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Viral myocarditis is a disease with a high morbidity and mortality. The pathogenesis of this disease remains
poorly characterized, with components of both direct virus-mediated and secondary inflammatory and immune
responses contributing to disease. Apoptosis has increasingly been viewed as an important mechanism of
myocardial injury in noninfectious models of cardiac disease, including ischemia and failure. Using a reovirus
murine model of viral myocarditis, we characterized and targeted apoptosis as a key mechanism of virus-
associated myocardial injury in vitro and in vivo. We demonstrated caspase-3 activation, in conjunction with
terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling and annexin binding, in cardiac
myocytes after myocarditic viral infection in vitro. We also demonstrated a tight temporal and geographical
correlation between caspase-3 activation, histologic injury, and viral load in cardiac tissue after myocarditic
viral infection in vivo. Two pharmacologic agents that broadly inhibit caspase activity, Q-VD-OPH and
Z-VAD(OMe)-FMK, effectively inhibited virus-induced cellular death in vitro. The inhibition of caspase
activity in vivo by the use of pharmacologic agents as well as genetic manipulation reduced virus-induced
myocardial injury by 40 to 60% and dramatically improved survival in infected caspase-3-deficient animals.
This study indicates that apoptosis plays a critical role in mediating cardiac injury in the setting of viral
myocarditis and is the first demonstration that caspase inhibition may serve as a novel therapeutic strategy for

this devastating disease.

Viral myocarditis remains a disease without a reliable or
effective treatment, resulting in chronic dilated cardiomyopa-
thy or death in up to 20% of affected children and 50% of
affected adults (18). Unfortunately, the events following viral
attachment and replication that produce the cytopathic effect
and lead to myocarditis are not clearly understood. Several
mechanisms have been suggested (32), including direct viral
injury and persistence (10, 40, 58), autoimmune phenomena
(6, 17, 25, 38, 52), cytokine fluxes (20, 28, 39), and T-cell-
mediated inflammatory responses (27, 33, 53). Direct damage
to cardiac myocytes plays a key role in the pathogenesis of
nearly all models of viral myocarditis. A clearer understanding
of the pathogenic mechanisms of virus-induced cardiac myo-
cyte death is crucial for the development of effective therapeu-
tic strategies since currently employed antiviral agents do not
result in a significantly improved clinical outcome.

Murine models of viral infection utilizing coxsackievirus,
murine encephalomyocarditis virus, and reovirus have been
utilized to define key events in the pathogenesis of viral myo-
carditis. Reovirus strain 8B produces lethal myocarditis in in-
fected neonatal mice (55, 56, 58). SCID mice still develop
myocarditis, and the passive transfer of reovirus-specific im-
mune cells is protective, rather than harmful, to 8B-infected
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mice (57). These findings indicate that myocardial damage is a
direct effect of viral infection of cardiac myocytes and that
immune mechanisms contribute to amelioration rather than an
induction of reovirus-induced viral injury. Reoviral myocarditis
therefore allows dissection of the events leading to direct myo-
cardial injury.

Apoptosis is an important mechanism of active cellular
death that is distinct from necrosis and has been implicated in
the pathogenesis of a variety of degenerative, ischemic, toxin-
induced, and infectious human diseases (34, 41, 64). Increasing
evidence indicates that apoptosis plays a central role in micro-
bial pathogenesis, particularly in viral infections (54), and it is
now recognized as an important mechanism of virus-induced
tissue injury (14, 15, 47). Apoptosis has been increasingly im-
plicated in multiple forms of cardiac pathology (reviewed in
references 4, 30, and 46), including in vivo models of hyper-
trophic and dilated failure (5, 16, 49, 59), myocardial infarction
(3), ischemia-reperfusion (23, 43), and beta-adrenergic stimu-
lation (59). Apoptosis of cardiac myocytes in vitro has also
been demonstrated in response to serum and glucose depriva-
tion (components of ischemia in vivo) (3) as well as during
cardiac myocyte differentiation (37). Although there have been
sporadic reports suggesting the importance of apoptosis in the
pathogenesis of viral myocarditis (1, 11, 13, 14, 61, 63), this
mechanism of cellular death has not previously been exten-
sively characterized for models of viral myocarditis.

It was shown previously that apoptosis occurs in cardiac
tissue after the infection of animals with reovirus 8B (14). In
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FIG. 1. Markers of apoptosis in virus-injured myocardium. Consec-
utive 4-pum-thick sections of hearts from reovirus-infected mice were
analyzed at 7 days postinfection by two independent assays for evi-
dence of apoptosis. (a) TUNEL (left, blue staining) and active
caspase-3 staining (right, brown staining) of 4-pm-thick sections of a
representative infected animal. It was calculated that 17.8% of the
myocardial tissue was TUNEL positive and 23.3% was active caspase-3
positive. (b) Higher-magnification view of active caspase-3-positive
area of myocardium. The black arrow indicates an example of a neg-
atively stained cardiac fibroblast. White arrows indicate examples of
positively stained cardiac myocytes. Bar = 2.5 mm.

that study, the in vivo inhibition of calpain, a cysteine protease
implicated in apoptotic signaling, was protective against virus-
induced myocardial injury. Taken together, these results indi-
cated that apoptosis is potentially an important mechanism of
virus-induced tissue damage, as has been suggested for at least
one other animal model of viral myocarditis (61). In the
present study, we demonstrate the importance of apoptosis,
and specifically caspase activation, as a critical determinant in
the pathogenesis of virus-induced myocarditis and show that
caspase inhibition is protective in an animal model of viral
myocarditis. These results shed light on the basic pathogenesis
of viral myocarditis and may have direct therapeutic implica-
tions for the treatment of this and other diseases involving
apoptotic tissue damage.

MATERIALS AND METHODS

Virus and cells. The reovirus 8B strain was passaged twice in L1929 cells prior
to use. 8B infectious subvirion particles (ISVPs) were generated by treating
purified 8B virions with alpha-chymotrypsin at a final concentration of 150 pg/ml
(from a 2-mg/ml stock solution in 150 mM NaCl and 15 mM sodium citrate
diluted to 300 wg/ml in dialysis buffer) for 35 min at 37°C. Digestion was stopped
by the addition of 2 pM (final concentration) phenylmethylsulfonyl fluoride on
ice. ISVP preparations were verified by Western blot analysis of viral proteins.
Neonatal murine cardiac myocytes were cultured in Dulbecco’s modified Eagle’s
medium with Hanks salts supplemented with 5% fetal bovine serum, 1 mg of
bovine serum albumin/ml, 50 U of penicillin G (Sigma)/ml, 2 pg of vitamin B,
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(Sigma)/ml, 10 wg of transferrin (Sigma)/ml, 10 p.g of insulin (Sigma)/ml, and 0.1
mM bromodeoxyuridine (Sigma) and were maintained at 37°C with 1% CO, (50,
51).

Mice and inoculations. For inhibitor experiments, Swiss-Webster mice were
purchased from Transduction Laboratories. Caspase-3 knockout mice and
C57B6 wild-type mice were a generous gift from Richard Flavell, Yale Univer-
sity. Two-day-old mice were infected intramuscularly (in the left hind limb) with
10* PFU of virus administered in 20 pl of gel saline (137 mM NaCl, 0.2 mM
CaCl,, 0.8 mM MgCl,, 19 mM H3;BO3, 0.1 mM Na,B,0, 0.3% gelatin).

Histologic analysis. Hearts were immersed in 10% buffered formalin for 12 h,
embedded in paraffin, and sectioned transversely into 4-pm-thick sections. He-
matoxylin and eosin (H&E)-stained mid-cardiac sections were examined by light
microscopy, photographed at a magnification of X2.5, and scored in a blinded
fashion by two independent scorers, using a previously validated myocardial
injury scoring system (58). Injury was also quantified by determining the area of
injured myocardial tissue and expressing it as a percentage of the total myocar-
dial tissue area (Adobe Photoshop Magnetic Lasso tool).

Immunohistochemistry. (i) Viral antigen detection. After antigen retrieval and
a blockade of nonspecific binding, tissues were incubated with a rabbit polyclonal
anti-T3D reovirus antiserum (1:100 dilution overnight at 4°C). After washes in
Tris-buffered saline-0.1% Tween 20, the tissues were incubated with fluorescein
isothiocyanate-conjugated goat anti-rabbit immunoglobulin G (Vector) (1:100
dilution for 1 h at room temperature [RT]) and were subsequently counter-
stained for nuclear detection with Hoechst 33342 (Molecular Probes) (5 min at
RT). Sections were mounted with Vectashield (Vector) and then analyzed by
fluorescence microscopy.

(ii) Activation of caspase-3. Antigen unmasking was performed as described
above, and the endogenous peroxidase activity of the tissues was blocked. Sec-
tions were incubated with a rabbit polyclonal antibody detecting cleaved (active)
caspase-3 (Cell Signaling) (1:100 dilution overnight at 4°C) and then with goat
anti-rabbit immunoglobulin-biotin (Vector) (1:100 dilution for 1 h at RT) and
were subsequently probed with avidin-horseradish peroxidase. Cleaved caspase-3
was detected with a diaminobenzadine peroxidase substrate (Trevigen). A blue
counterstain (Trevigen) was used to visualize the tissue architecture.

Immunocytochemistry. Cells were fixed with 3.7% paraformaldehyde (20 min
at RT) and then stored in a mild cell permeabilizer, Cytonin (Trevigen), at 4°C
for up to 1 week. The cells were probed for reovirus antigens and cleaved
caspase-3 (Cell Signaling), as described above. Fluorescence microscopy was
used to visualize staining at a magnification of X20.

Apoptosis assays and reagents. Cardiac myocytes were harvested by using a
50-50 mixture of trypsin-EDTA (BioSource) and Accutase (Innovative Cell
Technologies).

Acridine orange and ethidium bromide stains. Cells were stained with acridine
orange for determinations of nuclear morphology and with ethidium bromide to
distinguish cell viability, at a final concentration of 1 pg/ml for each, as previously
described (14)

Flow cytometry. Cells were analyzed by flow cytometry for the binding of
annexin V-fluorescein isothiocyanate to phosphatidylserine and were simulta-
neously analyzed for propidium iodide incorporation. Data were collected for
populations of 10,000 cells.

TUNEL. Tissues and cells were analyzed for evidence of DNA fragmentation
by in situ terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end
labeling (TUNEL) (TACS XL-Blue label; Trevigen). Terminal deoxynucleoti-
dyltransferase was utilized to incorporate biotinylated nucleotides at the sites of
DNA breaks. TUNEL in the tissues was detected with the TACS blue label, and
the cells were counterstained with nuclear fast red for visualization of the back-
ground cellular architecture.

Caspase inhibition. The pan-caspase inhibitors Q-VD-OPH [quinoline-Val-
Asp(OMe)-CH,-PH; Enzyme Systems] and Z-VAD(OMe)-FMK [Z-Val-Ala-
Asp(Ome)-FMK; Enzyme Systems] were utilized to determine the effect of
caspase inhibition on cardiac myocyte death in vitro and on myocardial injury in
vivo following viral infection. Both drugs are potent irreversible broad-spectrum
caspase inhibitors (7, 42). Neonatal mice received daily intraperitoneal injections
of Q-VD-OPH or Z-VAD(OMe)-FMK (50 mg/kg of body weight in a 10-pl
volume) or of the corresponding diluent (70 or 15% dimethyl sulfoxide, respec-
tively, in phosphate-buffered saline) on days 3 to 6 postinfection and were
sacrificed on day 7. For in vitro experiments, inhibitors (50 pM) were added to
primary cardiac myocytes 1 h prior to infection with virus.

Viral titer determination. Viral titers of the tissue homogenates were deter-
mined as previously described (14) and are reported as mean titers of two or
three independently infected tissues or cell lysates *+ standard errors of the
means.
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FIG. 2. Time course of injury, apoptosis, and viral load in virus-infected myocardium. Consecutive 4-pm-thick sections of hearts from
reovirus-infected mice were analyzed on days 3 to 7 postinfection (PI) for evidence of apoptosis (active caspase-3, brown staining) in conjunction
with histological injury (H&E stain) and viral load (green fluorescent staining). (a) Day 4; (b) day 6; (c) day 7. Sections are from single
representative animals from each day (n = 26; two to six mice were studied from each day postinfection). See Tables 1 and 2 for quantitation and

correlation coefficients. Bar = 625 pm.

RESULTS

Apoptosis is an important mechanism in the pathogenesis
of myocardial injury after viral infection. (i) Apoptosis and
caspase-3 activation in myocardial tissue in vivo. We wished to
define the temporal relationship of apoptosis to tissue injury in
order to confirm that apoptotic injury is an integral component
of this damage. We analyzed 4-um-thick consecutive sections
from reovirus 8B-infected hearts on serial days postinfection
(days 1 to 7 postinfection) for evidence of apoptosis (active
caspase-3 immunohistochemistry and TUNEL), in conjunction
with H&E staining for determinations of tissue injury and
immunohistochemistry for viral antigens. TUNEL and active
caspase-3 staining colocalized and were equally sensitive mark-

TABLE 1. Quantitation of histologic injury, caspase-3 activation,
and viral load in virus-infected myocardium over time postinfection”

Day Myocardial Caspase-3 Viral titer in Tissue
postinfection injury score activation score (log,o PFU/ml)
3 0.0 =0.0 0.0 £0.0 44 +0.1
4 0.8 0.5 0.5*=0.0 5.6 =04
5 1.0 =05 1.0 = 0.0 75*0.1
6 26 +0.3 22+02 7.6 = 0.5
7 33x03 32x02 ND

“ Consecutive 4-pm-thick sections of hearts from reovirus-infected mice on
days 3 to 7 postinfection (n = 26) were scored quantitatively for histologic injury
(0 to 4) and caspase-3 activation (0 to 4). Myocardial viral titers were also
determined on days 3 to 6 postinfection. Mean scores (= standard errors of the
means) for histologic injury, caspase-3 activation, and viral titers are reported for
each day (derived from 2 to 6 mice per day). ND, not done.

ers of apoptosis in the analyzed sections, as determined by the
quantification of positive staining as a percentage of the total
myocardial tissue from 4-um-thick consecutive sections of in-
fected hearts (Fig. 1a; 17.8% of the myocardium was TUNEL
positive, and 23.3% was positive for active caspase-3).
Caspase-3 activity was only noted within areas of injured myo-
cardium and was completely absent from uninfected animals.
Using high-magnification imaging of myocardial tissue with
active caspase-3 positivity, we observed that the cell population
undergoing apoptosis was composed of cardiac myocytes
rather than fibroblasts (Fig. 1b). Using a previously validated
scoring system, we determined average scores for injury and
caspase-3 activation (by numerically scoring and averaging rep-
licate sections from each day postinfection) and compared
them. Myocardial tissue viral titers were also determined in
parallel experiments on days 3 to 6 postinfection. On days 1 to
3 postinfection, the myocardial architecture appeared normal,
viral antigen was undetectable, and neither the TUNEL nor
active caspase-3 apoptotic marker was positive. Beginning on

TABLE 2. Correlation coefficients for histologic injury, caspase-3
activation, and viral load in virus-infected myocardium over
time postinfection

R (P value)
Variable Myocardial injury ~ Caspase-3  Viral titer in tissue
score activation score  (log;o PFU/ml)
Myocardial injury score 0.99 (<0.001) 0.79 (<0.02)
Caspase-3 activation score  0.99 (<0.001) 0.85 (<0.01)
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FIG. 3. Apoptosis in virus-infected primary cardiac myocytes in vitro, as measured by annexin binding. Primary cardiac myocytes were analyzed
by flow cytometry for evidence of annexin binding (representing phosphatidylserine inversion) and propidium iodide incorporation (representing
cellular viability) at 48 and 72 h postinfection (PI) with reovirus and were compared to mock-infected cells. (a) Mock-infected cells; (b) 48 h after
virus infection; (c) 72 h after virus infection. (d) Quantitation of replicate flow cytometry experiments, including 5 wM staurosporine treatment as

a positive control. *, P < 0.05; **, P < 0.001.

day 4 and continuing through day 7 postinfection, we detected
a gradually increasing and highly correlated degree of histo-
logic injury, apoptosis, and viral load on each day postinfection
(R = 0.79 to 0.99) (Fig. 2 and Tables 1 and 2). Importantly,
there was no observed discrepancy or time lag between detect-
able histologic injury and the presence of apoptosis (caspase-3
activity). Taken together, these results indicate that apoptosis
is an integral part of the pathological response to viral infec-
tion.
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FIG. 4. Apoptosis in virus-infected primary cardiac myocytes, as
determined by TUNEL. Primary cardiac myocytes were analyzed by
TUNEL at 48 h postinfection. Blue-stained nuclei indicate TUNEL
positivity. (a) Mock-infected myocytes; (b) 8B-infected myocytes. (c)
Quantitation of staining. *, P < 0.05. Bar = 160 pm.

(ii) Apoptosis and caspase-3 activation in infected cardiac
myocytes in vitro. To confirm that the representative cell pop-
ulation undergoing apoptosis in response to viral infection in
vivo was cardiac myocytes, we infected primary cardiac myo-
cytes with the 8B virus and analyzed them for evidence of
apoptosis at several time points postinfection. In a flow cyto-
metric analysis of annexin V positivity, cardiac myocytes
showed a 3.8-fold increase over basal levels of apoptosis at 48 h
postinfection (48.8% = 12.6% [8B infection] versus 13.0% =+
1.0% [mock infection]; P < 0.05), which increased to 7.1-fold
at 72 h postinfection (92.3% = 0.3%; P < 0.001) (Fig. 3). This
level of apoptosis was similar to that induced by exposure to a
well-characterized apoptotic stimulus, 5 wM staurosporine
(94.6%). Using a TUNEL assay, we demonstrated a nearly
twofold increase in apoptotic myocytes 48 h after 8B infection
(28% = 2.1% versus 15% = 0%; P < 0.05) (Fig. 4). Similar
results were obtained by analyses of nuclear morphology and
cell viability by ethidium bromide and acridine orange staining
(data not shown). Virus-infected cells also demonstrated a
10.3-fold increase in active caspase-3 activity compared to
mock-infected cells at 48 h postinfection (25.7% = 0.3% versus
2.5% = 0.3%; P < 0.001) (Fig. 5a and b).

Taken together, both the in vivo and in vitro data suggest
that cardiac myocytes undergo significant levels of apoptosis
associated with caspase-3 activation in response to infection
with myocarditic virus. As such, the apoptotic response in this
cell population is likely to be an integral component of the
myocardial damage observed after viral infection.

Caspase inhibition protects cardiac myocytes from virus-
induced apoptosis in vitro. Having demonstrated significant
caspase-3 activation in virus-infected cardiac myocytes, we next
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FIG. 5. Caspase-3 activation in virus-infected primary cardiac myo-
cytes in vitro and effect of caspase inhibition on virus- and ISVP-
induced apoptosis. Infected and mock-infected primary cardiac myo-
cytes were doubly labeled to allow the simultaneous detection of
caspase-3 activity (red) and nuclear morphology (Hoechst staining;
blue) by immunocytochemistry at 48 h postinfection. (a) Mock-in-
fected and 8B-infected myocytes. (b) Quantitation of replicate exper-
iments. *, P < 0.001. (c) Effect of Q-VD-OPH treatment (50 wM) on
apoptosis (assessed by acridine orange and ethidium bromide staining)
of mock-infected and 8B virus-infected cardiac myocytes at 24 and 48 h
postinfection. *, P < 0.01. (d) Effect of Q-VD-OPH treatment (50 uM)
on apoptosis of mock- and 8B ISVP-infected cardiac myocytes at 48 h
postinfection. *, P < 0.01. Bar = 160 pm.

determined the effect of caspase inhibition on virus-induced
cardiac myocyte death. Using ethidium bromide and acridine
orange staining, we quantified apoptosis after viral infection in
the presence and absence of two broadly acting caspase inhib-
itors, Q-VD-OPH and Z-VAD(OMe)-FMK. Q-VD-OPH sig-
nificantly protected cardiac myocytes from virus-induced apo-
ptosis at 48 h postinfection, with a 50% (P < 0.01) reduction in
the levels of apoptosis compared to untreated infected cells
(Fig. 5¢). Z-VAD(OMe)-FMK also provided protection, with a
33% reduction in the levels of apoptosis. To address the pos-
sibility that caspase inhibitors confer protection by interfering
with viral uncoating (by nonspecifically inhibiting lysosomal
cathepsins), we also performed identical experiments with 8B
ISVP infections of cardiac myocytes in the presence and ab-
sence of Q-VD-OPH. Q-VD-OPH significantly protected car-
diac myocytes from ISVP-induced apoptosis at 48 h postinfec-
tion, with a 50% (P < 0.01) reduction in the levels of apoptosis
compared to untreated, ISVP-infected cells (Fig. 5d). These

J. VIROL.

results suggest that caspase inhibition protects infected cardiac
myocytes against virus-induced apoptotic death by a mecha-
nism other than the inhibition of viral uncoating.

Caspase inhibition is protective against virus-induced myo-
cardial injury in vivo. (i) Pharmacologic inhibitors. Since
pharmacologic caspase inhibition was protective against virus-
induced apoptosis in cardiac myocytes in vitro, we next inves-
tigated whether administering these same inhibitors to infected
mice in vivo would be effective at preventing myocardial tissue
injury. Two-day-old Swiss-Webster mice were infected with 10*
PFU of myocarditic virus, followed by the administration of
Q-VD-OPH, Z-VAD(OMe)-FMK, or their diluent controls on
days 3 to 6 postinfection. Mice receiving caspase inhibitors
showed statistically significant reductions in myocardial injury
scores compared to controls, as measured by two independent
myocardial injury scoring systems. Treatment with Q-VD-
OPH resulted in a 60% reduction in the myocardial lesion
score (from 2.9 = 0.3 to 1.2 £ 0.2; P < 0.0001; n = 22)
compared to untreated infected mice (Fig. 6a, d, and g), cor-
responding to a reduction in the injured myocardial area from
12.8% * 2.0% to 1.4% + 0.9% (P < 0.0001). Z-VAD(OMe)-
FMK treatment also offered protection from virus-induced
myocardial injury, resulting in a 39% reduction in the myocar-
dial lesion score, from 3.1 = 0.3 to 1.9 = 0.6, compared to that
for untreated mice, which corresponded to a reduction in the
injured myocardial area from 16.4% = 1.2% to 7.4% * 3.3%
(P < 0.05; n = 16).

An analysis of 4-pm-thick consecutive sections from Q-VD-
OPH-treated mice revealed a significant decrease in apoptosis,
as measured by active caspase-3 staining (Fig. 6b and e) and
TUNEL (data not shown), as well as a reduction in tissue viral
antigen staining (Fig. 6¢ and f) compared to that in untreated
animals. Since the viral load appeared to be reduced, as ob-
served by immunohistochemical techniques, a further analysis
of tissue viral titers was undertaken in order to determine if the
protection conferred by Q-VD-OPH caspase inhibition was
explained by a significant inhibition of viral replication within
the primary site of inoculation (limb) or the target tissue (myo-
cardium). Viral titers in tissue homogenates of limbs and
hearts, as well as of brains and livers, were compared for
treated and untreated animals. Small but insignificant reduc-
tions in the viral titer were observed at the primary site of
inoculation (0.7-log reduction, from 8.4 £ 0.1 to 7.7 = 0.3 log,
PFU/ml; P > 0.05) and in the heart (0.5-log reduction, from 8.4
+0.3t07.9 = 0.1log,, PFU/ml; P > 0.05) after treatment with
Q-VD-OPH (Fig. 6h). Notably, these reduced titers still rep-
resented a 3- to 4-log increase over the input viral titer at the
time of infection. We also assessed the effect of both Q-VD-
OPH and Z-VAD(OMe)-FMK on the growth of the virus in
infected cardiac myocytes in vitro. No reduction in viral titer
was observed in Z-VAD(OMe)-FMK-treated infected myo-
cytes compared to untreated myocytes (from 8.2 = 0.1 to 7.9 =
0.1 log,, PFU/ml at 48 h postinfection; P > 0.05). A modest
reduction was observed following Q-VD-OPH treatment (1.2-
log reduction, to 7.0 = 0.1 log,, PFU/ml; P = 0.01) (Fig. 6i).

Taken together, these results suggest that pharmacologic
caspase inhibition provides protection from virus-induced
myocardial injury, with a significant reduction in caspase-3
activity within the infected myocardium in conjunction with
minimal to modest reductions in the myocardial viral burden.
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FIG. 6. Myocardial injury, apoptosis, and viral load in 8B-infected
mice treated with pharmacologic caspase inhibitor (Q-VD-OPH) in
vivo. Two-day-old Swiss-Webster mice were infected with myocarditic
reovirus, followed by the intraperitoneal administration of Q-VD-
OPH (50 mg/kg/day) or its diluent control on days 3 to 6 postinfection.
The animals were sacrificed on day 7 postinfection, and consecutive
4-pm-thick sections were analyzed for histologic injury (H&E stain-
ing), active caspase-3 (brown stain), and the presence of virus (fluo-
rescent green staining). (a to ¢) Consecutive sections from represen-
tative untreated infected control animal. (d to f) Consecutive sections
from representative Q-VD-OPH-treated animal. (g) Quantitation of
myocardial injury (n = 22). *, P < 0.001. (h) Tissue viral titers in
infected animals in the presence and absence of Q-VD-OPH treat-
ment. (i) Viral growth in primary cardiac myocytes in vitro in the
presence and absence of Q-VD-OPH treatment. *, P = 0.01. Bar = 2.5
mm.
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(ii) Transgenic (caspase-3-deficient) mice. Since pharmaco-
logic caspase inhibition was protective against virus-induced
myocardial injury, we performed identical experiments with
transgenic mice who were deficient in caspase-3 as well as with
matched wild-type controls (littermates). Infected transgenic
mice exhibited statistically significant reductions in myocardial
injury after viral infection compared to wild-type and heterozy-
gous controls, as measured by both scoring systems. Hearts
from caspase-3-deficient mice showed a 58% reduction in the
cardiac lesion score (from 3.1 = 0.4 to 1.3 = 0.4; P < 0.05; n
= 32) compared to untreated infected mice (Fig. 7a, d, and h),
corresponding to a reduction in the injured myocardial area
from 13.3% = 4.6% to 5.8% = 2.5% (P < 0.05). Heterozygous
mice demonstrated an intermediate injury phenotype, with a
trend toward less injury than wild-type mice (lesion score, 2.5
*+ 0.4; not significant) but more injury than homozygous mice
(P < 0.05). Caspase-3 activation (Fig. 7b and e) and TUNEL
staining (Fig. 7g) were both absent and the degree of viral
antigen staining was reduced (Fig. 7c and f) in infected ho-
mozygous caspase-3-deficient mice compared to wild-type con-
trol animals. In contrast to the case in pharmacologic inhibi-
tion experiments, tissue viral titers were significantly reduced
in caspase-3-deficient mice compared to wild-type and het-
erozygous controls, particularly in cardiac tissues. A nearly
2-log reduction was noted in the hearts of infected caspase-3-
deficient mice compared to those of wild-type and heterozy-
gous controls (from 7.1 = 0.3 to 5.2 * 0.3 log,, PFU/ml; P <
0.01) (Fig. 7i). A reduction in titer at the primary site of
inoculation (limb) was also noted, although it was of a lesser
magnitude (1.2-log reduction, from 7.8 = 0.7 to 6.6 = 0.5 log,
PFU/ml). Notably, these reduced titers still represented 1- to
2-log increases over the input viral titer at the time of inocu-
lation.

In addition to exhibiting reduced levels of injury at 7 days
postinfection, caspase-3-deficient animals were also noted to
have substantially prolonged survival times after viral infection
(Fig. 8). Although wild-type animals exhibited 100% mortality
by 9 days postinfection, 100% of the caspase-3-deficient mice
were alive and well at that time. Fifty percent of the caspase-
3-deficient mice were still alive at 21 days postinfection, and
37.5% of them survived indefinitely. Cardiac tissues from long-
term survivors appeared normal (at 54 days postinfection).

DISCUSSION

Apoptosis has been increasingly appreciated as an important
mechanism of cardiac injury in noninfectious models of cardiac
disease. We now have demonstrated the importance of apo-
ptosis, and specifically caspase activation, as a critical determi-
nant in the pathogenesis of virus-induced myocarditis by ma-
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FIG. 8. Survival in infected caspase-3-deficient transgenic animals.
The survival of wild-type and caspase-3-deficient transgenic animals
was assessed daily after 8B infection (n = 8).

nipulating this process in vitro and in vivo. Our study is the first
to demonstrate that caspase inhibition by pharmacologic in-
hibitors or genetic alteration protects cardiac myocytes from
virus-induced apoptotic death and infected mice from virus-
induced myocardial injury.

In contrast to the paucity of data available regarding the role
of apoptosis in infectious myocarditis, there is substantial evi-
dence suggesting that apoptosis plays an important role in the
settings of myocardial ischemia-infarction and heart failure. In
the case of ischemia, myocardial apoptosis has been docu-
mented by many groups, utilizing a variety of animal models
(murine, porcine, canine, and lagomorph) and experimental
paradigms in vitro and in vivo (reviewed extensively in refer-
ence 46). In vivo models utilizing coronary ligation and reper-
fusion have suggested that both the initial ischemic insult and
the reperfusion phase may independently contribute to the
initiation and execution of apoptosis (3, 19, 21, 31, 35). The
relative contributions of apoptosis and necrosis, the role of
reactive oxygen species, specific depleted energy substrates,
and molecular chaperones, and the delineation of specific ap-
optotic signaling pathways are areas of active research in this
setting. The manipulation of caspases (the effector proteases of
apoptosis) has been investigated previously with ischemic mod-
els of cardiac disease in vitro (2) and in vivo (12, 26, 44, 48, 62).
Numerous groups have investigated the contribution of apo-
ptosis to the pathogenesis of heart failure in various animal
models (including transgenic constructs) as well as in human
tissues from patients undergoing transplantation (9, 22, 36, 45;
reviewed extensively in reference 31). Although the results
vary depending on the model employed, the bulk of the evi-
dence suggests an association of cardiac myocyte apoptosis
with heart failure. Recent studies provided evidence that myo-
cyte apoptosis may be a causal mechanism of heart failure and
that the inhibition of cardiac apoptosis by the manipulation of

FIG. 7. Myocardial injury, apoptosis, and viral load in 8B-infected caspase-3-deficient transgenic animals. Two-day-old homozygous and
heterozygous caspase-3-deficient transgenic mice and wild-type controls were infected with myocarditic reovirus. The animals were sacrificed on
day 7 postinfection, and consecutive 4-wm-thick sections were analyzed for histologic injury (H&E staining), activated caspase-3 (brown staining),
and the presence of virus (fluorescent green staining). (a to c¢) Consecutive sections from a representative wild-type control animal. (d to f)
Consecutive sections from a representative homozygous caspase-3-deficient transgenic animal. (g) TUNEL staining (brown) in representative
wild-type and caspase-3-deficient infected animals. (h) Quantitation of myocardial injury in infected wild-type, homozygous, and heterozygous
transgenic animals (n = 32). *, P < 0.05. (i) Tissue viral titers in infected wild-type, homozygous, and heterozygous transgenic animals at 7 days

postinfection (n = 11). P < 0.01. Bar = 2.5 mm.
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caspases largely prevents the development of cardiac dilation
and contractile dysfunction (24, 60). Evidence has accumulated
to indicate an important role for the activation of the adren-
ergic system in the regulation of cardiomyocyte apoptosis (8,
29, 65). The extent to which apoptosis occurs and its contribu-
tion as a determinant of the severity and progression of heart
failure, such as in the transition from compensated hypertro-
phy, warrant further study.

It was previously demonstrated that apoptosis is present
within cardiac lesions after reovirus infection (14). We have
now shown that caspase-3 activation is detected in tight tem-
poral and spatial association with the development of tissue
injury, indicating that apoptosis is an integral mechanism of the
pathological injury itself rather than a delayed effect after
virus-induced tissue injury. We did not detect caspase activa-
tion preceding the time points at which histological injury was
evident, suggesting that caspase activation coincided with or
occurred less than 24 h preceding injury. The demonstration
that cardiac myocytes underwent significant increases in base-
line levels of apoptosis and caspase-3 activity after viral infec-
tion in vitro was consistent with the degree of apoptotic dam-
age observed in the myocardium after viral infection in vivo.

Caspase inhibition may be achieved by means of pharmaco-
logic inhibitors or genetic manipulation. Both interventional
approaches resulted in significant reductions in virus-induced
myocardial injury, with more efficacy observed in genetically
altered animals. Caspase inhibition could potentially interfere
with virus-induced tissue damage on several fronts. One pos-
sibility is that protection is conferred by inhibition of the apo-
ptotic program itself, independent of the effects on viral rep-
lication. Alternatively, apoptosis might be required for optimal
viral replication and spread (as a means of evading the host
immune response’s viral clearance mechanisms), and the inhi-
bition of apoptosis might result in a reduction in the ability of
the virus to replicate and spread to target tissues. Data from
our experiments suggest that both mechanisms may be opera-
tive. In the case of pharmacologic inhibition, substantial reduc-
tions in myocardial injury occurred in treated animals and were
accompanied by only small reductions in organ viral titers (0.5
to 0.7 log,, PFU/ml). Although they were modestly reduced,
the titers achieved in all organs, including the heart, were still
3 to 4 log higher than the input viral titer at the primary site of
inoculation in these animals, which is indicative of active viral
replication and spread despite caspase inhibition. In caspase-
3-deficient mice, more dramatic reductions in viral titers were
observed in the limb and heart (1.2 and 1.9 log,, PFU/ml,
respectively), suggesting the possibility that apoptosis may be a
requirement for optimal viral replication and spread. The spe-
cific mechanism by which caspase activity contributes to opti-
mal viral replication and spread is not known, but it does not
appear to be at the level of viral uncoating, since the efficacy of
caspase inhibitors was not diminished in the setting of infection
with ISVPs.

Increased survival was observed for infected caspase-3-defi-
cient mice, but not for those who were treated with pharma-
cologic inhibitors. This may be due, at least in part, to the fact
that the continued dosing of pharmacologic inhibitors was not
feasible beyond day 6 postinfection because of the toxicities of
the drugs and/or vehicles. Although a significant proportion of
caspase-3-deficient mice lived indefinitely, the majority exhib-
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ited substantially prolonged survival after infection with myo-
carditic virus but subsequently died. It is not clear if the mice
with delayed death succumbed to delayed cardiac injury or to
an alternate cause such as virus-induced hepatic injury, which
may be unaffected by caspase-3 manipulation. Further study is
required to identify the organ-specific signaling processes by
which these diseases occur. In the case of caspase-3-deficient
mice, it is possible that virus-induced apoptotic myocardial
injury still occurred but was significantly delayed or blunted
pending compensation by potential substitute effector
caspases. From a therapeutic standpoint, such a delay in the
tempo of tissue destruction would be advantageous to the host,
allowing a broader window of opportunity for the development
of immune responses and viral clearance.

In summary, these experiments shed light on the basic
pathogenesis of viral myocarditis and have direct therapeutic
implications for the treatment of this and other diseases in-
volving apoptotic tissue damage. Studies are in progress to
identify the intermediary signaling pathways leading to apo-
ptosis after viral infection in cardiac cells and tissues. The
inhibition of apoptotic signaling may provide a novel therapeu-
tic strategy to prevent or limit cell death and to minimize tissue
damage in the infected host. The development of new treat-
ment approaches is urgently needed for serious viral infections,
such as myocarditis, which result in irreversible cell damage
and loss, since effective specific antiviral therapies are currently
unavailable.
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