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An Experimental Model for Myocarditis and Congestive Heart Failure after

Rabbit Coronavirus Infection

Suzanne Edwards, J. David Small,
Joachim Dieter Geratz, Lorraine K. Alexander,
and Ralph S. Baric

Department of Epidemiology, Program in Infectious Diseases, School of
Public Health, and Department of Pathology, School of Medicine,
University of North Carolina at Chapel Hill

In a model for virus-induced myocarditis and congestive heart failure, rabbit coronavirus infec-
tion was divided into acute (days 2-5) and subacute (days 6—12) phases on the basis of day of
death and pathologic findings. During the acute phase, the principal histologic lesions were
degeneration and necrosis of myocytes, myocytolysis, interstitial edema, and hemorrhage. The
severity of these changes increased in the subacute phase. Pleural effusion and congestion of the
lungs and liver were also present at this time. Myocarditis was detected by day 9 and peaked by
day 12. Heart weights and heart weight-to—body weight ratios were increased, and dilation of the
right ventricular cavity became prominent early in infection and persisted. In contrast, dilation of
the left ventricle occurred late in the subacute stage. Virus was isolated from infected hearts
between days 2 and 12. These data suggest that rabbit coronavirus infection progresses to myo-

carditis and congestive heart failure.

Viruses have long been recognized as important etiologic
agents of heart disease in humans and experimental animals
[1-3]. Epidemiologic evidence suggests that after viral infec-
tion, 2%-5% of a human population experience some degree
of cardiac involvement [2, 3]. In humans and experimental
animals, viruses commonly linked to heart disease include
the picornaviruses, paramyxoviruses, myxoviruses, alphavi-
ruses, and coronaviruses [2-5]. Viral infection of the heart
may result in degeneration and necrosis of myocytes and
lead to inflammation of the heart muscle. Myocarditis may
result in arrhythmias, conduction disturbances, circulatory
collapse, and acute congestive heart failure [3-7]. Acute
viral infection of the heart muscle may also be an important
factor in the development of idiopathic dilated cardiomyopa-
thy [8-11].

Coxsackie B virus and encephalomyocarditis virus (both
enteroviruses) infections in mice are the best-characterized
model systems for virus-induced heart disease [1, 5]. The
exact mechanism for their pathogenesis is still controversial;
however, considerable evidence suggests that the disease is
primarily immune-mediated rather than the result of direct
viral cytotoxicity to myocytes [12, 13]. Both Coxsackie B and
encephalomyocarditis virus infections in mice may progress
to myocarditis and congestive heart failure, and some survi-
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vors may progress to a dilated cardiomyopathy later in life [5,
14-16]. The mechanisms by which viruses outside the entero-
virus family cause heart disease are unclear.

A model for virus-induced cardiomyopathy has also been
described in rabbits [17]. Rabbit cardiomyopathy is charac-
terized by pulmonary edema, degeneration and necrosis of
myocytes, and right ventricular dilation. Similar findings
have also been reported in rabbits infected with pleural effu-
sion disease virus [18, 19]. The etiologic agent for rabbit
cardiomyopathy is probably a rabbit coronavirus (RbCV)
antigenically related to the human coronavirus strain 229E
[17]. We determined whether infection with RbCV would
result in myocarditis and the development of congestive
heart failure.

Materials and Methods

Animals and virus. Rabbit coronavirus (RbCV) was origi-
nally obtained from a stock maintained by one of the authors
(J.D.S.). Viral stocks were diluted to 10°-~10* RIDs,/ml and
stored at —140°C. Male New Zealand white rabbits (Franklin
Rabbitry, Wake Forest, NC), weighing 2.5-3.0 kg, were housed
at room temperature (21-24°C) and given water and rabbit diet
(Agway; Grandville Milling, Creedmoor, NC) ad libitum. The
animals were inoculated intravenously via the marginal ear vein
with 0.2 ml of the 10°>-10* RIDs, viral stock. Body weight and
rectal temperature were recorded daily. Animals were observed
for signs of infection: dullness of the sclerae, severe congestion
of the conjunctivae and irides, rectal temperatures >39°C, and
weight loss.

To assay viral titers in the heart muscle, moribund animals
were intravenously injected with 50 mg/kg sodium pentobarbi-
tol, and the hearts were perfused and washed extensively with
PBS. Two hundred micrograms of left ventricle were ground in
0.8 ml of PBS and centrifuged at 12,000 g for 10 min in an
Eppendorf centrifuge (Fisher Scientific, Norcross, GA). The su-
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pernatant was serially diluted and inoculated into the marginal
ear vein of rabbits.

Histologic studies. Animals dying from RbCV infection were
necropsied within 12 h of death. Alternatively, moribund ani-
mals were sacrificed as described above. Body weights were ob-
tained to the nearest 0.10 kg. The heart was separated from the
pericardial sac, trimmed of fat and extraneous tissue, and
flushed with PBS. The heart was weighed to the nearest 0.1 g;
the chambers were filled with 10% phosphate-buffered formalin
(BF) and immersed in 10% BF for 24-48 h. The heart was re-
moved and sectioned transversely at the widest dimensions of
the ventricles. After additional fixation in BF, four paraffin-em-
bedded 6-um sections were cut at 150-um intervals and stained
with hematoxylin-eosin (H&E) stain. Selected sections were
also stained by Masson’s trichrome and the von Kossa stains.
Sections of the lung, liver, thymus, kidney, and spleen were also
stained with H&E.

Morphometric studies. A computerized Zeiss Videoplan-1
digital morphometric system (Carl Zeiss, Thornwood, NY) was
used to measure the dimensions of the cardiac walls and cavities
and to examine the area within each ventricular section. To
measure the thickness of the right and left ventricular walls and
interventricular septum, 15-20 measurements were taken at reg-
ular intervals across the ventricles. Two or three different car-
diac sections were measured from each animal, and the standard
deviations were calculated and recorded. The dimensions of the
ventricular cavities were measured at 15-20 points across the
midpoint in each ventricle and then averaged between three or
four consecutive cross-sections in the same animal. Large differ-
ences between consecutive cross-sections were not detected.
Papillary muscle projections complicated measurements of the
left ventricular cavity and wall. Consequently, the area in each
left and right ventricle cross-section was measured two or three
times and averaged between different cross-sections in the same
animal.

Animals dying during the acute or subacute phase of infection
were grouped accordingly, and mean values were averaged and
reported as mean + SD. Student’s ¢ test for unpaired observa-
tions was used to evaluate the statistical significance of differ-
ences in cardiac dimensions.

Results

Mortality and course of RbCV infection. Fifty-four New
Zealand white rabbits were inoculated with 0.2 ml of a 10°-
10* RIDso/ml stock and examined daily for clinical signs of
infection. Consistent with earlier studies [17], mortality rates
peaked at 4 days after infection, decreased, and then in-
creased again between day 6 and 8. No animals died after 12
days after infection, and the overall mortality rate ap-
proached 64% (27% acute; 37% subacute) (figure 1).

Animals dying early from infection had enlarged hearts
characterized by striking dilation of the right ventricular cav-
ity and accompanied by pulmonary edema. Pleural effusion
and congestion of the lungs and liver were occasionally pres-
ent during the acute phase but were more commonly ob-
served between days 6-9 after infection. Clinically, rabbits
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Figure 1. Mortality and course of rabbit coronavirus infection.

exhibited moist rales and wheezing during the subacute
stage. Rabbits that died on days 10-12 had pleural effusion,
pulmonary edema, ascites, enlarged hearts, dilated right and
left ventricular cavities, and congestion in the lungs and
liver. From these observations, we divided RbCV infection
into an acute phase that was characterized by dilation of the
right ventricle and pulmonary edema (days 2-5) and a sub-
acute phase that was characterized by dilation of both ventri-
cles and heart failure (days 6-12).

Heart weight and heart weight-to-body weight ratios during
RbCV infection. Body weight, heart weight, and heart
weight-to—body weight ratios were measured on days 2-5,
when myocardial degeneration and necrosis and pulmonary
edema became apparent, and days 6—12, when heart failure
was evident. Body weights slowly decreased during the
course of infection and were notably decreased (~0.4 kg)
during the subacute phase of the disease (data not shown).

Control rabbits sacrificed on days 2-5 (acute, n = 10) or
days 6-12 (subacute, n = 10) had heart weights of 6.1 + 0.3
gand 6.1 £ 0.5 g, respectively. After RbCV infection, heart
weights were significantly increased, to 8.4 = 1.4 g during
the acute stage (n = 12) (P <.001)and 8.7 + 1.6 g during the
subacute phase of infection (n = 14) (P < .001). Heart
weight-to-body weight ratios were 0.0022 + 0.0002 in the
uninfected controls and were increased significantly, to
0.0031 +0.0003 (P <.001)and 0.0035 + 0.0006 (P < .001)
during the acute and subacute phases of infection, respec-
tively.

Dimensions of the cardiac walls during RbCV infection.
Changes in the size of the heart and, in particular, dimen-
sions of the ventricles were evident after RbCV infection
(figure 2). To conclusively document the anatomic changes
in the heart during infection, the thickness of the ventricular
wall was measured through the coronal axis at the midpoint
of the ventricles.

The thickness of the right wall in uninfected controls was
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~2100 pm (figure 3A). During the acute phase of infection,
the thickness of the right ventricular wall decreased signifi-
cantly, by ~25% compared with uninfected controls (P
< .001). Significant thinning of the right ventricular wall
continued through the subacute stage of infection (P
<.001). The decrease amounted to ~37% compared with
uninfected controls sacrificed on identical days. The most
significant changes in the dimensions of the right wall were
detected in animals dying 9-12 days after infection.

The thickness of the interventricular septum was 4470
+ 676 um and 4470 * 503 um in uninfected controls sacri-
ficed on days 3-5 and 6-12, respectively. The septum was
4419 + 740 pum in animals dying during the acute stage of
infection (P = .875). However, the thickness of the interven-
tricular septum was decreased significantly, to 3597 + 603
pm, during the subacute phase of the disease (P = .002).

The thickness of the left ventricular wall was also similar
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between the uninfected controls and animals dying during
the acute phase of the disease (P = .445). However, the
thickness of the left ventricular wall was significantly re-
duced, by ~15%, during the subacute phase (P < .05) (fig-
ure 3B).

Dimensions of the ventricular cavities during RbCV
infection. In uninfected controls, the width of the right ven-
tricular cavity was ~3100 um (figure 4A). In infected ani-
mals, the width of the right ventricular cavity was signifi-
cantly increased, by ~105% during the acute stage of
infection (P < .001) and 177% during the subacute stage of
infection (P < .001). Dimensions of the left ventricular cav-
ity were not significantly different between the uninfected
controls and the animals dying early in the infection (P
= .145) (figure 4B). However, significant differences in the
dimensions of the left cavity were noted during the subacute
stage of infection (P = .004).

To obtain an additional estimate of the dilation of the
right and left ventricular cavities during infection, we aver-
aged the area in several consecutive right and left ventricular
cavity sections from animals dying during the acute or sub-
acute phase. Areas within the right and left ventricular cavity
were similar between control animals sacrificed on days 3-5
or 6-12 (figure 5A, B). After RbCV infection, the area in the
right ventricular cavity increased by ~ 150% during the acute
stage (P < .001) and 254% during the subacute phase (P
< .001) (Figure 5A). Areas within the left ventricular cavity
were not altered significantly during the early stages of infec-
tion (P = .278), but significant increases, of ~30%, were
noted during the subacute phase (P = .025) (figure 5B).

Pathologic findings during RbCV infection. Rabbits were
divided into two groups according to the day of death and
pathologic findings in the host. With minor variations, le-
sions were similar to those previously reported [17]. The
heart was the principal target organ, often with red streaks
present on the epicardial and endocardial surfaces. Pulmo-
nary edema was always present, and accumulations of 10-30
ml of clear pale yellow fluid, which clotted on standing, were
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often present in the thorax. The frequency and volume of
pleural effusion increased during the subacute period. Late
in the subacute period, a small amount of ascites fluid was
seen in some animals. Accentuation of the hepatic lobules
was present in some rabbits dying during the subacute pe-
riod; however, the liver margins remained sharp.
Microscopically, myocardial lesions in rabbits dying dur-
ing the acute phase consisted of widening of intercellular
spaces, scattered infiltrates of small numbers of heterophiles
(rabbit neutrophils), increased granularity of myocyte cyto-
plasm, hemorrhage, and occasional degeneration and necro-
sis of myocytes (figure 6A). Only rarely were foci of frank
hemorrhage and calcification seen during this period. Le-
sions were seen equally in the right and left ventricles and in
the interventricular septum. As rabbits survived beyond 5
days, lesions progressed in size, number, and maturity. In
several rabbits, necrotic foci had varying degrees of calcifica-
tion (figure 6B). Lesions were equally present in the left and

A

right ventricles, interventricular septum, and papillary mus-
cle. No lesions were seen in the heart valves or the vessels.
Interstitial edema increased. In addition to increased num-
bers of heterophils, macrophages and lymphocytes were
seen. Myocarditis was usually diffuse to focal and peaked by
day 10-12 (figure 6C).

Alveolar epithelial cells were swollen. In a few rabbits of
the subacute group, much of the intraalveolar fluid had been
readsorbed, leaving fibrinous strands, macrophages, and het-
erophils. Interalveolar blood vessels were distended (figure
6D). Lymphoid tissue adjacent to bronchi was within normal
limits, and bronchial epithelium was unremarkable.

Liver lesions were subtle during the acute phase. Sinusoids
were slightly distended, especially in areas surrounding cen-
tral veins. In several rabbits the first row or two of hepato-
cytes surrounding some of the central veins were rounded
up, hyalinized with indistinct nuclei, and deeply eosino-
philic. With increased time to death in the subacute stage,

200

Figure 5. Area within right (A) and left (B) ventricu-
lar cavity during acute and subacute rabbit coronavirus
infection (INF) compared with uninfected controls
(UNI). Measurements are mean * SD and were evalu-
ated by Student’s ¢ test.
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sinusoids became more distended, individual hepatocytes
were compressed, the number of hepatocytes undergoing
coagulative necrosis around the central veins increased, and
the necrotic areas became increasingly hypercellular. Portal
triads were normal (figure 6E).

Isolation of infectious virus. Infectious virus was isolated
from the hearts of animals dying between days 2 and 12.
Virus was first detected in the heart muscle by day 2 (10?-10°
RIDso/g). Peak  titers in the heart muscle occurred on days
3-5 (10°-10° RIDsy/g), and significant titers were detected

Figure 6. Histologic changes associated with rabbit coronavirus
infection. A, Myocardium day 7 after infection showing several foci
of degeneration and necrosis with infiltrating inflammatory cells. Bar
= 100 pm. B, Myocardium day 7 after infection showing necrosis
and calcification in right ventricle. Calcification was also present in
left ventricle and septum. Bar = 500 um. C, Myocardium day 10
after infection with diffuse necrosis of fibers, hemorrhage, and accu-
mulation of lymphocytes and macrophages. Bar = 32 um. D, Lung
day 12 after infection with pulmonary edema and accumulation of
lymphocytes, macrophages, and a few heterophils. Bar = 85 um. E,
Liver day 7 after infection showing coagulative centrilobular necrosis
of hepatic plates. Bar = 100 um. All sections were stained with hema-
toxylin-eosin.

through day 12 (10>-10? RIDso/g). No virus was detected in
the uninfected controls.

Discussion

Viral infection of the heart muscle may result in degenera-
tion and necrosis of myocytes, myocarditis, and congestive
heart failure [1-5, 7]. Viral infection may also be an impor-
tant factor in the development of idiopathic dilated cardiomy-
opathy [5, 20-22]. The incidence and mechanisms by which
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viruses cause heart disease in humans and animals are un-
clear, because these agents are rarely recovered from the pa-
tients and heart tissue at biopsy. Since many different viral
infections may result in cardiac damage, model systems are
needed to examine the basis for virus-induced heart disease.

RbCV infection results in degeneration and necrosis of
myocytes, myocarditis, interstitial edema, hemorrhage, in-
creased heart weight and heart weight-to—body weight ra-
tios, and dilated ventricles. Although dry weights of the
hearts were not determined, pathologic findings suggest that
the increase in heart weight is probably caused by interstitial
edema. Animals dying in the subacute stage of the disease
develop congestion in the lungs and liver, suggesting that a
significant percentage of these animals probably die from
heart failure. Manifestations of both left- and right-sided
heart failure are clearly evident in the subacute phase of in-
fection [4, 6, 7, 21]. Previous studies in our laboratory clearly
demonstrated the presence of viral antigen in regions of myo-
cardial degeneration and infectious virus in the hearts of in-
fected animals, supporting the idea that changes in the myo-
cardium are most likely caused by viral replication in the
heart muscle [17].

The pathogen for this disease is morphologically and anti-
genically related to the group I human and porcine corona-
viruses [17]. RbCV is also related to the etiologic agent re-
sponsible for pleural effusion disease in rabbits [17-19, 23].
Both viruses have similar isolation histories and antigenic
properties and produce similar diseases in vivo. Here we dem-
onstrated that infection with RbCV results in myocarditis.
Rabbits normally require 8-10 days to develop a strong lym-
phocytic infiltration after infection [24]. By the Dallas classi-
fication system [25], focal to diffuse myocarditis with fibrosis
is clearly present by day 9 and reaches peak levels on days
10-12. In previous studies, little lymphocytic infiltration was
noted because most of the animals dying from RbCV or
pleural effusion disease virus infection were examined before
day 9 [17, 18, 26]. It seems likely that pleural effusion dis-
ease virus infection also results in a significant percentage of
animals dying from heart failure, since degeneration and ne-
crosis of myocytes, pulmonary edema, pleural effusion, di-
lated ventricles, and congestion of the lungs, liver, and
spleen are common [18, 26].

In humans, virus-induced myocarditis and congestive
heart failure have been reported after infection with herpes-
virus, enterovirus, paramyxovirus, myxovirus, alphavirus,
flavivirus, and others [1-3, 27, 28]. Complications asso-
ciated with coronavirus infections in humans include myo-
carditis and perimyocarditis [4]. During the subacute phase
of infection, myocardial lesions observed in rabbits closely
resemble those of acute myocarditis in humans. Lesions are
distributed throughout the ventricles and consist of necrotic
fibers surrounded by macrophages and lymphocytes. Adja-
cent areas of the myocardium appear normal. The endocar-
dium and pericardium are spared. Later, necrotic fibers are
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replaced with connective tissue or calcification, and the num-
ber of macrophages and lymphocytes are reduced [1, 25].

The most extensively studied models for virus-induced
myocarditis and congestive heart failure are in mice inocu-
lated with enteroviruses (encephalomyocarditis virus or Cox-
sackie B virus) [1, 5, 21]. There are also model systems for
influenza virus-induced metabolic alterations in the heart
[29], reovirus-induced myocarditis in mice [30], and parvo-
virus-induced myocarditis in dogs [31]. In rabbits, poxvirus
infections may also result in degeneration and necrosis of
myocytes and myocarditis [32]. Rabbit coronavirus infection
is similar to the encephalomyocarditis virus model. Early in
that infection, animals are probably dying from acute heart
failure caused by a complete atrioventricular block [15, 33].
In the subacute stage of infection, animals die from myo-
carditis-induced congestive heart failure [13, 15]. The most
notable difference between the two models is that myocardi-
tis, myocyte necrosis, and calcification appear to be much
more extensive after encephalomyocarditis virus infection
[14, 15].

In the case of encephalomyocarditis and Coxsackie B virus
infections, maximum inflammation and cardiac necrosis oc-
cur after the clearance of virus from the heart, suggesting that
direct viral cytotoxicity to myocytes is of limited importance
[1]. Rather, the preponderance of data suggest that cardiac
damage is immune-mediated [12, 13, 34-39]. The patho-
genic mechanisms for myocyte injury after RbCV infection
are unclear. Early in infection, significant myocyte damage
correlates with high viral titers in the heart and occurs before
the presence of significant inflammatory infiltrates. Hetero-
phils and macrophages that are occasionally present early in
infection probably represent a nonspecific response to ne-
crotic cell injury. These data suggest that myocardial injury
may initially result from direct viral infection, similar to find-
ings reported early in canine parvovirus infection [31].

We have described a model system for virus-induced myo-
carditis and congestive heart failure in rabbits. These data
provide the underlying foundation for future studies examin-
ing the mechanism of RbCV-induced heart disease in rab-
bits.
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