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This study was undertaken to determine the genetic
control of host susceptibility to coxsackievirus B3
(CVB3)-induced chronic myocarditis in a mouse

model. An autosomal recessive autoimmune myo-
cardial disease (amd) gene (possibly more than one

gene), which determined susceptibility to CVB3-
induced chronic myocarditis in the A/J and DBA/2J
inbred mouse strains, was mapped to a segment of
chromosome 14. Datafrom both theAXB/BXA recom-
binant inbred (RI) strains and theB1O.D2(57N) H-8b
congenic mice supported this linkage relationship.
Analysis of the AXB/BXA RI strain distribution pat-
terns suggested that amd maps distal to the Np-2,
Tcro, and Myhca loci (AmJPathol 1991, 138:721-
726)

Many of the picornaviruses, especially the coxsackievi-
ruses, are implicated as causative agents in viral myo-
carditis in humans.1' 2 In mice, the course of coxsackievi-
rus B3 (CVB3)-induced myocarditis appears to be
biphasic.3'4 The early acute disease, which peaks 5 to 7
days after infection, is suggested to be caused by direct
virus-mediated tissue injury or by the ensuing inflamma-
tory response.3 The second phase, occurring after viral
clearance and peaking 15 to 21 days after infection,
termed chronic myocarditis, is associated with heart-
specific autoantibodies.3O Histologically chronic myo-
carditis is characterized by mononuclear cells within fi-

brocalcific foci and in the adjacent interstitial spaces.7
Both cell-mediated and humoral autoimmune mecha-
nisms have been suggested as the major pathogenetic
factors in chronic viral myocarditis.28

Susceptibility of mice to CVB3-induced chronic (au-
toimmune) heart disease was shown initially in our
laboratory59 to be multigenic and involve the major his-
tocompatibility complex (Mhc) on chromosome 17. Fur-
thermore we demonstrated that a non-Mhc gene(s) is
involved in susceptibility to CVB3-induced chronic myo-
carditis, while a Mhc gene(s) modulates the intensity of
the heart-specific autoantibody response. This provided
the basis for the hypothesis that chronic myocarditis is
mediated by autoimmune responses that are determined
by Ir, Igh, IgK, IgA, and/or Tcr genes. Thus our primary
goal was to define precisely the non-Mhc locus (or loci)
controlling the chronic or autoimmune phase of CVB3-
induced myocarditis. The data indicate that a segment of
chromosome 14 containing the Tcra and Myhco genes
strongly influences the development of the disease.

Materials and Methods

Animals

Twenty-five AXB or BXA recombinant inbred strains, de-
rived from the A/J and C57BU6J (B6) parental mouse
strains, were obtained from the laboratory of Muriel Nes-
bitt. Congenic and standard inbred strains were pur-
chased from Jackson Laboratories, Bar Harbor, ME. Both
male and female animals were used. The CVB3-
inoculated animals were housed in microisolation cages
(Lab Products, Inc., Maywood, NJ) in a separate room.
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Infection and Necropsy

All experimental animals were inoculated with 1 04 TCID50
of virus at 2 weeks of age, as previously described.5 In-
dividual sera and organ samples were collected 21 days
after inoculation. Hearts were arrested in diastole with ice
cold 30 millimolar KCI in phosphate-buffered saline, pH
7.2, and 3- to 5-mm--thick transverse slices of the heart
were fixed for 24 hours in 4% formaldehyde/phos-
phate-buffered saline solution, pH 7.4, and then pre-
pared for histologic evaluation.

Histology

Preparation and processing were performed as previ-
ously described.5 Areas of necrosis, mononuclear cell
infiltration, fibrosis, and dystrophic mineralization were

evaluated and quantitated microscopically using a mod-
ified grading system established in previous studies.7

Virus

Vero African green monkey kidney cells (American Type
Tissue Culture, Bethesda, MD) were used to grow and
assay the virus.5 CVB3 (Nancy) originally was isolated by
Dr. Joseph Melnick from a patient who had a minor febrile
illness. The stock virus used in these studies originally
was obtained from Dr. Lerner, Wayne State University
School of Medicine (Detroit, Ml), whose stock was de-
rived from Dr. Grodums, University of Saskatchewan
(Saskatoon, Canada).

Results

Initially we studied the inheritance pattern of CVB3-
induced chronic myocarditis by determining the disease
phenotype of the F, progeny from susceptible A/J and
resistant B6 mice. Reciprocal crosses were used to ex-

amine X and Y chromosome linkage. As shown in Table

1, the parental B6, (A/J x B6) F1 or (B6 x A/J) F, mice did
not develop CVB3-induced chronic myocarditis, whereas
the A/J mice did. Neither a sex linkage nor a sex influ-
ence, as determined by comparison of disease suscep-

tibility in male versus female animals, was observed (data
not shown). Control mice injected with a Vero lysate did
not develop disease. These data indicate that suscepti-
bility to CVB3-induced murine chronic myocarditis is an
autosomal recessive trait.

Linkage analyses of susceptibility to CVB3-induced
chronic myocarditis in the AXB/BXA recombinant inbred
(RI) strains was carried out to map a putative chromo-
somal location. Twenty-five randomly chosen AXB/BXA
RI strains were examined for their development of CVB3-
induced autoimmune disease. Seven to thirty animals
were studied for each of the 25 groups (Table 2). Control
animals included the parental A/J (H-2a) and B6 (H-2b)
and their Mhc congenics, A.B.Y/SnJ (H-2b) and B10.A/
SgSf (H-2a), respectively. As expected, these mice
showed a susceptibility pattern that was independent of
their Mhc haplotype. Of the 25 RI strains, 10 were found
to be susceptible and 15 were resistant to chronic myo-

carditis, as determined by Chi-square analyses of the
prevalence data. In general, as previously observed,5
there was a direct relationship between the severity of
fibrocalcific lesions and the presence of chronic myo-

carditis in these RI strains.
Based on a one-gene hypothesis, we examined the

strain distribution pattern for autoimmune myocardial dis-
ease (amd). Table 3 shows the strain distribution pattern
for amd and reveals a linkage of amd to the nucleoside
phosphorylase-2 (Np-2) and the Tcr genes on chromo-
some 14 (Figure 1). Map distances of 13 and 11 cM
(centamorgans), respectively, were found. The Tcrb also
resides within the Tcr complex.10 These data indicate that
a gene or a group of tightly linked genes on chromosome
14 determine murine susceptibility to CVB3-induced
chronic myocarditis.

To substantiate the presence of the amd gene(s) on

chromosome 14, we also examined two H-8 congenic
strains, B6.C-H-8c and Bl0.D2(57N)/Sn (H-8b), which
carry a segment of chromosome 14 that encodes for the

Table 1. Inheritance Pattern of CVB3-induced Chronic Myocarditis in Mice

H-2 Fibrocalcific lesions Chronic myocarditis
Mouse
strain Haplotype Prevalence* Pit Prevalence* Phenotypet

A/J a 15/19 (79) 2.0 0.3 8/19 (42) s
B6 b 6/39(15) 0.2±0.1 0/39(0) r
(A/J x B6)F1 a/b 5/24 (21) 0.2 0.1 0/24 (0) r
(B6 x A/J)Fl b/a 10/37 (27) 0.2 ± 0.1 0/37(0) r

* Expressed as the number of positive animals/total number and the percentage of animals showing pathology is given in parentheses.
t The pathologic index (PI) is a mean score based on a scale of 0 to 4. Pathology scores were given by two or three independent observers.
t Strains were classified as susceptible (s) or resistant (r) to chronic myocarditis as described in Table 2.
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Table 2. AXB/BXA RI Strain Distribution Pattern for Susceptibility to CVB3-induced Chronic Myocarditis in Mice

H-2 Fibrocalcific lesions Chronic myocarditis

strain Haplotype Prevalence* Pit Prevalence* Phenotypei

Congenics
onJ a 20/50 (40) 1.5 ± 0.2 9/50 (18) s
A.BY/SnJ b 50/122 (41) 1.2 ± 0.1 19/122 (16) s
B6 b 13/91 (14) 0.2 ± 0.1 1/91 (1) r
B1O.A/SgSf a 7/61 (11) 0.1 ± 0.1 0/61 (0) r

RI
AXB 1 a 1/11 (9) 0.1 ±0.1 0/11 (0) r

2 a 15/21 (71) 1.7 ± 0.3 10/21 (48) s
5 a 14/29 (48) 0.8 ± 0.2 0/29 (0) r
6 b 14/15 (93) 2.2 ± 0.3 7/15 (47) s
7 a 8/18 (44) 0.5 ± 0.2 0/18 (0) r
8 a 0/11 (0) 0 ± 0 0/11 (0) r
10 b 6/11 (55) 1.0 ± 0.4 4/11 (36) s
15 a 16/19 (84) 1.8± 0.3 3/19 (16) s
17 a 6/30 (20) 0.3 ± 0.1 0/30 (0) r
18 b 1/23 (4) 0.2 ± 0.2 0/23 (0) r
19 b 5/25 (20) 0.4 ± 0.2 0/25 (0) r
20 § 0/19 (0) 0 ± 0 0/19 (0) r
21 a 12/25 (48) 1.0 ± 0.2 7/25 (28) s
23 b 10/10 (100) 2.4 ± 0.4 4/10 (40) s
25 a 11/22 (50) 0.6 ± 0.1 0/22 (0) r

BXA 6 a 3/10 (30) 0.4 ± 0.2 3/10 (30) s
8 b 0/7 (0) 0 ± 0 0/7 (0) r
10 b 3/17 (18) 0.2 ± 0.1 0/17 (0) r
11 b 8/16 (50) 1.1 ± 0.3 2/16 (13) s
12 a 0/18 (0) 0± 0 0/18 (0) r
19 b 9/28 (32) 0.5 ± 0.2 0/28 (0) r
22 b 11/20 (55) 0.9 ± 0.2 0/20 (0) r
23 a 11/20 (55) 1.4 ± 0.4 5/20 (25) s
24 * 3/13 (23) 0.8 ± 0.4 2/13 (15) s
25 a 3/28 (11) 0.2±0.1 1/28 (4) s

Expressed as the number of positive animals/total number and the percentage of animals showing pathology is given in parentheses.
t The PI is a mean score based on a scale of 0 to 4. Pathology scores were given by two or three independent observers.
t Strains were classified as susceptible (s) or resistant (r) to chronic myocarditis as determined by Chi-square analyses (P = 0.05) using

the prevalence of disease observed in the H-2 haplotype-matched parental strains as the expected values.
§ Not determined.

H-8, Np-2, Tcra, alpha cardiac myosin heavy chain
(Myhca), and pancreatic ribonuclease-1 (Rib-1) genes,
as derived from BALB/cBy (H-8f) and DBA/2J (H-8b)
mice, respectively. The remainder of the genome was

derived from the H-8a, B6, and C57BLJ10 (B1i0) mice,

respectively.1213 The B10.D2/nSnJ strain is similar to
B1O.D2(57N)/Sn strain except for lacking the DBA/
2J-derived segment of chromosome 14. The B6, B10,
and B10.D2/nSnJ strains are resistant to CVB3-induced
chronic myocarditis, while both the BALB/c and DBA/2

Table 3. Mouse Strain Distribution Pattern of Susceptibility to CVB3-Induced Chronic Myocarditis with Other Loci on
Chromosome 14

Strains

Locus AXB 1 2 5 6 7 8 10 15 17 18 19 20 21 23 25

Np-2 b* a *t a a b b b b b b b b a 0

Tcra3 b a b a a b b b b b b b a a b
amd b a b a b b a a b b b b a a b

BXA 6 8 10 11 12 19 22 23 24 25
Np-2 a a a * b b a a * a
Tcrat a a a b b b a a a a
amd a b b a b b b a a a

* Genotype of the strains, where a is derived from A/J and b is derived from B6.
t not determined.
t The genotype of the Tcra locus was provided by E. Palmer and U. Apple and was determined by RFLP analysis using a constant-region

and several variable-region probes.
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Figure 1. Linkage relationsfip of amd with
other loci on chromosome 14. The amd locus
has been assignedprovisionarily to a map lo-
cation distal to the Np-2, Rib-I, Myhca, and
Tcrot loci (Ceci et al"; unpublished data; Dr.
Nancy Jenkins, personal communications).
Map distances are given in centaMorgans.

develop autoimmune myocarditis as a sequela to CVB3
infection (Table 4).

Discussion

Several genes that are thought to play a part in autoim-
mune-based chronic myocarditis map to chromosome
14.11,12 Results of our current studies suggest that the
autosomal recessive gene(s) amd also is located on

chromosome 14. It is well recognized that a trimolecular
interaction between the T-cell receptor, the Mhc class 11,
and the antigenic peptide is required to elicit an immune
response. In viral autoimmune myocarditis, the Mhc com-

ponent has been suggested through the Mhc association
with heart-specific autoimmune responses5 and its role in
immunopathogenesis.14 A gene(s) for the T-cell receptor
alpha chain, which is located on chromosome 14, may
govern an autoimmune response to heart antigens that
are elicited. In addition, the alpha and beta heavy chain
genes of cardiac myosin are linked to the Tcra and Np-2
loci.13 These latter findings are provocative because car-

diac myosin is a major autoantigen and immunogen in
cardiac autoimmunity.15,16

The Bl0.D2(57N)/Sn H-8b mice carry a segment of
chromosome 14 derived from susceptible DBA/2J mice.
In as much as the B1 0.D2(57N)/Sn also develops chronic
disease, the linkage of amd to chromosome 14 is signif-
icantly strengthened. The absence of chronic disease in
B6.C-H-8/By mice suggests several possibilities. 1) The

gene(s) controlling CVB3-induced chronic myocarditis in
BALB/c mice may differ from DBA/2J mice. This conclu-
sion is supported by the differences in immunopathologic
mechanisms responsible for producing acute myocardi-
tis in these two strains 17 2) The site of recombination in
the B6.C-H-8c/By mice excludes the BALB/cBy suscep-
tibility amd allele. 3) More than one gene controls chronic
myocarditis. Our data suggest that B6.C-H-8c/By mice
lack at least one of these putative genes.

Both the Tcra and Myhct loci are linked on chromo-
some 14 in humans.18 Jarcho et al19 used 120 DNA
probes with restriction fragment length polymorphisms in
a large kindred to identify the locus (or loci) linked to a

gene causing familial hypertrophic cardiomyopathy.
Their multipoint linkage analyses showed that probe
CR1-L436 identified the D14S26 locus on chromosome
14, which is genetically linked to familial hypertrophic car-

diomyopathy. This assigned locus, 14q1, is approxi-
mately 20 cM from the locus for the Tcrat gene. Because
this segment of chromosome 14 is homologous in both
mice and humans, the studies of Jarcho et al19 and our

present observations indicate that a segment of chromo-
some 14 plays a significant role in the pathogenesis of
familial hypertrophic cardiomyopathy and in chronic mu-
rine myocarditis.

The genetic studies and concepts regarding autoim-
mune myocarditis reported herein have biologic parallels
in other models. Using the same experimental approach
as we used, the response to H-Y antigen20 and the de-
myelination induced by Theiler's encephalomyocarditis

Table 4. Examination of H-8 Congenic Mouse StrainsforCVB3-induced ChronicMyocarditis
H-2 H-8 Fibrocalcific lesions Chronic myocarditis

Strain Haplotype Genotype Prevalence* Pit Prevalence* Phenotypet
A/J a § 18/30 (60) 1.2 ± 0.2 6/30 (20) s
B6 b a 5/27 (19) 0.2 ± 0.1 1/27 (4) r
B1O/SnJ b a 8/16 (13) 0.1 ± 0.1 0/61 (0) r
B10.D2/nSnJ d a 7/21 (33) 0.6 ± 0.2 1/21 (5) r
BALB/cByJ d c 13/23 (57) 1.3 ± 0.3 5/23 (22) s
DBA/2J d b 17/23 (74) 1.7 t 0.3 6/23 (26) s
B6.C-H-8c/By b c 2/31 (6) 0.1 ± 0.1 1/31 (3) r
B1O.D2(57N)/Sn d b 11/18 (61) 1.6 ± 0.3 4/18 (22) s

* Expressed as the number of positive animals/total number and the percentage of animals showing pathology is given in parentheses.
t The PI is a mean score based on a scale of 0 to 4. Pathology scores were given by two or three independent observers.
t Strains were classified as susceptible (s) or resistant (r) to chronic myocarditis as described in Table 2.
§ Neither a nor b.
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virus21 have been linked genetically with the murine Tcra
and Tcr3 loci, respectively. A similar association of Tcr V
region genes and autoimmune diseases, such as exper-
imental allergic encephalomyelitis and collagen-induced
arthritis, has been demonstrated by the finding of limited
and selective variable-region gene usage in autoantigen-
specific T-cell clones (reviewed in Kumar et a122). In the
case of CVB3-induced chronic myocarditis, sequence
characterization and structure function analyses of a Tcra
variable-region gene as being amd would establish more
firmly the concept that chronic myocarditis is an organ-
specific autoimmune disease.

Recently the two rat cardiac myosin heavy chain iso-
forms, alpha and beta, have been sequenced2 25 and
comparisons between the two predicted amino acid se-
quences demonstrated that these differences occurred
in clusters, termed divergent regions. There is a 99%
amino acid sequence homology between rat and mouse
Myhca (KW Beisel, unpublished data). In the mouse, the
Myhca is found exclusively in the heart, while the MyhcI3
isoform serves primarily as the slow skeletal muscle
isoform.26 Because the cardiac-specific myosin re-
sponse is observed in murine virus- and cardiac myosin-
induced autoimmune myocarditis,'1516 we would predict
that the alpha isoform-specific divergent regions contain
the autoimmune epitopes. Restriction fragment length
polymorphism studies demonstrated that at least three
Myhca alleles are present in the mouse13 and may relate
to strain differences in Myhcox immunogenicity as well as
in the potential to develop autoimmune myocarditis.

Additional experiments are required to define more
precisely the functional relationship and the location of
the amd gene with regard to the Tcrot variable region and
the Myhcot and p genes. Subsequently the functional re-
lationship of these genetic determinants can be as-
sessed.
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