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Progressive Interstitial Collagen Deposition in
Coxsackievirus B3-induced Murine Myocarditis
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Myocardial fibrosis can be produced in certain in-
bred strains of mice after coxsackievirus B subtype
3 (CVB3) infection. The mechanism responsible
Jor this interstitial matrix alteration is unknown.
The presumption is that fibrosis occurs in areas of
myocyte damage and inflammation associated
with viral infection, analogous to scar formation
after cell injury in other organ systems. To test this
bypothesis, we examined the bearts of A/] strain
mice infected with three CVB3 variants (Crowell
[CVB3-CR|, Woodruff [CVB3-WD), and Lerner
[CVB3-LR)), each known to cause different degrees
of acute myocardial injury. With these three vari-
ants, virus was present in the beart until day 28
after inoculation but was absent thereafter. Four-
teen days after inoculation, inflammation with
myocyte necrosis was seen in discrete foci through-
out the myocardium with all three variants. Col-
lapse and disorganization of the usually delicate
connective tissue matrix identifiable by silver im-
Dregnation was seen in these areas of myocyte in-
Jury. Persistent, diffuse lympbocytic infiltration of
the myocardium was seen 55 days after inocula-
tion with CVB3-WD and CVB3-LR, but bearts ini-
tially infected with CVB3-CR showed only rare in-
terstitial lymphbocytes comparable to uninfected
control bearts. The focal scars produced by myo-
cyte necrosis 14 days after inoculation were accen-
tuated and beavily collagenized 55 days after inoc-
ulation with CVB3-WD and CVB3-LR; bowever,
these foci were indistinct 55 days after inoculation
with CVB3-CR. Furtbermore, the usually delicate
network of interstitial collagen fibers surrounding
individual myocytes became thickened throughout
the beart 55 days after inoculation with CVB3-WD
and CVB3-LR, away from visibly scarred areas pro-
duced early after infection with these variants. This
diffuse reticulin thickening was not seen after infec-

tion with the Crowell variant. Only the virus vari-
ants associated with persistent interstitial in-
Sflammation at day 55 developed major collagen
matrix alterations and interstitial fibrosis. We con-
clude that this persistent interstitial lympbocytic
infiltration reflects altered immune function re-
lated to specific virus variants in this animal strain.
We postulate that these lymphocytes are part of a
delayed immunopathogenic response uncoupled
JSfrom the original viral injury and inflammatory
damage. Potential mechanisms by which this inter-
stitial lymphbocytic infiltration results in fibrosis
are discussed. (Am J Pathol 1990, 136:683-693)

A direct connection between viral-induced myocarditis
and cardiomyopathy has remained elusive in humans de-
spite considerable circumstantial evidence in support of
the concept that myocardial fibrosis with heart failure is a
potential result of viral myocarditis.'-'° During the past 30
years, studies in experimental animals have provided di-
rect evidence in support of this causal relationship®'* and
have brought us progressively closer to understanding
some of the mechanisms whereby viral infection in the
heart may trigger specific pathologic humoral and cellular
immunologic responses,'®'?'* and how these, in turn,
produce myocyte injury and death. Furthermore, these
experimental studies have documented the late develop-
ment of interstitial cardiac fibrosis, analogous to that seen
in human dilated cardiomyopathy, at a time when viral or-
ganisms are not usually detected in the heart.® ' The
mechanisms responsible for this collagen remodeling are
unknown. The present study was undertaken to define
the extent and character of interstitial collagen matrix re-
modeling that occurs in A/J strain mice after infection with
specific variants of coxsackievirus group B, subtype 3
(CvB3).

Three CVB3 variants were inoculated into A/J strain
mice. This strain was used in the current study based on
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previous observations documenting a vigorous immuno-
pathogenic response to CVB3 infection,'" and because a
potential autoimmune mechanism of inflammatory injury
has been implicated in these animals. The virus variants
(Crowell [CVB3-CR], Woodruff [CVB3-WD], and Lerner
[CVB3-LR]) were selected for study based on previous
data suggesting that each was associated with a different
degree and persistence of myocardial injury. These vari-
ants were selected to explore associations between the
acute and chronic aspects of this disease based on the
hypothesis that acute CVB3 myocarditis can be uncou-
pled from chronic myocarditis and cardiomyopathy, de-
pending on the specific interaction of the virus variant with
different cellular receptors for the virus. We believe that
this latter interaction may be one of the key initiators of
immune tolerance dysfunction and the production of au-
toimmunity in this disease.

Methods
Mice and Infection Strategy

Eight-week-old A/J strain mice (Jackson Laboratories,
Bar Harbor, ME) were inoculated with CVB3-CR, CVB3-
WD, or CVB3-LR by intraperitoneal injection using 1 ml of
a solution of virus adjusted to a concentration of 1.8 X 10°
plaque-forming units (PFU) per milliliter. Stock virus con-
centration was determined before inoculation by standard
virus titration in Hel.a cells using the plaque formation as-
say. Two days after inoculation, serum virus titers were
determined in each animal using plasma derived from the
retro-orbital venous plexus by capillary-tube puncture. Un-
infected age-matched control animals were included for
study at each experimental interval.

Tissue Processing

Hearts were processed at three intervals after infection
(14, 28, and 55 days). Animals were killed by lethal injec-
tion of sodium pentobarbital (14d CVB3-CR, n = 5; 14d
CVB3-WD, n = 5; 14d CVB3-LR, n = 6; 28d CVB3-CR, n
=6; 28d CVB3-WD, n = 5; 28d CVB3-LR, n = 3; 55d
CVB3-CR, n = 3; 55d CVB3-WD, n = 3; 55d CVB3-LR,
n = 4). Hearts were removed and sectioned across the
ventricles at 2-mm intervals. A portion, including right and
left ventricles, was snap frozen and cryosectioned for the
plaque-formation assay. One mid-ventricular section was
fixed in 10% neutral buffered formalin before dehydration,
clearing, and embedment in paraffin wax. Sections from
this latter tissue were cut at 4 ., mounted on glass slides,
and rehydrated before the application of histochemical
stains.

Silver Impregnation Method
for Reticulin Fibers

Experimental and control heart sections from each Pl in-
terval studied were reacted with ammoniacal silver using
the Gordon and Sweets method for visualizing reticulin
fibers.® Briefly, sections were oxidized in potassium per-
manganate, bleached in oxalic acid, and sensitized in
2.5% ferric ammonium sulphate before impregnation with
ammoniacal silver (5 ml of 10.2% aqueous silver nitrate,
strong ammonia [sp.gr. 0.88] by drop [until precipitate
dissolves], and 5 ml of 3.1% sodium hydroxide). Sections
were then reduced in 10% aqueous formalin, toned in
0.1% gold chloride, and fixed in 5% sodium thiosulfate.
Experimental and age-matched uninfected control hearts
were impregnated together to insure consistency.

Morphologic Analysis

The morphologic distribution and extent of myocyte
pathologic changes, inflammation, and collagen abnor-
malities were evaluated in hearts at the cited time intervals
after inoculation with the three virus variants. Inflammation
was estimated using a 4-grade system (illustrated in Fig-
ure 1). Grade 1 corresponded to rare groups of two or
three mononuclear cells displacing myocytes, grade 2
corresponded to larger and more frequent mononuclear
cell aggregates, without confluence between adjacent
foci, grade 3 inflammation was characterized by larger
and more frequent mononuclear cell infiltrates with con-
fluent foci present, and grade 4 inflammation was charac-
terized by the presence of many large, geographic foci of
inflammatory cells. Also the number of individual lympho-
cytes in the interstitium was subjectively assessed at day
55 in hearts infected with each variant. Semiquantitative
analysis of reticulin fiber silver impregnation in tissue sec-
tions of myocardium was performed by morphometric im-
age analysis (Bioquant Meg IV, R&M Biometrics, Nash-
ville, TN) using pixel grey-scale determinations. Mid-ven-
tricular cross sections from age-matched uninfected
control animals and virus-infected experimental animals
55 days after inoculation were evaluated. Silver deposition
on reticulin fibers was analyzed by first setting a threshold
for black silver grains in control hearts. This value was
then retained for use in all subsequent measurements in
control and experimental hearts. All measurements were
performed using a 40X magnification primary objective,
resulting in a final image magnification factor of 1530. Ten
measurements were taken from each heart section using
a graphic window of fixed size, small enough to be repeat-
edly overlaid on the myocardium. Approximately 90% of



Figure 1. Myocardial inflammation
graded and graphed for the period of study
with all three virus variant infections.
Grades represent evaluation of grouped
inflammatory cells only. The amount of in-
flammation in the bearts infected with
CVB3-WD and CBV3-LR appeared to ex-
ceed that of bearts infected with CVB3-CR
55 days after infection, but these differ-
ences were statistically significant in non-
parametric analysis only for the CVB3-
WD-infected bearts (P < 0.05).

Grades of Inflammation

each myocardial section was encompassed within the 10
measurements performed.

Statistic Analysis

Dunnett’s procedure'® was used for the comparison of
experimental and uninfected control heart percentage of
reticulin. Inflammatory infiltration was compared between
variants at all intervals studied using a nonparametric
Kruskal-Wallis test."”

Results
Morphologic and Histochemical Observations

Day 14

Well-defined foci of myocardial inflammation were
seen in hearts infected with all three variants 14 days after
inoculation (Figure 2 A, C, and E); however inflammatory
changes were seen as early as day 7 (not shown). Fur-
thermore, myocyte necrosis, evidenced by cytoplasmic
hypereosinophilia, granular cytoplasmic disintegration,
nuclear pyknosis, and loss of cytoplasmic striations were
seen between 7 and 14 days after inoculation associated
with these inflammatory foci. There was considerably
more myocyte necrosis 7 days after inoculation with
CVB3-WD and CVB3-LR than with the CVB3-CR, both in
the number of areas involved and the size of the individual
inflammatory foci. However, by 14 days after inoculation,
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INFLAMMATION
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A
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Day 28

Days Post Infection

all three variants had produced significant necrosis and
inflammatory infiltration. The Lerner variant produced
more subpericardial lesions than did the other two virus
variants. The myocardial lesions produced by CVB3-CR
became calcified by day 14. Focal collapse and irregular-
ity of reticulin fibers was present in areas of myocyte ne-
crosis in hearts infected with all three variants (Figure 3A,
C,andE).

Day 28

There was subtle, generalized myocyte enlargement
and disorganization with all three variants at this stage
(not shown). Hearts initially infected with CVB3-WD or
CVB3-LR showed persistent myocyte alterations in the
form of cytoplasmic vacuolar change and globular inclu-
sions. The reticulin stain showed definite patchy collapse
compatible with earlier inflammatory damage and a sug-
gestion of a general increase in reticulin fiber thickness in
areas devoid of major architectural changes.

Day 55

The gross appearance of infected hearts is shown in
Figure 4. CVB3-CR infection was not associated with
myocardial inflammation at this stage (Figure 2B) and
there was only minimal, patchy, collagen deposition noted
in areas corresponding to scars of earlier inflammatory
injury (Figure 3B). Hearts initially infected with CVB3-LR or
CVB3-WD, on the other hand, demonstrated microscopic
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Figure 2. Morphology of the myocardium 14 and 55 days after infection (PI) with three virus variants. Mononuclear cell infiltration
can be seen 14 days after infection with all three variants (A, C, E). Lymphocytes persist in the interstitium 55 days after infection

with CVB3-WD and CVB3-LR. Only rare interstitial lymphocytes are identified 55 days after infection with CVB3-CR (H & E stain,

50X original magnification).

aggregates of lymphocytes within the interstitum and
continued patchy vacuolar alteration of myocytes (Figure
2D and F). It was unclear whether these changes repre-
sented early myocyte damage, but no definite necrotic
myocytes were seen. The silver stain showed dense reti-
culin complexity and collapse in areas of pre-existing in-

flammatory damage (Figure 3B, D, and F) and, in these
two variants alone, a generalized increase in reticulin fiber
thickness in areas of the heart without architectural alter-
ation (thickening of unscarred reticulin fibers; Figure 5)
that exceeded that seen in age-matched uninfected con-
trol hearts (Figure 6).
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Figure 3. Reticulin stain of bearts 14 and 55 days after infection (PI) with three virus variants. Note the large pale scars at day 14
with all three variants (A, C, E). These scars become progressively collagenized by day 55. Hearts initially infected with CVB3-WD
and CVB3-LR show considerably more reduplication of fibers and enlargement of scarred areas when compared to bearts infected

with CVB3-CR (Reticulin stain, 50X original magnification).

A graphic summary of inflammatory changes for all
three virus variants is presented in Figure 1. The grades
illustrated represent only grouped inflammatory cells and
do not include individual interstitial lymphocytes. The
amount of inflammation present at day 55 in hearts initially

infected with CVB3-WD or CVB3-LR appeared to be
greater than that seen in those initially exposed to CVB3-
CR. But this difference was statistically significant only for
the Woodruff variant-infected hearts (P < 0.05). Further-
more, 55 days after inoculation with CVB3-WD and CVB3-
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CVB3 Variants - Day 55

-

Lerner

Woodruff Crowell

LR, there was an apparent increase in the total number of
interstitial lymphocytes, not observed 55 days after inocu-
lation with CVB3-CR. Morphometric analysis of percent-
age of reticulin in experimental and age-matched unin-
fected control hearts at 55 days after inoculation is pre-
sented in Figure 7. The percentage of reticulin in heart
sections 55 days after inoculation with CVB3-WD and
CVB3-LR alone exceeded that of age-matched controls
(P <0.05).

Discussion

We have demonstrated a relationship between persistent
interstitial inflammation in the heart after infection with
specific variants of CVB3 and the development of pro-
gressive interstitial fibrosis in A/J strain mice. This finding
is especially interesting given that all three virus variants
used in this study produced myocytolysis and prominent
inflammatory mononuclear cell infiltrates throughout the
myocardium within 14 days of virus inoculation. This find-
ing was unanticipated in the CVB3-CR-infected animals
based on previous reports in which this CVB3 variant (in
other mouse strains) failed to produce myocarditis. We
are unaware of any reports describing the effects of this
virus variant in A/J mice.

The reticulin method used in this study demonstrates
the interstitial collagen matrix by reacting with glucosyl
and galactosyl (and perhaps other) sugar groups at-
tached to hydroxylysine in collagen, and proteoglycans
of the ground substance and basement membranes.'®'®
With this technique, these sugar residues are converted
to aldehydes that reduce finely dispersed silver diammine
ions in solution to silver metal. Theoretically, four silver
ions are initially deposited at the site of each sugar group.
These ions are invisible through the light microscope until
formaldehyde is added, which causes additional silver

I |

Figure 4. Gross photograph comparing
control and infected bearts 55 days after
infection with three virus variants. Note
the distinct enlargement of bearts initially
infected with CVB3-WD and CVB3-LR com-
pared to uninfected control and CVB3-CR-
infected bearts.

Control

metal ions to precipitate at the sites of initial deposition.
Because the reticulin demonstrated in this manner in-
cludes both collagen and basement membrane proteo-
glycans, this method is more sensitive than are trichrome
methods for demonstrating the interstitial matrix and is,
therefore, capable of highlighting changes in total matrix
during interstitial remodeling. Our estimations of the
amount of reticulin matrix in uninfected control hearts re-
flect this sensitivity because our measurements exceed
those of collagen alone as derived by other methods.

In this regard, two patterns of progressive matrix alter-
ation were seen after infection with the CVB3-WD and
CVB3-LR variants. The first pattern was seen in associa-
tion with focal scars produced in the early phase of the
disease. By 14 days after inoculation, large areas of myo-
cyte dropout were replaced by dense stellate scars with
tendril-ike extensions into the surrounding myocardium.
The muscle cells at the edges of these lesions were con-
siderably distorted in their orientation and appeared hy-
pertrophic. By 55 days after inoculation, a considerable
percentage of surface area of these hearts reacted with
the silver stain for reticulin. We believe that this is a real
finding given the amount of myocyte necrosis observed
early after inoculation, combined with replacement of
these cells by matrix proteins including collagen. The sec-
ond pattern was manifested by diffuse increase in the
thickness of reticulin fibers surrounding individual myo-
cytes in both the endomysial and perimysial connective
tissue matrix throughout the heart, even away from areas
of focal scar formation. The early scars seen in hearts
initially infected with CVB3-CR appeared smaller by 55
days after inoculation, suggesting contraction without
much additional matrix deposition at these sites. Alterna-
tively these scars may have been partially remodeled after
their initial formation. Furthermore, the diffuse reticulin
connective tissue in these hearts was comparable in
thickness to age-matched controls, consistent with the
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Figure 5. The reticulin network of the beart 14 and 55 days after infection (PI) is demonstrated after infection with three CVB3
variants. Myocardium away from obvious scars is represented. There is a distinct increase in the reticulin fiber thickness with the
Woodruff and Lerner variants between days 14 (A, C, E) and 55 (B, D, F) PI. Furthermore, reticulin content away from gross scars 55
days Pl appeared to exceed that of age-matched uninfected control bearts (see Figure 5B) (Reticulin stain, 50X original magnifica-

tion).

concept that persistent fibrogenic stimuli in the myocar-
dial interstitium may not be present in animals infected
with CVB3-CR.

If persistent inflammation correlates with progressive
collagen deposition in the heart, several important ques-
tions arise. What are the potential mechanisms responsi-

ble for persistent lymphocytic myocardial inflammation af-
ter certain CVB3 variant infections in the absence of iden-
tifiable virus in the heart? What is the relationship between
chronic inflammation and fibrosis in this disease, and
other inflammatory conditions that result in organ fibrosis?
What is the implication of diffuse interstitial fibrosis in the
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CONTROL HEARTS

14 DAYS

Figure 6. Age-matched uninfected control bearts stained with the reticulin method. There is a natural increase in the connective
tissue matrix of the beart with age. Note that the endomysial and perimysial reticulin fibers are organized into uniform columns or
fascicles and there is no focal distortion of fibers as seen in infected bearts (reticulin stain, 50X (A) and 100X (B) original magnifica-

tion).

heart relative to myocardial function and organ failure? We
will try to address these questions using data derived from
human diseases, as well as experimental models of auto-
immunity, injury, and repair with fibrosis.

The immunophenotype of the mononuclear inflamma-
tory response in both human myocarditis and CVB3 ex-
perimental myocarditis has been characterized using im-
munocytochemical techniques.?>? These studies have
demonstrated a preponderance of T lymphocytes in the
myocardial interstitial space in association with myocyte
necrosis, and diffusely throughout the heart, during active
myocarditis. These lymphoid elements reside in the per-
icapillary space, interposed between the basal laminae of
the vascular endothelium and the myocytes. There are
several implications of this T-lymphocytic infiltration
based on our understanding of the role of these cells in
immune surveillance, antigenic stimulation, and cell-medi-
ated immunity. First, the stimulation of antigen-directed T-
lymphocytes is dependent on the activation of these cells
by antigen coupled to the major histocompatibility com-
plex (MHC) on macrophage cell membranes and other
antigen-presenting cells.?® The nature of the antigen or
antigens to which these interstitial T cells respond is un-
known. The chronic nature of the inflammatory process,
the absence of an identifiable source of nonself antigens
in the heart, and the reproducible development of this dis-
ease process after specific viral infections has promoted
the concept that CVB3-induced chronic myocarditis and
its sequelae in experimental animals is an autoimmune
disease.?”"® In humans and some experimental models
of chronic virus-induced myocarditis, there is evidence for

both cellular and humoral autoimmunity.'®'2-'* The mech-
anism of this autoimmunity may be related to a variety of
cellular events, including alteration of cell-surface mem-
brane proteins resulting from the influence of transient or
low-level persistent viral replication within cells of the heart
and cross reactivity between viral antigen-sensitized T
lymphocytes and specific heart cell membrane compo-
nents. We propose that the persistent lymphocytic infil-
tration of the heart seen at day 55 after inoculation with
the Woodruff and Lerner variants of CVB3 may represent
such a population of antigen-stimulated T lymphocytes.

100,
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CONTROL CROWELL WOODRUFF  LERNER
Collagen Content 55 Days Post—inoculation

Figure 7. Collagen content 55 days after infection is repre-
sented as the percentage surface area stained with the reticu-
lin method for uninfected controls and bearts infected with
three virus variants. The percentage reticulin in the CVB3-
WD- and CVB3-LR-infected bearts was statistically different
than that of uninfected control bearts using Dunnett’s proce-
dure (P < 0.05).



In support of this conclusion, cellular autoimmunity has
been demonstrated in this experimental model using lym-
phocyte-depletion studies conducted on CVB3-WD-in-
fected A/J strain mice in which the combined depletion
of LYT2+ and L3T4+ lymphocytes abrogated disease. "
Still, enlargement of the heart accompanied by interstitial
lymphocytic inflammation and prominent myocardial fi-
brosis occurred in our study only after infection of animals
with two of three CVB3 variants. This finding is especially
interesting given that all three variants produced equiva-
lent myocyte necrosis and inflammation by 14 days after
inoculation. One difference between the variants we used
is that the Crowell variant may interact with a different re-
ceptor than the other two variants. In support of this con-
cept, Crowell®' demonstrated disparate receptors for two
CVB3 variants in vitro in infected Hel.a cells, and recently
Weller et al® have specifically demonstrated different re-
ceptors for the Woodruff and Crowell variants of CVB3 in
vivo in Balb/c CUM mice. Based on these differences,
we speculate that the cell membrane receptor(s) for the
Woodruff and Lerner CVB3 variants in A/J mice may play
an important role in the development of T-cell-related au-
toimmunity. This phenomenon could occur through sev-
eral potential mechanisms. First, the interaction of the vi-
rus with its receptor might be related to subsequent alter-
ation of the molecular composition of the receptor in
connection with MHC presentation in macrophages, anal-
ogous to adjuvant-induced autoimmunity. In this scenario,
the virus might potentially serve as a hapten for the virus
receptor. Alternatively, antibodies directed against the vi-
rus may elicit an anti-idiotypic immunoglobulin response
that secondarily reacts with the virus receptor on specific
heart cells with the eventual production of auto-cytolytic
T lymphocytes (ACTL) through MHC coupling in antigen
presenting cells.

How these autoimmune cells exert a critical influence
on the progressive synthesis and deposition of interstitial
collagen is unclear, but there is a considerable volume
of experimental data derived from in vitro studies on the
interactions between stimulated lymphocytes and fibro-
blasts, as well as circumstantial evidence derived from
other organ systems, suggesting a causal relationship be-
tween chronic inflammation and interstitial fibrosis.>>-% In
the former studies, secretion of fibrogenic lymphokines
such as transforming growth factor beta (TGF-beta) by T
lymphocytes has been demonstrated in response to acti-
vation. Furthermore, a complex interaction has been sug-
gested between the production of such lymphokines and
feedback loops involved in lymphocyte regulation in the
microenvironment.*” Nonetheless, it seems unlikely that
autoimmune ACTL serve only as cytokine-producing ele-
ments. In fact, their antigen-directed function is more likely
aimed at specific antigen-bearing cells within the heart. In
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this regard, cardiac myocytes have also been shown to
elaborate acidic and basic fibroblast growth factors® and
ACTL directed against myocytes could potentially result
in their production and release. Once elaborated, the prin-
cipal targets of such fibrogenic cytokines are not well de-
fined. The universal presumption has been that the pri-
mary responding cell is the cardiac fibroblast, but smooth
muscle cells of blood vessels are also capable of produc-
ing collagen and may play a role in matrix synthesis in the
heart.

The exact relationship between myocardial fibrosis
and cardiac failure in dilated cardiomyopathy is unknown.
The accumulation of interstitial collagen around individual
myocytes might be expected to decrease myocardial
compliance and disrupt the synchronous contraction of
the ventricles during systole. These changes would be
progressive in chronic myocarditis and would effectively
increase the workload of the heart leading to myocyte hy-
pertrophy, further decompensation, and finally heart fail-
ure with chamber dilatation. The two patterns of myocar-
dial fibrosis identified in our study 55 days after inoculation
with CVB3-WD and CVB3-LR clearly represent major al-
terations in the delicate interfibrillary cross strut configura-
tion that extends between endomysial collagen bundles
along the length of the myocyte. This “weave’ very likely
represents a critical mechanism of passive reconstitution
of the ventricular cavities after systole, thereby assisting
diastolic filling.*4° Thus, at some threshold level, alter-
ations in both macro- and microscopic configurations of
this matrix could lead to progressive myocardial decom-
pensation by decreased cardiac output combined with
increased intrinsic workload.

In summary, our studies support the hypothesis that
acute and chronic viral myocarditis may be distinct patho-
logic events related to different pathogenetic mecha-
nisms. The absence of significant collagen matrix
changes in the Crowell-infected hearts, despite early
acute myocarditis, suggesis that these two events are as-
sociated with dramatically different physiologic and
pathologic outcomes. If true, this concept would uncou-
ple these two disease processes and potentially explain
how acute myocarditis could be a relatively common
pathologic result of viral infection, resolving with little or
no morphologic or functional abnormalities analogous to
our mode! of infection with the Crowell variant of CVB3. In
the rare instance in which the virus and the host are suit-
ably matched, chronic autoimmune myocarditis would re-
sult. Continuous or cyclic infiltration of the myocardial in-
terstitium with ACTL would then result in the stimulation
of collagen-producing cells of the interstitial space and
the progressive deposition of connective tissue through-
out the heart. The specific mechanisms by which this col-
lagen remodeling is achieved remain to be determined.



692 Leslieetal
AJP March 1990, Vol. 136, No. 3

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Billingham ME, Tazelaar HD: The morphological progression
of viral myocarditis. Postgrad Med J 1986, 62:581-584
Bowles NE, Richardson PJ, Olsen EGJ, Archard LC: Detec-
tion of coxsackie B virus-specific RNA sequences in myo-
cardial biopsy samples from patients with myocarditis and
dilated cardiomyopathy. Lancet 1986, i:1120-1122

. Kiine IK, Saphir O: Chronic pernicious myocarditis. Total of

29 cases documented progressive myocardial failure and
death within months to years. Am Heart J 1960, 59:681-
697

. Bengtasson E, Lamberger B: Five year follow-up study of

cases suggestive of acute myocarditis. Am Heart J 1966,
72:751-763

. Sainani GJ, Krompotic E, Slodki SJ: Adult heart disease due

to the coxsackievirus B infection. Medicine (Baltimore) 1968,
47:133-147

. Helin M, Savola J, Lapinleimu K: Cardiac manifestations dur-

ing a coxsackie B5 epidemic. Br Med J 1968, 3:97-99

. Miklozek CL, Kingsley EM, Crumpaker CS, Modlin JF, Royal

HD, Come PC, Mark R, Abelmann WH: Serial cardiac func-
tion tests in myocarditis. Post Grad Med J 1986, 62:577-
579

. O'Connell JB: Evidence linking viral myocarditis to dilated

cardiomyopathy in humans. Myocarditis: Precursor of Car-
diomyopathy. Edited by Robinson JA, O’Connell JB. Lexing-
ton, MA, Collamore Press, 1983, pp. 96

. O’Connell JB: The role of myocarditis in end-stage dilated

cardiomyopathy. Tex Heart J 1987, 14:268-275

Olsen EGJ: Histomorphological relations between myocardi-
tis and dilated cardiomyopathy, Viral heart disease. Edited
by Bolte HD. Berlin, Springer-Verlag, 1984, pp. 5-12

Lodge PA, Herzum M, Olszewski J, Huber SA: Coxsackie-
virus B-3 myocarditis: Acute and chronic forms of the dis-
ease caused by different immunopathogenic mechanisms.
Am J Pathol 1987, 128:455-463

Maisch B, Deeg P, Liebau G, Kochsiek K: Diagnostic rele-
vance of humoral and cytotoxic immune reactions in primary
and secondary dilated cardiomyopathy. Am J Cardiol 1983,
52:1072-1078

Schultheiss HP, Schulze K, Kuhl U, Ulrich G, Klingenberg M:
The ADP/ATP carrier as a mitochondrial autoantigen- facts
and perspectives. Ann NY Acad Sci 1987, 448:44-68
Alvarez FL, Neu N, Rose NR, Craig SW, Beisel KW: Heart-
specific autoantibodies induced by coxsackievirus B3: Iden-
tification of heart autoantigens. Clin immunol Immunopathol
1987, 43:129-139

Gordon H, Sweets HH: A simple method for the silver
impregnation of reticulum. Am J Pathol 1936, 12:545-
551

Steel RGD, Torrie JH: Principles and Procedures in Statistics.
New York, Mcgraw Hill, 1960

Conover WJ: Practical Nonparametric Statistics. New York,
Wiley, 1971

Lhotka JF: On tissue argyrophilia. Stain Technology 1956,
31:185-188

19.

21.

22.

23.

24.

25.

26.

27.

28.

31.

32.

Velican C and Velican D: Silver impregnation techniques for
the histochemical analysis of basement membranes and re-
ticular fiber networks. Techniques of Biochemical and Bio-
physical Morphology. Vol. 1. Edited by Glick D, Rosenblum
RM. New York, Wiley, 1972, pp. 143-190

. Marboe CC, Knowles OM, Weiss MB, Ursell C, Fenoglio JJ

Jr: Characterization of the inflammatory infiltrate in human
myocarditis- an endomyocardial biopsy study. Viral Heart
Disease. Edited by Bolte HD. Berlin, Springer-Verlag, 1984,
pp. 74-86

Godeny EK, Gauntt CJ: Involvement of natural killer cells in
coxsackievirus B3 induced murine myocarditis. J Immunol
1986, 137:1695-1702

Kurnick JT, Leary C, Palacios IF, Fallon JT: Culture and char-
acterization of lymphocytic infiltrates from endomyocardial
biopsies of patients with idiopathic myocarditis. Eur Heart J
1987, 8(Suppl): 135-139

Maisch B, Hauck H, Koniger U, Endter S, Klapf D, Schmier
U, Auer |, Kochsied K: T suppressor cell activity in (peri)myo-
carditis and infective endocarditis. Eur Heart J 1987, 8:147-
153

Sanderson JE, Loech D, Iha D, Ojiambo P: T-lymphocyte
subsets in idiopathic dilated cardiomyopathy. Am J Cardiol
1985, 55:755-753

Woodruff JF, Woodruff JJ: Involvement of T lymphocytes in
the pathogenesis of coxsackievirus B3 heart disease. J Im-
munol 1974, 113:1726-1734

Germain RN: immunology: The ins and outs of antigen pro-
cessing and presentation [news]. Nature (London) 1986,
322:687-689

Huber SA, Lodge PA: Coxsackievirus B-3 myocarditis in
Balb/c mice. Evidence for autoimmunity to myocyte anti-
gens. Am J Pathol 1984, 116:21-29

Huber SA, Lodge PA, Herzum M, Estrin M, Olzsewski J: The
role of T lymphocytes in the pathogenesis of coxsackievirus
B-3 myocarditis. Pathogenesis of Myocarditis and Cardio-
myopathy. Edited by Kawai C, Abelmann W. Tokyo, Univer-
sity of Tokyo Press, 1987, pp. 9-22

. Neu N, Beisel KW, Traystman MD, Rose NR, Craig SW: Au-

toantibodies specific for the cardiac myosin isoform are
found in mice susceptible to coxsackievirus B3 induced
myocarditis. J Immunol 1987, 138:2488-2492

. Neu N, Rose NR, Beisel KW, Herskowitz A, Gurri-Glass G,

Craig SW: Cardiac myosin induces myocarditis in geneti-
cally predisposed mice. J Immunol 1987, 139:3630-
3636

Crowell RL: Comparative generic characteristics of picor-
navirus-receptor interactions. Cell Membrane Receptors for
Viruses, Antigens, and Antibodies, Polypeptide Hormones,
and Small Molecules. Edited by Beers R, Bassett E. New
York: Raven Press, 1976, pp. 179-202

Weller AH, Simpson K, Herzum M, Van Houten N, Huber
SA: Coxsackievirus B3-induced myocarditis: Virus receptor
antibodies modulate myocarditis. J Immunol 1989, 143:
1843-1850

. Seyer JM, Hutcheson TE, Kang AH: Collagen polymorphism



35.

37.

in idiopathic chronic pulmonary fibrosis. J Clin Invest 1976,
57:1498-1507

. Seyer JM, Eldridge T, Hutcheson TE, Kang AH: Collagen

polymorphism in normal liver and cirrhotic human liver. J Clin
Invest 1977, 59:241-248

Page RC: Biochemical characterization of collagen synthe-
sized by fibroblasts derived from normal and diseased hu-
man gingiva. J Biol Chem 1976, 251:5464-5474

. Jimenez SA: Cellular immune dysfunction and the pathogen-

esis of scleroderma. Seminars in Arthritis and Rheumatism
1983, 13:104-113

Kehrl JH, Wakfield LM, Roberts AB, Jakowlew S, Alvarez-
Mon, Derynck R, Sporn MB, Fauci AS: Production of trans-
forming growth factor beta by human T lymphocytes and its
potential role in the regulation of T cell growth. J Exp Med
1986, 163:1037-1050

Collagen Deposition in Myocarditis 693
AJP March 1990, Vol. 136, No. 3

38. SpeirE, YiFu Z, Lee M, Shrivastav S, Cassells W: Fibroblast
growth factors are present in adult cardiac myocytes, in vivo.
Biochem Biophys Res Comm 1988, 157:1336-1340

39. Caulfield JB, Borg TK: The collagen network of the heart.
Lab Invest 1979, 40:364-372

40. Factor SM, Robinson TF: Comparative connective tissue
structure-function relationships in biologic pumps. Lab In-
vest 1988, 58:150-156

Acknowledgments

The authors thank Gary Badger, MS, Department of Biostatistics,
University of Vermont, for assistance in analyzing our experimen-
tal data. We also thank Laurie Sabens for her expert secretarial
support.



