
JOURNAL OF VIROLOGY,
0022-538X/99/$04.0010

Apr. 1999, p. 3219–3226 Vol. 73, No. 4

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Herpes Simplex Virus 1 Blocks Caspase-3-Independent
and Caspase-Dependent Pathways to Cell Death
VERONICA GALVAN, RENATO BRANDIMARTI, AND BERNARD ROIZMAN*

The Marjorie B. Kovler Viral Oncology Laboratories, The University
of Chicago, Chicago, Illinois 60637

Received 11 November 1998/Accepted 23 December 1998

Earlier reports have shown that herpes simplex virus 1 (HSV-1) mutants induce programmed cell death and
that wild-type HSV blocks the execution of the cell death program triggered by viral gene products, by the
effectors of the immune system such as the Fas and tumor necrosis factor pathways, or by nonspecific stress
agents such as either osmotic shock induced by sorbitol or thermal shock. A report from this laboratory showed
that caspase inhibitors do not block DNA fragmentation induced by infection with the HSV-1 d120 mutant. To
identify the events in programmed cell death induced and blocked by HSV-1, we examined cells infected with
wild-type virus or the d120 mutant or cells infected and exposed to sorbitol. We report that: (i) the HSV-1 d120
mutant induced apoptosis by a caspase-3-independent pathway inasmuch as caspase 3 was not activated and
DNA fragmentation was not blocked by caspase inhibitors even though the virus caused cytochrome c release
and depolarization of the inner mitochondrial membrane. (ii) Cells infected with wild-type HSV-1 exhibited
none of the manifestations associated with programmed cell death assayed in these studies. (iii) Uninfected
cells exposed to osmotic shock succumbed to caspase-dependent apoptosis inasmuch as cytochrome c was re-
leased, the inner mitochondrial potential was lost, caspase-3 was activated, and chromosomal DNA was frag-
mented. (iv) Although caspase-3 was activated in cells infected with wild-type HSV-1 and exposed to sorbitol,
cytochrome c outflow, depolarization of the inner mitochondrial membrane, and DNA fragmentation were
blocked. We conclude that although d120 induces apoptosis by a caspase-3-independent pathway, the wild-type
virus blocks apoptosis induced by this pathway and also blocks the caspase-dependent pathway induced by
osmotic shock. The block in the caspase-dependent pathway may occur downstream of caspase-3 activation.

The studies described here are based on three series of ob-
servations. First, in earlier studies this laboratory reported that
herpes simplex virus 1 (HSV-1) mutants induced degradation
of cellular DNA and morphologic changes characteristic of
programmed cell death (15). Specifically, cells infected with a
mutant (d120) lacking the major regulatory gene coding in-
fected cell protein 4 (ICP4) and exhibiting a defect in the viral
protein kinase encoded by the Us3 gene induced DNA frag-
mentation in all cell lines tested to date. Another mutant, tsB7,
induced apoptosis in Vero cells but not in SK-N-SH cells
incubated at the nonpermissive temperature (10). Under these
conditions, tsB7 attaches and penetrates cells. Although the
capsid is transported to the nuclear pore, the DNA is not re-
leased and viral gene expression does not ensue (2, 3). Both
mutants, d120 and tsB7, are blocked at very early, but distinct,
stages in infection. In Vero cells infected with tsB7 and main-
tained at the nonpermissive temperature, the events prior to
release of viral DNA into the nucleus are sufficient to induce
apoptosis; in both Vero and SK-N-SH cells infected with d120,
transcription and translation of a subset of proteins that in-
cluded the a proteins was required. These observations led to
the conclusion that HSV-1 can trigger apoptosis at multiple
steps in infection and that the virus encodes functions that can
block the execution of the death program induced by its pres-
ence in the infected cell.

The second observation reported from this and other labo-
ratories was that HSV-1 blocks programmed cell death in-
duced by the effector functions of the immune system such as

the Fas and tumor necrosis factor (TNF)-mediated pathways,
as well as nonspecific inducers of apoptosis such as thermal or
osmotic shock (10–12). Last, this laboratory reported the sur-
prising finding that caspase inhibitors failed to block the frag-
mentation of cellular DNA induced by d120 and raised the
possibility that the virus can induce caspase-independent pro-
grammed cell death (10). The objectives of the studies re-
ported here were to verify the observation that HSV-1 d120
induced caspase-independent programmed cell death and to
identify the steps in programmed cell death blocked by wild-
type HSV-1. Relevant to this report are the following.

(i) The pathways of programmed cell death comprise at least
two effector branches that converge upon the activation of the
downstream effector caspases such as caspase-3, -6, and -7 to
cause the degradation of specific cytoplasmic and nuclear pro-
teins, the fragmentation of chromosomal DNA, and ultimately
the organized breakdown of the cell (reviewed in references 4
and 26). Activation of caspases, a family of cysteine proteases,
is central to this process and occurs through the proteolytic
cleavage of the proenzymes into their active, catalytic forms.
The zymogens of several different caspases have been shown to
be substrates for other members of the family and to be able to
cleave their own precursors. Thus, upon receipt of a death
signal, a cascade of proteolytic cleavages results in activation of
preexisting inactive caspases that ultimately destroy the cell
(reviewed in reference 5). For example, ligand-induced clus-
tering of death receptors, such as Fas and TNF-R, initiate the
execution of one of these pathways, in which the caspase ma-
chinery is directly engaged through the activation of caspase-8
(21, 22). Active caspase-8 cleaves and activates the down-
stream caspase effectors caspase-3, -6, and -7 (25). On the
other hand, stress-inducing stimuli (e.g., g or UV light irradi-
ation, inhibitors of RNA polymerase, or the withdrawal of
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growth factors) have been shown to initiate another converging
pathway that is regulated by the Bcl-2 family of proteins (1).
This pathway involves mitochondrial events, such as the re-
lease of cytochrome c into the cytosol and the dissipation of the
voltage gradient across the inner mitochondrial membrane.
The presence of cytochrome c in the cytoplasm results in the
formation of a complex of cytochrome c, Apaf-1, and pro-
caspase-9. This complex activates caspase-9, which in turn
cleaves and activates caspase-3 (30). Activated caspase-3 rec-
ognizes and cleaves ICAD/CAD DNA fragmentation factor 45
(DFF45/ICAD), the inhibitory partner of CAD or DNA frag-
mentation factor 40 (CAD/DFF40), respectively (24, 18). CAD
has a DNase activity responsible for the degradation of chro-
mosomal DNA (24). Upon cleavage of ICAD, CAD catalyzes
the cleavage of chromosomal DNA into nucleosomal frag-
ments. Cleavage of DFF45 releases DFF40, which has a low
intrinsic DNase activity but is thought to activate a nuclear
DNase (18). Fragmentation of DNA is not a requirement for
cell death since inhibitors of caspase activity block all caspase-
dependent events, including the fragmentation of DNA, but do
not block the death of the cell (20, 29).

(ii) The death receptor-induced pathway may bypass the
mitochondrial regulation and directly engage the downstream
effector, caspase-3. Cytochrome c release, however, has recent-
ly been shown to amplify the effect of caspase-8 on the activa-
tion of downstream caspases (14, 19, 17). Studies of caspase
32/2 mice have shown that caspase-3 is required for pro-
grammed cell death in the central nervous system and for
the nuclear events in apoptosis, chromatin condensation, and
DNA fragmentation (13, 28).

In the studies described here, we examined cells infected
with wild type or d120 mutant and cells infected and subject-
ed to osmotic shock for manifestations of activation of pro-
grammed cell death. The events we examined were the outflow
of cytochrome c from the mitochondrial compartment, the
activation of caspase-3, and the oligonucleosomal degradation
of DNA. To induce osmotic shock, cells were exposed to high
osmolar concentrations of sorbitol. Osmotic shock activates
multiple signalling pathways (23) and induces a rapid response
that allows for the examination of different events in the exe-
cution of the cell death program independently of the partic-
ular timing and kinetics of a specific pathway. We report that
d120 induces the release of cytochrome into the cytosol and the
depolarization of the inner mitochondrial membrane. How-
ever, the fragmentation of the DNA that marks the completion
of the apoptotic process in d120-infected cells appears to be a
caspase-3-independent process consistent with the earlier find-
ing that caspase inhibitors do not block d120-induced DNA
fragmentation. Wild-type HSV-1 appears to express functions
that block multiple events in the execution of the cell death
program. This block is sufficient to preclude apoptosis trig-
gered both by expression of viral genes and by a caspase-de-
pendent pathway triggered by osmotic shock-induced stress.

MATERIALS AND METHODS

Cells. SK-N-SH and HEp-2 cell lines were obtained from American Type
Culture Collection and were grown in Dulbecco’s modification of Eagle minimal
essential medium (DMEM) containing 5% (HEp-2) or 10% fetal bovine serum
(SK-N-SH).

Viruses. HSV-1(F) is the prototype HSV-1 strain used in this laboratory (8).
The HSV-1 mutant d120 (a kind gift of N. DeLuca) carries a deletion in both
copies of the a4 gene and was grown in a Vero cell line (E5) expressing the a4
gene (6). It also carries a defective US3 gene encoding a viral protein kinase (16).

Induction of apoptosis. Osmotic shock was induced by exposing SK-N-SH and
HEp-2 cells that were mock infected or were infected with 10 PFU of HSV-1(F)
per cell either to 0.5 M sorbitol for 2 h or to 1.5 M sorbitol for 1 h, followed by
5 h of incubation at 37°C in DMEM containing 1% newborn calf serum.

Measurement of caspase-3 activity. Cellular extracts were assayed for caspase-
3 activity with a tetrapeptide conjugated to phenylnitroaniline (DEVD-pNA).
Briefly, 106 SK-N-SH cells were either mock infected or were infected with 10
PFU of HSV-1(F) or the d120 mutant per cell. At the indicated times after in-
fection, they were harvested, rinsed in phosphate-buffered saline (PBS), resus-
pended in lysis buffer, and stored on wet ice for 5 min. The lysates were then
centrifuged at 10,000 3 g for 10 min at 4°C. The supernatant fluids were tested
for caspase-3 activity as recommended by the manufacturer by using the BI-
OMOL Quantizyme assay system. The released chromophore was measured by
determining the absorbance at 405 nm. The endpoint reaction values shown cor-
respond to the absorbance values obtained at 280 min after the addition of the
substrate.

Immunoblot assays. Infected or uninfected cell lysates, each containing ap-
proximately 60 mg of protein, were electrophoretically separated in a 10% dena-
turing polyacrylamide gel, electrically transferred onto a nitrocellulose sheet, and
reacted with an anti-poly(ADP-ribose) polymerase antibody (Santa Cruz Bio-
technology) at a concentration of 1 mg/ml. The protein bands reacting with the
antibody were visualized by using an enhanced chemiluminescence (ECL) system
(Pierce, Rockford, Ill.) as described for the localization of cytochrome c.

Subcellular fractionation. Cells (4 3 106) were either mock infected or were
infected with 10 PFU of HSV-1(F) or the HSV-1d120 mutant per cell. At the
indicated times after infection they were collected and resuspended in 0.8 ml
of ice-cold buffer A (20 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA,
1 mM EGTA, 1 mM dithiothreitol, 250 mM sucrose, 0.1 mM TLCK [Na-
p-tosyl-L-lysine chloromethyl ketone], 0.1 mM TPCK [tolylsulfonyl phenylalanyl
chloromethyl ketone]). After 15 min on ice, cells were homogenized in a Dounce
homogenizer and then centrifuged for 10 min at 750 3 g in order to remove
unlysed cells and nuclei. The supernatant fluids were transferred to new tubes
and centrifuged again at 10,000 3 g per 20 min. Supernatant fluids from the
second centrifugation represent the cytosolic fractions, whereas the pellets, re-
suspended in buffer A, represent the mitochondrial fractions.

Localization of cytochrome c. The protein concentration in mitochondrial and
cytosolic fractions was determined by using the Bio-Rad Protein Assay (Bio-Rad
Laboratories, Hercules, Calif.), according to the directions provided by the
manufacturer. Equivalent amounts of mitochondrial and cytosolic fractions were
subjected to electrophoresis in denaturing polyacrylamide gels, transferred to
nitrocellulose membranes, blocked in PBS (0.14 M NaCl, 3 mM KCl, 10 mM
Na2HPO4, 1.5 mM KH2PO4) containing 5% skim milk for 1 h at room temper-
ature or overnight at 4°C, rinsed three times in PBS, and then reacted with the
primary antibody against cytochrome c, clone 7H8.2C12, (PharMingen, San
Diego, Calif.), in a solution of PBS containing 1 mg of the antibody per ml. The
membranes were then rinsed three times with PBS, reacted with a goat anti-
mouse antibody conjugated to peroxidase (Sigma, St. Louis, Mo.), rinsed again,
and visualized with the ECL system according to the protocols provided by the
manufacturers. Finally, filters were exposed to X-Omat AR films (Kodak, Roch-
ester, N.Y.) for the detection of specific bands.

Mitochondrial membrane potential measurement and flow cytometry. Sub-
confluent, uninfected cells or cells exposed to 10 PFU of HSV-1(F) or the d120
mutant per cell were collected, rinsed in PBS, resuspended in 5 nM rhodamine-
123 (Molecular Probes, Eugene, Oreg.), and incubated at room temperature for
20 min. Cells were then analyzed with a FACScan flow cytometer (Becton
Dickinson) as described previously (7) to detect changes in inner mitochondrial
membrane potential. Data from 2 3 104 cells were collected, stored, and ana-
lyzed by using Cellquest software (Becton Dickinson). Ungated data are shown.

DNA fragmentation assay. Subconfluent SK-N-SH cells were mock infected or
exposed to 10 PFU of HSV-1(F) or the d120 mutant per cell. Mock- or HSV-1
(F)-infected cells were either left untreated or exposed to 1 M sorbitol for 1 h;
cells were then incubated in DMEM containing 1% newborn calf serum for 5 h.
Samples containing 2 3 106 cells were collected and processed as described
earlier (10).

RESULTS

Infection does not induce activation of caspase-3. The pur-
pose of the three series of experiments described below was to
test the hypothesis that infection of cells with the d120 mutant
of HSV-1 does not induce activation of caspase-3. The objec-
tive of the first series of experiments was to determine whether
the cells were capable of inducing the activation of caspase-3
and to determine the minimum amount of caspase-3 activity
that correlates with activation of the cell death program.

In the first series of experiments, SK-N-SH cells were ex-
posed to increasing concentrations of sorbitol in medium con-
taining 1% fetal bovine serum for 5 h. The lysates were assayed
for specific DEVDase activity in colorimetric reactions as de-
scribed in Materials and Methods. In preliminary studies it was
determined that exposure of cells to 0.25 M sorbitol was suf-
ficient to induce apoptosis as determined by DNA fragmenta-
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tion, whereas exposure to 0.12 M sorbitol was insufficient (data
not shown). DEVD-pNA cleavage assays showed that cytoplas-
mic lysates from cells exposed to 0.25 M sorbitol exhibited
0.35 absorbance units at 405 nm, whereas the absorbance of
lysates from cells exposed to the lower concentration of sor-
bitol could not be differentiated from that of the blank sample
(Fig. 1).

The purpose of the second series of experiments was to
compare the events occurring in cells exposed to sorbitol with
those occurring in cells infected with the d120 mutant. SK-N-
SH cells were mock infected, infected with 10 PFU of the d120
mutant per cell and incubated for 12 h, or exposed to 0.25 M
sorbitol for 5 h. At the same time after infection, lysates from
cells infected by the d120 mutant (Fig. 2, lane 1) or exposed to
sorbitol (Fig. 2, lane 2) showed extensive DNA fragmentation,
whereas cells exposed to wild-type virus alone or to both virus
and sorbitol showed little or no degradation of DNA (Fig. 2,
lanes 3 to 5). The lysates collected in parallel were tested for
caspase-3 activity as described above. The DEVD-pNA cleav-
age assays yielded endpoint absorbance values for lysates from
cells infected with the d120 mutant that were not significantly
higher than the values obtained for the blank sample. In con-
trast, lysates of cells exposed to sorbitol yielded DEVD-ase
activities comparable to those obtained by the addition of pu-
rified recombinant caspase-3 to lysates from untreated cells.
This activity was specific, as it could be completely inhibited by
the simultaneous addition of the specific tetrapeptide aldehyde
inhibitor, Ac-DEVD-CHO (Fig. 3).

The third series of experiments was designed to test the hy-
pothesis that different inducers of apoptosis may trigger the
activation of caspase-3 with different kinetics, and thus a peak
of DEVDase activity could be transient and no longer present
at the time it was measured in lysates of cells infected with the
d120 mutant. We therefore sought to precisely determine the
timing of the appearance of caspase-3 activity in cells exposed
to sorbitol or in cells infected with d120. A time course analysis
was done in which cells were simultaneously infected and ex-
posed to sorbitol or overlaid with 0.5 M sorbitol and then
collected at 2, 3, 7, 8, 12, or 20 h after infection or after expo-
sure to sorbitol. No caspase-3 activity, as measured by cleavage
of the colorimetric substrate, was detected in mock-infected
cells or in cells infected with wild-type or mutant HSV-1. In

contrast, a peak of DEVDase activity was observed in cells
exposed to osmotic shock at 2 to 3 h after treatment. The
DEVDase activity induced by osmotic shock was complete-
ly inhibited by the simultaneous addition of the inhibitor
Ac-DEVD-CHO (Fig. 4).

Infection does not block the cleavage of poly(ADP-ribose)
polymerase induced by osmotic shock. To verify the absence of
caspase-3 activity, we examined the integrity of poly(ADP-ri-
bose) polymerase, one of its substrates. Caspase-3 is known to

FIG. 1. DEVDase activity in cells exposed to various concentrations of sor-
bitol. SK-N-SH cells were exposed to various concentrations of sorbitol as shown
for 2 h and then incubated for 5 h in DMEM containing 1% fetal bovine serum.
Cell extracts were assayed for DEVDase activity as described in Materials and
Methods. The colorimetric reaction was monitored by measuring the absorbance
at 405 nm. DNA fragmentation was observed only in cells treated with the two
highest concentrations tested (data not shown).

FIG. 2. Photograph of agarose gel containing electrophoretically separated
low-molecular-weight DNA fragments. SK-N-SH cells were mock infected, ex-
posed to sorbitol, infected with HSV-1(F) or d120 mutant, or infected with
HSV-1(F) and exposed to sorbitol as described in the text. Cultures were mock
infected or infected with 10 PFU of HSV-1(F) or the d120 mutant per cell and
collected 6 h after infection. At 1 h after mock infection or infection with 10 PFU
of HSV-1(F) per cell, cells were exposed to 1 M sorbitol for 1 h and incubated
in DMEM containing 1% fetal bovine serum for 5 h. Cell lysates were assayed for
the presence of oligonucleosomal DNA fragments as described in Materials and
Methods.

FIG. 3. Time course of DEVDase activity in cell extracts after the addition of
substrate. Extracts from infected or uninfected SK-N-SH cells or from SK-N-SH
cells exposed to sorbitol were assayed for DEVDase activity at the indicated
times after the addition of the colorimetric substrate as described in Materials
and Methods. The colorimetric reaction was monitored by measuring the absor-
bance at 405 nm.
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cleave the Mr 110,000 poly(ADP-ribose) polymerase to yield a
truncated polypeptide with an Mr of 85,000. In these experi-
ments HEp-2 cells were infected with d120 (10 PFU/cell) and
incubated for 12 h. Replicate cultures were exposed to 0.25 M
sorbitol at 1 h after mock infection or after infection with wild-
type or mutant viruses and were maintained for an additional
2 or 5 h at 37°C. The results were as follows.

(i) The Mr-85,000 cleavage product of the poly(ADP-ribose)
polymerase was detected in lysates of uninfected cells exposed
to sorbitol for 2 or 5 h (Fig. 5A, lanes 4 and 6).

(ii) Lysates of cells infected with either wild-type virus or
d120 exhibited trace amounts of Mr-85,000 cleavage product
(Fig. 5A, lane 3, and 5B, lane 2). The significance of the pres-
ence of trace amounts of cleaved poly(ADP-ribose) polymer-
ase is unclear; it could reflect a small fraction of the cells in
caspase-3 which was activated as a consequence of an abortive
infection. The key finding is that in cells infected with either
virus the vast majority of the poly(ADP-ribose) polymerase
was intact, a finding consistent with those presented above and
indicating that infection with the d120 mutant does not result
in caspase-3 activation significantly different from that of the
wild-type virus. At the same time after infection, as noted
above, cells infected with the d120 mutant exhibit extensive
DNA fragmentation (Fig. 2, lane 1).

(iii) Poly(ADP-ribose) polymerase was cleaved in cells ex-
posed to sorbitol at 1 h after infection with wild-type virus (Fig.
5A, lanes 5 and 7). It is noteworthy that cleavage was apparent
as early as 2 h after exposure of cells to sorbitol.

To determine whether a function expressed later in infection
could block the activation of caspase-3, we repeated the same
experiment but exposed the infected cells to sorbitol at 6, 12,
and 18 h after infection. As shown in Fig. 5B, lanes 3 to 6,
HSV-1 infection did not preclude the cleavage of poly(ADP-
ribose) polymerase induced by osmotic shock at any of the
times tested. In contrast, DNA fragmentation was effectively
blocked by wild-type HSV-1 in cultures exposed to sorbitol by
as early as 1 h after infection (Fig. 3 and Fig. 2, lanes 2 and 3).

We should note that in the two experiments we detected
larger amounts of the poly(ADP-ribose) polymerase and of its

FIG. 4. Time course of DEVDase activity after exposure to sorbitol, wild-type virus, or d120 mutant. SK-N-SH cells, either mock infected or infected with HSV-1(F)
or the d120 mutant or exposed to sorbitol in the presence or absence of the caspase inhibitor Ac-DEVD-CHO were harvested at the times indicated in the figure and
assayed for DEVDase activity as described in Materials and Methods. The colorimetric reaction was monitored by measuring the absorbance at 405 nm. Endpoint values
of absorbance are shown.

FIG. 5. Photograph of electrophoretically separated cell lysates reacted with
an antibody to poly(ADP-ribose) polymerase. Lysates from infected or unin-
fected HEp-2 cells either left untreated or exposed to sorbitol were electro-
phoretically separated in a polyacrylamide gel, transferred to a nitrocellulose
sheet, and reacted with antibody against poly(ADP-ribose) polymerase (PARP).
(A) Cells were treated with sorbitol at 1 h after infection and collected at 2 or 5 h
after the addition of sorbitol. (B) Cells were treated at the indicated times after
infection and collected at 5 h after the exposure to sorbitol.
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cleavage product in the experiment illustrated in Fig. 5B than
in the one illustrated in Fig. 5A. The relative amounts of intact
and cleaved product, however, were comparable in both exper-
iments.

Outflow of cytochrome c from mitochondria in infected cells.
In some pathways of apoptosis, the release of cytochrome c
precedes the activation of caspase-3 through the formation of
a complex that results in the activation of caspase-9, which can
in turn cleave and activate caspase-3. The absence of caspase-3
activity in cells undergoing apoptosis induced by infection
could be due to a block in the release of cytochrome c into the
cytoplasm. To test this hypothesis, two series of experiments
were done. In the first, replicate HEp-2 cell cultures were
mock infected or were infected with wild-type virus [HSV-1
(F)] or d120 mutant. At 16.5 h after infection, one set of cells
was exposed to 0.5 M sorbitol in DMEM containing 5% new-
born calf serum for 1.5 h at 37°C. The cells were then harvest-
ed, fractionated, and analyzed to determine the subcellular dis-
tribution of cytochrome c as detailed in Materials and Methods.
The results (Fig. 6A) were as follows. In cells mock infected or
in cells infected with HSV-1(F), cytochrome c was present in
trace amounts and was cofractionated mostly with the mito-
chondrial fraction (Fig. 6, lanes 1 to 4). In cells infected with
the mutant d120, cytochrome c increased in amount and was
fractionated predominantly with the cytosolic fraction (Fig. 6,
lanes 5 and 6). As expected, in mock-infected cells exposed to
sorbitol, cytochrome c increased in amount and was found pre-
dominantly in the cytosol (Fig. 6, lanes 7 and 8). Virtually the
same increase in cytochrome c and prevalent localization in
cytosol was observed in cells infected with d120 mutant (Fig. 6,
lanes 11 and 12). In contrast, in cells infected with wild-type
virus and exposed to sorbitol, cytochrome c was localized in
the mitochondria (Fig. 6, lanes 8 and 9), indicating that a
viral function can block the release of cytochrome c into the
cytoplasm resulting from the induction of apoptosis by os-
motic shock.

In the second series of experiments, replicate cultures of
HEp-2 cells were infected with HSV-1(F) or with the d120
mutant. At 2.5 h after infection, the medium in one set of cells
was replaced with a medium containing 0.5 M sorbitol, and the
incubation was continued for another 1.5 h at 37°C. The cells
were harvested and analyzed as described above. The results,
presented in Fig. 6B, were as follows. The total amount of cy-
tochrome c detected in both wild-type and mutant-infected
cells was significantly lower than the amount detected at 18 h
after infection (compare Fig. 6A with Fig. 6B) and, moreover,
the cytochrome that was detected was associated with the mi-
tochondrial fraction. The significant finding was that infection

with wild-type virus did not block the release of cytochrome c
in the cytosol of cells exposed to sorbitol.

The studies shown in Fig. 6 indicate that the viral function
which blocks the release of cytochrome c from the mitochon-

FIG. 7. Distribution of cells according to their Rh-123 fluorescence intensi-
ties. (A) Rh-123 fluorescence profiles of mock-infected or HSV-1(F)-infected
cells either left untreated or exposed to sorbitol. (B) Rh-123 fluorescence profiles
of HSV-1(F)-infected or d120-infected HEp-2 cells at 12 and 24 h after infection.
The thicker line corresponds to the profile of uninfected cells and is shown as a
reference.

FIG. 6. Immunoblot showing cytochrome c distribution in mock-infected, infected, and sorbitol-treated HEp-2 cells. (A) HEp-2 cells were harvested at 16.5 h after
mock infection or after infection with viruses as indicated. Cells were exposed to sorbitol for 1.5 h. (B) HEp-2 cells were harvested at 4 h after mock infection or after
infection with viruses as indicated. Cells were exposed to sorbitol for 1.5 h. The procedures were as described in Materials and Methods. M, mitochondrial fraction;
C, cytosol.
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dria is expressed between 1.5 and 16.5 h after infection. Other
studies (data not shown) indicated that this function is ex-
pressed before 12 h postinfection.

Two comments should be made concerning the results pre-
sented in this experiment. First, the increase in the amount of
cytochrome c detected in cells infected with wild-type virus and
the even greater increase detected in cells undergoing pro-
grammed cell death (e.g., mock-infected cells exposed to sor-
bitol or cells infected with the d120 mutant) was reproducible.
The data suggest that either a fraction of cytochrome c in
unstressed cells is unavailable by the method of fractionation
or that stress induces the synthesis of cytochrome c concomi-
tantly with the activation of the cell death program, which
would then be blocked in cells infected with wild-type virus.
Second, in the experiment shown in Fig. 6, trace amounts of
cytochrome c could be detected in the cytoplasmic fraction of
cells infected with wild-type HSV-1 (lane 4), even though no
fragmentation of DNA can be detected in any cell type tested
so far. The presence of trace amounts of cytochrome c in the
cytoplasm of wild-type-infected cells also suggests the possibil-
ity that infection activates and then blocks the execution of the
cell death program.

HSV-1(F) infection prevents the depolarization of the inner
mitochondrial membrane induced by osmotic shock. The abil-
ity of wild-type HSV-1 to prevent redistribution of cytochrome
c resulting from activation of the cell death program by os-
motic shock suggested that it could also be actively regulating
other aspects of mitochondrial function. We therefore investi-
gated whether infection could prevent the depolarization of
the inner mitochondrial membrane, an event that appears to
be associated with some forms of programmed cell death (re-
viewed in reference 22). In these experiments, we compared
the profile of rhodamine-123 (Rh-123) fluorescence of mock-
infected or HSV-1(F)-infected cells that were either left un-
treated or were exposed to sorbitol. Approximately 45% of the
mock-infected cells exposed to sorbitol showed a decreased
mitochondrial membrane potential compared to untreated or
HSV-1(F)-infected cells (Fig. 7, compare panel B with panels
A and C). In contrast, HSV-1(F)-infected cells treated by os-
motic shock showed no detectable increase in the percentage
of depolarized cells (Fig. 7D). Infection therefore prevents the

loss of inner mitochondrial membrane potential resulting from
induction of apoptosis by osmotic shock.

Depolarization of the inner mitochondrial membrane in
d120-infected cells. The data presented above showed that the
d120 mutant induced the release of cytochrome c into cytosol.
To determine whether d120 infection could also induce the loss
of inner mitochondrial potential, we examined the Rh-123
fluorescence profiles of cells at 12 and 24 h after infection with
either HSV-1(F) or the d120 mutant. At 12 h after infection,
neither HSV-1(F)- nor d120-infected cells showed any detect-
able decrease in Rh-123 fluorescence (Fig. 7E and G). At 24 h
after infection, however, cells infected with the d120 mutant
show a marked decrease in Rh-123 fluorescence intensity, in-
dicating a loss in their inner mitochondrial membrane poten-
tial (Fig. 7F).

DISCUSSION

The current model of programmed cell death delineates two
major pathways connecting different apoptotic stimuli with the
activation of a family of cysteine proteases called caspases that
mediate the organized dismemberment of the cell (reviewed in
reference 4). In the case of signalling through death receptors,
the proteolytic machinery is engaged directly; in the case of
pathways activated by stress, the signal to activate the proteo-
lytic cascade is regulated at the level of mitochondria by mem-
bers of the Bcl-2 family of proteins (reviewed in reference 1).
Both pathways converge in the activation of downstream
effector caspase-3, -6, and -7, which are responsible for the
morphological features of apoptosis such as membrane bleb-
bing, chromatin condensation, and DNA fragmentation. In
particular, it was shown that caspase-3 is directly linked to the
activation of the endonuclease that mediates the fragmen-
tation of chromosomal DNA (24, 28). Our interest in pro-
grammed cell death in relation to HSV-1 infection stemmed
from two observations: (i) that mutants of HSV-1 induce ap-
optosis and (ii) that infection with the d120 mutant causes
DNA fragmentation that cannot be blocked by caspase inhib-
itors. The experimental objectives of the studies described in
this study were to identify the manifestations of the pro-
grammed cell death blocked by wild-type virus. We examined

FIG. 8. Schematic representation of the manifestations of the programmed cell death assayed in these studies. “Yes” and “no” refer to detection of or failure to
detect, respectively, manifestations of intracellular events associated with programmed cell death.
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cells that were infected with wild-type virus or d120 mutant,
exposed to sorbitol, or both infected and exposed to sorbitol
for the activation of caspase-3, the release of cytochrome c into
cytosol, the depolarization of the inner mitochondrial mem-
brane, and the fragmentation of DNA. The salient features of
the results summarized in Fig. 8 were as follows.

(i) No caspase-3 activity could be detected in cells infected
with the d120 mutant, even though d120 induced the release of
cytochrome c into cytosol, depolarization of the inner mito-
chondrial membrane, and extensive fragmentation of chromo-
somal DNA. Consistent with these results, as reported earlier,
caspase inhibitors failed to block the fragmentation of DNA
induced by infection with the d120 mutant. We conclude that
the pathway of programmed cell death induced by the d120
mutant of HSV-1 is caspase 3-independent.

(ii) As expected, osmotic shock resulting from the exposure
of uninfected cells to sorbitol induced cytochrome c release,
activation of caspase-3, depolarization of the inner mitochon-
drial membrane, and degradation of chromosomal DNA. The
activation of caspase-3 and DNA fragmentation were blocked
by caspase inhibitors.

(iii) In cells infected with wild-type HSV-1 and exposed to
sorbitol, cytochrome c release, depolarization of the inner mito-
chondrial membrane, and fragmentation of DNA were blocked.

These results lead to several significant conclusions. First,
the evidence unambiguously indicates that cells infected with
d120 succumbed to caspase-3-independent programmed cell
death. The evidence that no manifestations of apoptosis were
seen in cells infected with wild-type HSV-1 indicate that the
wild-type virus can express functions that block this pathway.

Second, the evidence that cells exposed to sorbitol suc-
cumbed to a caspase-3-dependent programmed cell death that
is blocked by the wild-type virus indicates that the virus ex-
presses functions that can block this pathway.

Third, the evidence that in infected cells exposed to sorbitol
caspase-3 was not blocked has two significant implications.
Foremost, HSV-1 may not have evolved functions that block
caspase-3 but rather has functions that block a subsequent
step, that is, the fragmentation of DNA. Implicit in this con-
clusion is that the virus evolved a mechanism to block specif-
ically DNA fragmentation and that none of the substrates of
caspase-3 are of vital importance to the virus. Of equal signifi-
cance, the evidence that HSV-1 infection precluded cytochrome
c release and DNA fragmentation but not caspase-3 activation
indicates that the virus blocks the cascade of events leading to
programmed cell death at several steps independently.

The studies described here were done with HEp-2 and SK-
N-SH cells. The response of these two cell lines to infection or
sorbitol and, conversely, the effectiveness of viral gene expres-
sion in response to apoptotic events initiated in these cell lines
were equivalent. In an earlier publication from this laboratory
(10), it has been shown that the response may be cell type
dependent. For example, SK-N-SH cells were protected by
wild-type virus from the effects of a variety of exogenous in-
ducers of apoptosis, whereas HeLa cells treated in the same
fashion were not. Similarly, tsB7 at the nonpermissive temper-
ature induced apoptosis in Vero cells but not in SK-N-SH cells.
The possibility that Vero cells may respond to wild-type infec-
tion in a manner different from that of HEp-2 cells is suggested
by the report that mitochondrial RNA polymerase could be
found in the cytosolic fraction of Vero cells infected with
wild-type virus (27).

The model that emerges from this and preceding studies is
that HSV replication occurs in a very hostile environment in
which the cells are programmed to respond to stimuli from the
invading virus and from exogenous sources (e.g., the immune

system) to commit suicide in order to preclude the invader
from taking hold. The apoptotic stimuli from the invading virus
appear to occur at several steps in its reproductive cycle, most
probably from the moment of its interaction with the host cell.
Pari passu, the virus expresses functions necessary to block the
activation of the programmed cell death to ensure that the in-
fected cells are totally subservient to its needs and to maximize
viral progeny. Coevolution of the virus and the host may have
led to the acquisition of functions that block not only the
apoptotic pathway induced by the virus but also those induced
by external activators such as the immune system of the host.
Identification of the various functions expressed by the virus to
block these pathways is a major objective for three reasons.
First, this will identify the viral biochemical events that could
lead to programmed cell death. Second, it may yield clues to
interventions that nullify viral blocks to apoptosis in order to
curtail infection at a critical step. Finally, identification of viral
functions that block individual steps in programmed cell death
may lead to applications in areas in which blockage of apopto-
sis is therapeutically desirable.
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