on slides using the
aqueous medium, Reagent FluoroSave™
(Calbiochem, La Jolla, CA), then examined
using confocal microscopy (FV1000; Olympus
Co.). Images were taken using a 40 ×, NA 0.95
UPLSAPO objective. Filters were used for emis-
sion of the fluorophore: Texas red (red) (laser
559 nm) and DAPI (blue) (laser 405 nm). For
each experiment, 1000 cells were scored and
labeled cells were quantified using an image
analyzer (cellSens Dimension v1.6; Olympus
Co.). Apoptotic cells were stained with the
Texas red fluorophore. No further processing
was used. Apoptotic and non-apoptotic cells
were counted using the automatic histogram
function of software.

Cleavage for cytokeratin 18

During early apoptosis, cytokeratin 18 is cleaved
by caspases, which liberates a neo-epitope that is
recognized specifically by M30 CytoDEATH mono-
clonal antibody (Roche). Assays were performed
according to the manufacturer’s instructions.
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Briefly, cells grown on coverslips and fixed with
acetone were incubated for 1 h at 37° C with the
mouse monoclonal antibody, M30CytoDeath,
diluted 1:10 with 0.1% bovine serum albumin
(BSA). The cells were washed twice with PBS con-
taining 0.5% Tween 20 (Merck) and incubated for 1
h at 37° C with Alexafluor™ 488 goat anti-mouse
antibody (Invitrogen Life Technologies, Eugene,
OR) diluted 1:1000 with 0.1% BSA. DAPI was
used for nuclear staining. Coverslips were
mounted on slides using the aqueous medium,
Reagent FluoroSave™, then examined using con-
focal microscopy. The labeled cells were quantified
using an image analyzer. Each experiment was
repeated three times and results were recorded as
means ± SD.

Statistical analysis

Results were expressed as means ± SD.
Student’s t-test and one-way ANOVA followed
by the LSD post hoc test were used for data
analysis. Values for p ≤ 0.05 were considered
significant.

Results

Infection of MDBK and ED Cells by EHV-1

A significant increase was observed in the number
of gpC gene copies determined by qPCR from 3 to
18 h postinfection in both cells lines (Fig. 1). After
18 h postinfection, cells showed a cytopathic effect
(Fig. 2). Viral particles were detected in both
MDBK and ED cells using TEM (Fig. 3).

Morphological analysis of apoptosis

For MDBK cells, the Inf groups showed a greater
number of apoptotic cells than the corresponding
Cc, but significant differences were observed only
at 18 h postinfection (p < 0.05) (Fig. 4).

For ED cells, apoptosis was significantly greater
in the Inf groups at 3 and 9 h postinfection than in
the Cc groups.

DNA fragmentation assay of apoptosis

DNA fragmentation was observed in the Apo+
groups of MDBK and ED cells; however, in the
Inf groups, DNA fragmentation was detected
only at 18 h postinfection for both cell lines (Fig. 5).

Annexin V/PI staining and flow cytometry

For MDBK cells, no significant differences in the
percentages of annexin V+/PI− cells were observed
between the Cc and Inf groups at the time points
examined. At 9 h postinfection, however, the Inf
group exhibited a significantly lower percentage of
annexin V+/PI− than the Apo+ group (p < 0.01).

For ED cells, the percentage of annexin V+/PI−
cells was significantly lower at 3 and 9 h than at 18
h postinfection in the Inf groups (p < 0.01) (Fig. 6).

TUNEL assay

For MDBK cells, no significant difference in the
number of TUNEL positive cells was found
between the Inf and Cc groups at any time studied.
At 9 h postinfection, however, we found a lower
percentage of TUNEL positive cells compared to 3
and 18 h postinfection.

For ED cells, the percentage of TUNEL positive
cells was significantly increased at 3 and 18 h

Fig. 2. Cytopathic effect in MDBK cells at 18 h postinfec-
tion with EHV-1.

Fig. 1. gpC copy numbers obtained by qPCR from
MDBK and ED cells infected with EHV-1 strain and ana-
lyzed at 0, 3, 9 or 18 h postinfection.
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compared to the Cc groups (p < 0.001). Among all
infected groups, at 9 h post infection, we found a
significantly lower percentage of TUNEL positive
cells (p < 0.001) (Fig. 7).

Cleavage for cytokeratin 18

For MDBK cells, we found no significant
differences in cytokeratin 18 staining between
the Inf and Cc groups at any time postinfection,
although at 9 h postinfection, a lower
percentage of positive cells was found in the
infected cells.

For ED cells, the percentage of positive M30
cells in the Cc and Inf groups was reduced sig-
nificantly at 9 h but increased at 18 h (p < 0.01);
the highest percentage was found at 18 h
(p < 0.01) (Fig. 8).

Discussion

It has been reported that alpha herpesviruses
interfere with the apoptotic process of infected
cells to promote viral replication and survival
(De Martino et al. 2003, Deruelle et al. 2010).
Some investigators have analyzed changes in
the cytoskeleton during the infection process.
Deruelle et al. (2010) reported that SuHV-1
may be involved in multiple interactions with
the actin cytoskeleton to increase replication
efficiency in swine testis cells. Similar observa-
tions have been reported for EHV-1 strains in
ED and Vero cell lines (Turowska et al. 2010)
and in infected primary murine neurons
(Słonska et al. 2014). On the other hand, the
literature contains conflicting reports regarding
the effects of EHV-1 on apoptosis of cultured
cells. Also, little is known about how in vitro

Fig. 4. Morphological analysis of EHV-1-infected MDBK cells stained with acridine orange and ethidium bromide. a)
Early apoptotic cells are stained bright green by acridine orange at 18 h postinfection. White arrows show normal cell,
whereas red arrow shows apoptotic cell. b) Apoptotic rate using acridine orange and ethidium bromide staining.
Statistically significant differences (*) between 18 h Inf and the corresponding Cc group, p < 0.01.

Fig. 3. Transmission electron micrographs infected MDBK (a) and ED cells (b) at 9 h postinfection. Arrows, viral particles.
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models and viral strains may impact the process
(Cymerys et al. 2012, Scrochi et al. 2013, Walter
and Nowotny 1999).

We investigated whether the abortigenic AR8
EHV-1 strain may induce or prevent early and
late apoptotic events in two different cell lines.
We found that in both infected cell lines, apop-
tosis was increased by 18 h postinfection. This
time period corresponds to the stage of the viral
replication cycle when cell lysis takes place and
viral progeny are released to the medium. We
suggest that apoptosis and necrosis may occur
at this moment, which would explain why DNA
ladder fragmentation, the hallmark of apoptosis,
was not clearly defined in our model.

We also observed that EHV-1 impacts negatively
on the apoptotic process in MDBK and ED cells by 9
h postinfection (early infection time). ED cells were
more susceptible to infection and modification of
apoptosis than MDBK cells. Differences in cell line
susceptibility to infection were reported by
Turowska et al. (2010) who compared the effect of
two EHV-1 abortigenic strains with different viru-
lence on the cytoskeleton of ED and Vero cell lines;
this supports the use of species-specific cell lines to
improve infection and subsequent studies.

The antiapoptotic effect that we observed has
been reported earlier for other alpha herpes-
viruses, such as BoHV-1 in MDBK cells
(De Martino et al. 2003) and HSV-1 in human
cell lines (Aubert et al. 2007), at early stages of
replication cycle. On the other hand, Walter and
Nowotny (1999) reported that necrosis was the
mechanism of cell death caused by two different
EHV-1 strains in Vero cells. Cymerys et al.
(2012) showed that the virulence of EHV-1
strains in primary murine neurons determines
extension of the antiapoptotic process and it
may also characterize infection, i.e., whether
productive or latent. Although these investiga-
tors reported both apoptotic and necrotic
changes, they suggested that apoptosis prevails
in EHV-1-infected murine neurons and therefore
that apoptosis control may be the key
mechanism for regulating the balance between
productive and latent infection.

Interference with cellular apoptosis is asso-
ciated with the expression of different viral pro-
teins, as reported for different alpha
herpesviruses. Therefore, it has been reported
that gpG (Jin et al. 2003) and UL14 protein of
BoHV-1 protect MDBK and human myeloma
(K562) cell lines from sorbitol-induced apoptosis
(De Martino et al. 2007). Similarly, HSV-1 exerts
an antiapoptotic effect by expressing gpD
(Sciortino et al. 2008), gpJ (Jerome et al. 2001),
US3 protein kinases (Benetti and Roizman 2004),
Us11 (Javouhey et al. 2008), g134.5 protein, ICP4
and ICP27 (Aubert and Blaho 1999). In addition, it
has been shown that protein Us11 interferes with
apoptosis in HeLa cells infected with HSV-1
(Javouhey et al. 2008); however, neither anti- nor
proapoptotic viral proteins have been reported for
EHV-1. Cymerys et al. (2012) reported that the
protein expression of different caspases did not
differ between infected mouse neuron primary
cultures and control cell lines. Moreover, they
demonstrated that viruses could survive in cell

Fig. 5. DNA fragmentation in MDBK cells. (Inf) at 3 (1), 9
(2) and 18 h (3) postinfection, Cc (4), Apo+ (5) and
molecular marker (6). DNA fragmentation was observed
in the Inf group at 18 h postinfection (3) and in Apo+
group (5).
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Fig. 6. Analysis of apoptosis by flow cytometry using annexin V/propidium iodide staining. a) Percentage of annexin V
+/PI− at different postinfection times in MDBK cells. b) Statistically significant differences in MDBK cells in Inf group (*) at
9 h postinfection compared to Apo+. c) Percentage of annexin V+/PI− at different times postinfection in ED cells. d)
Statistically significant differences in ED cells in Inf group (*) at 9 h compared to 18 h postinfection.

Fig. 7. Apoptosis in ED cells infected with an EHV-1 strain. Using TUNEL assay, DAPI counterstaining and confocal
microscopy apoptosis was detected using an excitation 520–560 nm wavelength laser (green). Apoptosis was visualized
in red. DAPI (excitation/emission wavelength was 358/461, blue) was used to identify cell nuclei. a) TUNEL-positive cells
at 9 h Inf. White arrows point to normal cells, while red arrows point to apoptotic cells. b) Percentage of TUNEL-positive
cells at different postinfection times. Statistically significant differences (*) between Inf and Cc groups, p < 0.001.
Significant differences at 9 h postinfection (#) in Inf compared with 3 and 18 h postinfection, p < 0.001.
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cultures for eight weeks. Our findings, including
our previous studies with EHV-1 HH1 strain in
MDBK cells (Scrochi et al. 2013), support negative
modification of apoptosis caused by alpha herpes-
virus (Cymerys et al. 2012, De Martino et al. 2003,
Deruelle et al. 2010).

Our findings contribute to understanding the
potential of EHV-1 to increase efficiency during
the replication phase at primary replication sites
in natural hosts to increase the number of viral
particles and to initiate viremia that leads to a
systemic infection; however, further studies are
required to elucidate the mechanisms and viral
gene(s) and proteins involved in this type of inter-
ference. Studies concerning viral replication may
bring new targets for antiviral therapy based on
specific virus–host interaction.
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