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Abstract

The effects of the calcium channel blocking agent, verapamil,
were studied in a murine model of viral myocarditis. Three
groups of 8-wk-old DBA/2 mice (n = 25 each) were inoculated
with 10 plaque-forming units of encephalomyocarditis virus
and randomized to three treatment regimens. Group 1 mice
received verapamil intraperitoneally (5 mg/kg per d) for 7 d
before infection, followed by verapamil orally (mean dose of 3.5
mg/mouse per d) in drinking water during infection. Group 2
mice received only verapamil orally starting on day 4 after in-
fection, coincident with peak viremia. Group 3 (infected con-
trol) received no verapamil in regular drinking water after viral
inoculation. Additional control animals were studied in group 4
(a = 21), consisting of uninfected control animals receiving
intraperitoneal and oral verapamil at doses identical to group 1,
and in group 5 (a = 21), consisting of uninfected and untreated
controls. Animals were randomly killed from each group (a
= 7) at 7, 14, and 28 d after infection. Routine histology was
performed blindly on an apical slice of each heart and semi-
quantitatively graded for inflammation, necrosis, calcification,
and fibrosis on a scale of 0-4. Digital planimetry was per-
formed to measure the absolute and relative areas of inflamma-
tion and necrosis. The pretreated animals in group 1 showed
marked reduction in inflammation and necrosis (score of
3.7±1.4 vs. 8.7±2.0 in group 3 on day 14, P < 0.05) and were
indistinguishable from the posttreated group 2 mice (score of
4.0±1.5 vs. 8.7±2.0 in group 3 on day 14, P < 0.05). All the
uninfected control animals (groups 4 and 5) showed no myocar-
dial lesions whether treated with verapamil or not. Quantitative
planimetry confirmed decreased inflammation and necrosis
(2.0±3.3% in group 1 and 3.5±3.1% in group 2 vs. 21.9±22.6%
in group 3 on day 14). Untreated infected hearts injected with
liquid silicone rubber exhibited extensive areas of focal micro-
vascular constriction and microaneurysm formation; verapamil
treatment in either group 1 or 2 completely abolished these
abnormalities, resembling uninfected controls in groups 4 or 5.
Weconclude that verapamil, whether given before infection or
after peak viremia in an encephalomyocarditis model of murine
myocarditis, significantly reduces the microvascular changes
and myocardial necrosis, fibrosis, and calcification leading to
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cardiomyopathy. This suggests the potentially important role
of calcium and microvascular spasm in the pathogenesis of viral
myocarditis leading to dilated cardiomyopathy, and may have
future therapeutic implications. (J. Clin. Invest. 1992.
90:2022-2030) Key words: calcium channel blocker * myocar-
dial inflammation * dilated cardiomyopathy - microvascular
spasm

Introduction

Significant evidence has accumulated from both animal mod-
els and clinical studies to indicate that there is a close etiologic
link between viral myocarditis and idiopathic dilated cardiomy-
opathy ( 1, 2). A suggested mechanism is the activation of the
immune system after viral infection that leads to continued
myocyte destruction (3-5). It follows that therapy for viral
myocarditis targeted toward the immune system should result
in decreased dilated cardiomyopathy. Unfortunately, therapeu-
tic results have been disappointing in both the clinical realm (6,
7) and in basic animal paradigms of viral myocarditis. Major
therapeutic approaches including immunosuppressive regi-
mens (8, 9) and nonsteroidal anti-inflammatory agents (10,
11 ) have all led to conflicting and disappointing results. To
show benefit in animal models, such as the encephalomyocar-
ditis (EMC)1 infection in DBA/2 mice (12), or Coxsackie-
virus infection in BALB/c mice (3, 13), pretreatment is often
necessary. Modalities such as prednisolone ( 14) and cyclospor-
ine ( 15 ) have paradoxically exacerbated the disease in these
models. Therefore, new therapeutic approaches toward myo-
carditis appear to be indicated.

Myocarditis is a multifaceted process involving viral infec-
tion (16, 17), immune activation (4, 18), and microvascular
spasm ( 19). Many of the processes that perpetuate the disease
are calcium dependent. Verapamil, a slow calcium channel
blocking agent, has been shown previously to be effective in
ameliorating the clinical and pathologic manifestations of car-
diomyopathies, including the genetic Syrian hamster model
(20) and the acquired murine Chagasic model (21 ). Despite
their widely differing etiologies, these disorders possibly have in
commona disturbance of the coronary microcirculation as the
final commonpathway toward development of cardiomyopa-
thy. Recently, evidence of similar coronary microvascular
spasm was also found in a model of acute murine myocarditis
( 19). The possibility that calcium channel blockers may play a
therapeutic role in altering the natural history of myocarditis
leading to cardiomyopathy is an intriguing hypothesis that re-
mains to be tested.

The purpose of this study was to examine the effects of both
pre- and postinfection treatment with verapamil on: (a) the
pathologic evolution of myocarditis toward cardiomyopathy,
and (b) the status of the coronary microcirculation, as com-

1. Abbreviation used in this paper: EMC, encephalomyocarditis.
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pared with untreated infected controls, in an established EMC
model of murine myocarditis.

Methods

Preparation of animal model
EMCvirus (M variant) was propagated in confluent monolayers of
hamster kidney cells (BHK-21 line) using minimal essential media
containing DNA, RNA, antibiotics, 40 mMHepes, and 10% FCS.
After complete cytopathic effect was seen, the supernatant, which con-
tained the virus, was collected after centrifugation at 3,000 rpm and
maintained at -700C until use. Viral titers were determined by plaque-
forming assay using the BHK-21 cell line. 8-wk-old male DBA/2 mice
(Charles River Breeding Laboratories, Inc., Wilmington, MA) were
inoculated on day 0 intraperitoneally with 0.1 ml of virus suspension
containing 10 plaque-forming units. The animals were placed in iso-
lated cages and fed with a normal diet and water. The animals were
weighed twice weekly and observed for evidence of heart failure, in-
cluding changes in fur characteristics, level of activity, paw edema, and
anasarca. Neurologic sequelae were observed in terms of spastic diple-
gia and monoplegia. The entire experimental protocol was approved by
the University Committee on Animal Care and conducted in accor-
dance with the principles of animal care set out by the American Physio-
logical Society.

Treatment protocol
After viral inoculation, the animals were randomly allocated to five
groups. 25 mice were pretreated with intraperitoneal verapamil (Knoll
Pharmaceuticals, Markham, Ontario, Canada) at a dose of 5 mg/kg
per d for 7 d before virus inoculation (group 1). The intraperitoneal
route was chosen to ensure that a proper dose of verapamil was re-
ceived by all the animals before viral inoculation, and to maximize any
benefit that verapamil may have. These mice continued to receive oral
verapamil (dissolved in 10% dextrose solution at a concentration of 1
mg/ml) immediately after infection, consuming an average dose of 3.5
mg/ mouse per d. A second group of 25 mice received verapamil only
in their drinking water (1 mg/ml), at the same average daily dose,
starting after day 4 after viral inoculation (group 2). This coincided
with peak viremia in this model and the beginning of observable clini-
cal illness. A third group of 25 mice received no therapy before or after
viral inoculation in their drinking water and constituted the infected
control group (group 3). A fourth group of 21 mice received intraperi-
toneal verapamil before inoculation with culture medium that con-
tained no virus. This was followed by a full course of oral verapamil at
identical doses to group 1, and constituted the uninfected, treated
group (group 4). A final group of 21 mice also received culture me-
dium inoculation without active virus, but received no verapamil treat-
ment at any time, and constituted the uninfected untreated control
group (group 5).

Animals from each group were randomly assigned to be killed at 7,
14, and 28 d after infection to determine microvascular and pathologi-
cal changes at each stage of infection. The days were chosen to coincide
with the stages of initial myocardial inflammation (7 d), peak mononu-
clear cell infiltrate ( 14 d), and the beginning of fibrosis and dilated
cardiomyopathy (28 d).

Pathologic examination
Microvascular perfusion studies. Immediately before killing, all the an-
imals underwent microvascular perfusion studies. Under sodium pen-
tobarbital anaesthesia, a midline sternotomy was performed on each
animal and the left atrium was exposed. Each beating heart was per-
fused by direct hand injection into the left atrium with 1.0 ml liquid
silicone rubber freshly prepared from constituent reagents (Microfil;
Canton Bio-Medical Products, Inc., Boulder, CO). After cessation of
cardiac contractions, the hearts were rapidly excised and fixed in 10%

formalin overnight at room temperature. The next day, the apical por-
tion incorporating the right and left ventricles was excised for process-
ing and light microscopic examination. The remainder of the heart
tissue was sliced in 2-3-mm-thick transverse cross-sections and cleared
by sequential 24-h immersions in 25, 50, 75, 95, and finally 100% ethyl
alcohol. On day 6, specimens were placed in pure methyl salicylate for
12-24 h. The myocardial tissues became translucent and devoid of all
cellular detail after this clearing process. The coronary microcircula-
tion was then visualized with both epi- and trans-illumination. Micro-
fil-perfused vessels were readily examined under low power magnifica-
tion (X40-100) .

Light microscopy. Cardiac tissues from the apically excised por-
tions of both ventricles were embedded in paraffin, sectioned at 3 ,m
thickness, and stained with hematoxylin and eosin. Fibrosis and colla-
gen deposition were detected with Masson's trichrome stain. Four to
six sections of each heart were scored blindly by a cardiac pathologist
(J. Butany). For each myocardial sample, histologic evidence of myo-
carditis and inflammation was classified in terms of degree of cellular
infiltration, myocardial cell necrosis, extent of calcification, and fibro-
sis and was graded on a five-point scale ranging from 0 to 4+ (12). A
zero score indicated no or questionable presence of lesions in each
category. A I + score described a limited focal distribution of myocar-
dial lesions. Scores of 2+ to 3+ described intermediate severity with
multiple lesions, whereas a 4+ score described the presence of coales-
cent and extensive lesions over the entire examined heart tissue. A
maximum score of 16 was possible using this grading system.

Digital planimetry. A whole-mounted transverse cross-section of
each heart was photographed on color slide film and projected onto a
computerized digitization tablet. Total myocardial cross-sectional area
and absolute area of myocardium involved with inflammation were
planimetered using the Bioquant System IV (R & MBiometrics, Bos-
ton, MA), a software package designed for quantitative morphometric
analysis. To correct for individual variation in heart size, a percentage
of absolute area involved to total myocardial area was also calculated.
The degree of pathologic involvement for each individual section was
thus expressed both as an absolute area, as well as a relative percentage.

Statistical analysis. Results are presented as group means±SD.
Comparison within and between treatment groups was performed us-
ing analysis of variance (SAS statistical systems). Post hoc comparison
of individual groups was done using Newman-Keul subgroup analysis.
A P value of < 0.05 was considered significant.

Results

Morbidity and mortality. Four animals died in each of groups
1, 2, and 3, resulting in a mortality of 16% for verapamil-
treated and untreated infected animals. Although mortality
rates were similar in each group, the time of death was signifi-
cantly delayed in the verapamil-treated mice. Group 1 (pre-
treated) had two deaths on day 12 and two on day 16. Group 2
(posttreated) similarly had three deaths on day 11 and one
death on day 14. Group 3 (infected control) had two deaths on
day 5 after infection and two on day 7. Group 4 (uninfected
treated) and group 5 (uninfected untreated) incurred no
deaths.

Subjectively, the verapamil-treated infected animals were
more active throughout the course of the infection. However,
the amount of water consumed in each group was comparable.
Neurologic sequelae were also attenuated in groups 1 and 2;
only 5 and 6 animals of 25, in groups 1 and 2, respectively,
developed spastic paralysis, compared with 10 of 25 untreated
infected mice in group 3 (P < 0.05). The group 4 animals were
normally active throughout the study, despite treatment with
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Figure 1. Histological grading according to experimental group and
time. Histological scoring of hearts ranged from 0 to 4+ in each of
the categories of inflammation, necrosis, calcification, and fibrosis.
Maximum cumulative score was 16 using this method. Data were
displayed as group mean±SD. V, verapamil; Rx, treatment; Ctl, con-
trol; UninfJ uninfected; Anova, analysis of variance.

verapamil. The activities between groups 4 and 5 were iden-
tical.

Histologic examination. Pathologic scores for each group,
at 7, 14, and 28 d after viral inoculation are shown in Fig. 1. As
shown in Fig. 2 involving the infected animals, treatment with
verapamil markedly attenuated the severity and number of
myocardial lesions in these infected animals. There was no
significant difference among all three infected groups (groups
1, 2, and 3) during the first 7 d. All showed the early presence of
mononuclear cell infiltrates in several foci in the heart. By the
second week of infection, the untreated infected animals pro-
gressed to more extensive myocardial cell necrosis and more
widespread inflammatory cell infiltrates. These findings per-
sisted in the untreated infected group (group 3) to the end of 28
d of infection.

On the other hand, mQst of the hearts in groups 1 and 2
showed significant reversal of the inflammatory and necrotic
processes, with marked diminution in myocarditis at 14 d and
very little residual evidence of disease by 28 d (Fig. 3). In con-
trast, the group 3 hearts continued to show evidence of myocyte
damage with dystrophic calcification and early fibrosis progress-
ing toward the development of a dilated cardiomyopathy. There
was a significantly decreased to complete absence of fibrosis in
the treated hearts. There was no significant difference in the
protective effect of verapamil when administered 7 d before
viral infection or after peak viremia had occurred on day 4.

Both of the uninfected control groups (groups 4 and 5)
showed no myocardial lesions (grade 0 pathological changes)
at any time, whether treated with verapamil or not (Fig. 4).
This confirmed that verapamil specifically attenuated the myo-
carditic lesions induced by viral inoculation, and did not have a
competing myopathic effect. Small epicardial lesions, however,
continued to be seen, predominantly over the right ventricle,
but with occasional patches extending over to the left ventricle.
These were similar in the control and study animals, and were
comprised of inflammatory cells, macrophages, and fibrocal-
cific foci, as described previously by other investigators ( 13).

The planimetric measurements of the absolute cross-sec-

tional area of myocardial inflammation and necrosis due to the
myocarditic process, as well as the affected area expressed as a
percentage of total myocardial area are shown in Fig. 5. Again,
a dramatic decrease in disease severity was demonstrated in the,
verapamil-treated infected animals (groups 1 and 2) compared
with group 3 untreated infected animals. The uninfected ani-
mals showed essentially no myocardial change apart from that
seen with normal growth.

Microvascular perfusion studies. The cardiac microvascula-
ture in all untreated infected mice with myocarditis during
days 7, 14, and 28 was markedly abnormal. Extensive areas of
focal microvascular lumenal narrowing were seen (Fig. 6 a).
The contour of these vessels were irregular with focal filling
defects and abrupt terminations of these vessels. Numerous
areas of pronounced constriction consistent with spasm were
found in association with pre- and poststenotic dilatation, giv-
ing the appearance of microaneurysm formation. There was a
generalized paucity of perfused vessels in the group 3 infected
untreated hearts. In contrast, in verapamil-treated infected
mice (groups 1 and 2) all hearts contained microvasculature
that was smoothly tapered throughout (Fig. 6 b). There was a
much greater density of small vessels and no focal narrowings
were detected. These findings were almost identical to the un-
infected control hearts seen in groups 4 and 5. The treatment of
verapamil in the uninfected hearts appeared to have no effect
on the microvasculature.

Discussion

This study provides the first direct evidence that the calcium
channel blocking agent, verapamil, when administered to a
well-established EMCDBA/2 murine model of myocarditis,
markedly attenuated not only the severity of the myocarditic
process but also altered the clinical course of the disease. More-
over, these salutary effects occurred whether the verapamil was
given before or after peak viral replication and the onset of
definable illness. This suggests that verapamil interfered with
the mechanisms that perpetuate the inflammatory myocyte de-
struction. There are several possible explanations for this sub-
stantial improvement.

Our current understanding of myocarditis suggests that it is
a three-stage process. There is an initial viral infection of geneti-
cally susceptible host myocytes that can lead to the early patho-
logic evidence of myocardial damage (22). The infectious pro-
cess itself may alter the myocyte and modulate the immune
system in such a manner that cell-mediated immunity acti-
vates the second phase of myocardial and endothelial damage
( 18, 23, 24). Finally, a chronic phase is characterized by slow
myocyte loss and myocardial fibrosis which progresses to a
dilated cardiomyopathy. Part of the latter process appears to be
perpetuated by persistence of viral genomic material within the
affected myocytes as demonstrated by molecular hybridization
techniques ( 17, 25, 26) and the presence of microvascular
spasm ( 19).

Verapamil has the potential of interfering predominantly
with the second and third phases of myocarditis, as it appears to
be effective even after the first phase has been completed. How-
ever, the possibility that verapamil mayattenuate viral infectiv-
ity during the initial myocarditic process cannot be completed
ruled out, even though this was not a primary goal of this study.
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Figure 2. Transverse cross-sectional slices of representative hearts from the infected groups 1, 2, and 3. A-C are from group 3 (control) mice at 7,
14, and 28 d, respectively. D-F are from group 1 (pretreated) at similar times. G-I are from group 2 (posttreated). There were significant his-
tological differences noted between groups 1 and 3 and groups 2 and 3, but not between groups 1 and 2. H & E staining. x 15.

Certainly, verapamil appears to block replication of certain vi-
ruses during the final stage of assembly and viral budding by
inhibiting portions of this calcium-dependent process. De-
creased intracellular calcium may affect membrane fusion
events as well as cytoskeletal organization (27). These events
may lead to a lower viral infective burden which in turn may
result in lesser amounts of viral genome persisting in host myo-
cytes. Recent studies suggest that the duration and degree of
genomic persistence is important in determining the severity of
myocarditis (28).

In relation to the second phase of myocarditis, which is
characterized by immune-mediated myocyte destruction, the

importance of T lymphocytes has been well demonstrated in
several animal models (4, 18, 24, 29). Specifically, the cyto-
toxic T lymphocyte subset has been shown to target viral-in-
fected cells for destruction (30). However, T cell activation
and proliferation are felt to be calcium-dependent processes
(31, 32). The effect of calcium channel blockers on lympho-
cyte function has been studied in detail in vitro (32-34), and
they were found to have considerable suppressive effects on
many aspects of T cell function. For example, the slow and
sustained elevation of intracellular free calcium concentration
is an essential signal for IL-2 production by T cells (35). IL-2
itself plays a vital role in perpetuating the T cell immune re-
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Figure 4. Light microscopic sections of representative uninfected control hearts. (A) Low power (x 15) transverse section across a verapamil-
treated uninfected heart from group 4. No inflammatory lesions were seen in the left ventricle. There were small epicardial lesions over the
right ventricle, which can be seen in this model. (B) Higher power (X200) magnification of a section from group 5 (untreated uninfected con-
trol). The myocardial architecture was entirely normal.

sponse. Verapamil has been shown to selectively inhibit the
expression and accumulation of IL-2 messenger RNAin mito-
gen-activated mononuclear cells (35).

Another aspect of the immune-mediated myocytolysis that
may be attenuated by verapamil is the toxicity associated with
autoantibodies found in myocarditis and dilated cardiomyopa-
thy. An autoantibody to the ATP/ADP carrier has been found
(35), and prolonged exposure of myocytes to this antibody has
resulted in an enhanced calcium current and subsequent cell
damage and death. This process was prevented by the addition
of calcium channel blockers (36).

The pathologic picture of multiple focal areas of myocyte
loss, fibrosis, and calcification diffusely distributed across all
cardiac muscle layers and chambers characterizes several di-
lated cardiomyopathies of differing etiology. These pathologi-
cal findings are exhibited by the cardiomyopathic Syrian ham-
ster, a genetically transmitted model of myocardial dilatation
and failure. Factor and co-workers (20) noted the tesemblance
between the myocardial lesions of hamster cardiomyopathy
and those observed after reperfusion injury and suggested that
reperfusion injury at a microcirculatory level may be of patho-
genetic importance for hamster heart disease. These investiga-
tors perfused normal and cardiomyopathic (before the pheno-

typic expression of the disease) hamster hearts in vivo with
liquid silicone rubber and were able to demonstrate that the
onset of the cardiomyopathy was associated with numerous
areas of microvascular constriction or spasm. These abnormali-
ties did not represent fixed anatomic alterations of these micro-
vessels but rather appeared to be potential sites of ischemia and
reperfusion. This pathological and microvascular picture was
subsequently seen in the hearts of rats with hypertension and
diabetes (37), or after acute brain injury (38), and also in
murine models of Chagasic cardiomyopathy (39).

Verapamil administration markedly ameliorates the micro-
vascular disorder and the cardiomyopathy of both the Syrian
hamster and the Chagasic mouse (21, 39-41 ). This benefit is
postulated to be secondary to the prevention of free radical
lipid peroxidation and myocyte injury after recurrent ischemia
and reperfusion. In addition, verapamil may also reduce an
imbalance of transsarcolemmal calcium flux and a toxic cal-
cium overload of the myocyte (41 ). The microvascular spasm
itself may be secondary to endothelial cell damage as a conse-
quence of an affinity that the picornaviruses have for these
cells.

We were not disappointed by the lack of differences in
acute mortality in this study between the control and treated

Verapamil in Murine Myocarditis 2027
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animals, but observed only a delay in mortality in the treated
group. The data from group 1 and group 2 animals taken to-
gether suggested that the protective action of verapamil in this
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Figure 5. Percentage of planimetered absolute areas of inflammation
and necrosis indexed to the total myocardial cross-sectional area. Ve-
rapamil-treated animals showed a significant decrease in areas of
pathological involvement compared with infected controls. The un-
infected animals showed no evidence of pathological involvement.
Data are expressed as group means±SD. AIN, area of inflammation
and necrosis; V, verapamil; Rx, treatment; Ctl, control; Uninf, unin-
fected; Anova, analysis of variance.
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model is during the late phase of the disease, interfering with
the development of cardiomyopathy. This was confirmed by
pathology, where the inflammation and necrosis during the
first week was not dramatically different between the treated
and untreated animals, but was significantly different after 14 d
(peak infection). As the majority of animals die during the first
and second weeks of the disease as the result of the acute infec-
tion, verapamil probably did not offer protection in this phase.
Furthermore, there are many mechanisms accounting for the
early mortality, including acute myocardial inflammation, dif-
fuse toxic states, and extensive viral infections elsewhere, in-
cluding the central nervous system, pancreas, and gastrointesti-
nal tract. Indeed, inflammation by histological grading did not
differ between the treated and control groups during week 1 of
infection (Fig. 1 ), confirming that acute myocardial inflamma-
tion, which can lead to severe myocardial dysfunction and
early mortality, was not affected by verapamil. Preliminary ex-
amination of the central nervous system also confirmed that
the acute transverse myelitis seen in this model was not differ-
ent between the control and treated groups in the early phases
of the disease. Wesuspect that verapamil may have an impact
on late mortality since it reduced the incidence ofcardiomyopa-
thy. However, this study was not designed to study late mortal-
ity as the primary end point, and will require a separate study
with longer follow-up. Therefore, in this study we have demon-
strated that the calcium channel blocker verapamil is capable
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of attenuating the histological features of myocarditis even
when given after viral inoculation. Until the mechanism of
action of verapamil in myocarditis is fully understood, the spe-
cific therapy for myocarditis remains elusive. However, vera-
pamil may provide directions toward new therapeutic ap-
proaches in myocarditis, and the potential of offering treat-
ment for myocarditis even after virus infection has taken place.
It also underscores the possible role of calcium overload and
microvascular ischemia as a commonmotif in the generation
of dilated cardiomyopathy from diverse etiologies.

In conclusion, the medical treatment of viral myocarditis
has focused on the use of steroids and other immunosuppres-
sive agents with little success. In this study we have confirmed
that encephalomyocarditic viral myocarditis in the mouse is
associated with spasm of the coronary microvasculature. Al-
though the etiology of the microvascular abnormality is uncer-
tain, it is clear that the immunological response to viral infec-
tion may sensitize both myocytes and cardiac vascular smooth
muscle cells to calcium overload, resulting in spasm, myocyte
injury, and necrosis. In light of these observations, verapamil
administration to the infected animals may have significantly
reduced the microvascular changes and attenuated the myo-
cardial necrosis, fibrosis, and calcification characteristics of di-
lated cardiomyopathy. Verapamil treatment may be of benefit,
therefore, at two levels: (a) through inhibition of the immune
response, and (b) directly on the microvasculature. This also
suggests a potential new therapeutic approach in treating clini-
cal myocarditis. However, while EMCviral infection is an ex-
cellent model of viral myocarditis and subsequent cardiomyop-
athy, it rarely produces lesions in man. Hence, whether these
observations are directly applicable in human cases of myocar-
ditis and cardiomyopathy will need to be independently con-
firmed in the future.
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