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B-3 Myocarditis (39204)
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Virulence of murine coxsackievirus B-3
infections is increased by a number of fac-
tors, including a decrease in ambient tem-
perature to 4° (1), ionizing radiation (2),
undernutrition (3, 4) or administrations of
corticosteroids (5), cyclophosphamide (6),
or reserpine (7). We have reported that
when weanling mice are infected with
coxsackievirus B-3 and forced to swim in a
preheated pool (33°), myocardial virus rep-
lication multiplies 530 times and hearts di-
late, hypertrophy, and become grossly ne-
crotic. Mortality increases from 5.5 to 50%
8).

Thirty years ago Levinson, Milser, and
Lewin showed that if during the incubation
period of experimental poliomyelitis mon-
keys are forced to swim until exhausted,
they develop a higher incidence and more
severe paralysis than controls (9). In 1950,
Horstman correlated the amount of physical
activity and severity of resulting illness in
411 patients from three epidemics of po-
liomyelitis. When about the time of onset of
major illness, physical activity is performed,
it is associated with significant increases in
incidence and severity of paralysis. More-
over, a higher percentage of nonparalytic
than paralytic patients have a history of bed
rest or minimal activity during early stages
of major illness (10).

These observations relate exercise to a
worsening of several viral infections. In pre-
liminary observations, we report interferon,
neutralizing antibody, and adrenal corti-
coids in severely exercised young mice with
coxsackievirus B-3 myocarditis.

Materials and methods. Mice. Pregnant al-
bino Swiss ICR mice were obtained at term.
After delivery, each mother with its brood
was housed in a separate cage. Nurslings

! Address reprint requests to A. Martin Lerner, De-
partment of Medicine, Hutzel Hospital, 432 E. Han-
cock, Detroit, Michigan 48201.

were weaned at 3 weeks and, thereafter,
were fed standard Rockland rat chow.

Viruses. Coxsackievirus B-3 (Nancy) was
used (8). Coxsackievirus was passed in tube
cultures of rhesus kidney and a pool of stock
virus prepared. Five-tenths milliliter sam-
ples of coxsackievirus B-3 were placed in
screw-capped vials and stored at —70° until
use. Each vial contained 3.75 X 10° plaque-
forming units (PFU) per milliliter. Similarly,
vesicular stomatitis virus (VSV) stocks were
prepared in tissue cultures of mouse embryo
fibroblasts (MEF). When cytopathic effects
were 3-4+, cells were scraped and fluids
centrifuged at 1000g for 10 min at 4°. Su-
pernates were divided into samples of 1 ml
and stored (—70°). The VSV stock con-
tained 1.6 x 10® PFU/ml.

Experimental infections. At 14 days of
age, three groups of 180 baby mice were
formed. Until weaning at 21 days mothers
were kept with their young. Mice in Group I
were inoculated ip with 0.5 ml of a 107! di-
lution of coxsackievirus stock. From the
14th day of life, mice in Group 1 were
forced to swim in a plastic pool (33°) for in-
creasing intervals, beginning for 5 min once
a day. When nurslings could swim for 30
min uninterruptedly, they then were exer-
cised for 30 min in the morning and after-
noon. At exhaustion, when drowning, mice
were rescued with a net, and this swimming
period was shortened. Sucklings in Group II
were inoculated with coxsackievirus B-3 as
above; they were not exercised. Animals in
Group III were neither inoculated nor exer-
cised.

After inoculations and unless they died
earlier, 20 mice from each group under
ether anesthesia were sacrificed by exsan-
guination at 8, 24, 48 and 72 hr. This proce-
dure was repeated on 6, 9, 13, 20, and 40
days. In order to obtain sufficient volumes,
pools of sera and heparinized plasma from
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at least five mice were collected. Hearts,
kidneys, brains, and fore and hind limbs
were placed in screw-capped vials and kept
at —20° until assay. Sera and 20% suspen-
sions of hearts in Eagle’s medium (EM)
were titered for coxsackievirus B-3 using an
agar overlay method in 30-ml screw-capped
plastic rhesus-kidney-tissue culture flasks as
described (8). Sera and tissues were assayed
for interferon. Samples of plasma from each
group were taken at 4 pMm daily for the first 9
days after inoculations and tested for con-
tent of corticosterone.

Tissue cultures of mouse embryo fibro-
blasts. Primary MEF tissue cultures were
prepared from decapitated and eviscerated
14- to 18-day-old mouse embryos. Car-
casses were minced, trypsinized, and grown
in 30-ml plastic flasks at a concentration of
25 x 10*/ml in EM with 5% fetal calf serum
containing 100 ug of penicillin G and 50 ug
of streptomycin/ml.

Assay of interferon (11). Sera and 20%
suspensions of tissues were diluted in EM.
Primary mouse embryo fibroblasts were
washed once with EM and inoculated with
2-ml suspensions of tissues in 1 ml of sera,
using four plaque bottles per serial twofold
dilution. Flasks were incubated (37°, 24 hr),
washed with EM, and inoculated with 50
PFU of VSV/0.4 ml.

Cultures were again washed with another
2 ml of warm EM (37°) and finally overlaid
with 2 ml of twice-concentrated EM with
10% fetal calf serum (37°) and 2 ml of
distilled water with 1.5% Difco nutrient
agar and 0.4% sodium bicarbonate (42°).
Forty-eight hours later, we added 0.01%
neutral red to each culture, and after a fur-
ther 3 hr at 23°, plaques were counted. In
preliminary experiments similar to Rytel
(12), we showed that the concomitant pres-
ence of coxsackievirus B-3 in sera or sus-
pensions of tissues does not interfere with
the formation of PFU by VSV. Therefore,
we did not inactivate coxsackieviruses from
specimens. The titer of interferon was read
as the highest dilution of the sample produc-
ing a 50% reduction in VSV PFU compared
to appropriate controls (virus-EM and vi-
rus-noninfected suspensions of tissues). Ti-
ters were not compared to standard prepa-
rations of interferon.
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The interfering substance was identified
as interferon. It was stable on dialysis (24
hr) versus glycine buffer at pH 2; not sedi-
mentable on ultracentrifugation at 105,000g
for 2 hr (4°) in the presence of 0.06% gela-
tin; sensitive to destruction by trypsin (0.05
mg/ml) (37°, 1 hr) and species specific. The
interfering substance did not inhibit forma-
tion of VSV PFU in similar cultures of chick
embryo fibroblasts.

Neutralizing antibodies. ~Conventional
neutralizing antibodies (N). Sera from ex-
perimental groups were inactivated in a wa-
ter bath (56°, 1 hr), and twofold dilutions in
EM were made. Three-tenths milliliter of
appropriate dilutions of sera, 0.3 ml of stock
coxsackievirus B-3 containing 25 PFU/0.1
ml, and 0.1 ml of a 1:4 dilution of guinea pig
serum (GPS) which had been inactivated
(56°, 1 hr) were incubated in stoppered-test
tubes at 23° for 1 hr. A control of 0.3 ml of
virus, 0.3 ml of EM, and 0.1 ml of heat-
activated GPS was included with each test.
Thereafter, 0.25 ml of each mixture was
inoculated into two plaque bottles of rhesus-
kidney-tissue culture. After a further incu-
bation (37°, 1 hr) agar overlays were added,
and, subsequently, plaques were counted.
The titer of N was read as the highest dilu-
tion of serum completely inhibiting plaques
of coxsackievirus B-3.

If we had used a 50% reduction in PFU as
the endpoint, it may have provided a more
sensitive measure of these antibodies. How-
ever, this was not possible because of the
large size of our coxsackievirus plaques. De-
creasing the inoculum size also increases the
sensitivity of tests for neutralizing antibod-
ies. We used an inoculum of 25 PFU.

Complement-requiring neutralizing anti-
bodies (CRN). In infections with herpes
simplex virus type 1, IgM or early IgG neu-
tralizing antibody has been found, which
requires complement. After primary immu-
nization, complement-requiring neutralizing
antibody often appears before conventional
neutralizing antibodies (13). Therefore, we
attempted to measure CRN to coxsackievi-
rus B-3. CRN were measured as described
for N except that fresh guinea pig serum
containing approximately 2.5 hemolytic
units of complement was not inactivated.

Immunoinactivating neutralizing antibod-
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ies (IA). Gard used the term immunoinacti-
vation to designate another technique for
increasing sensitivity of tests for conven-
tional neutralizing antibody (14, 15). Here,
virus-antibody incubations are prolonged to
allow neutralization to reach completion.
Three-tenths milliliter of virus and 0.3 ml of
dilutions of serum were incubated at 23° for
18 hr. Controls contained coxsackievirus
and EM. Thereafter, 0.25 ml of the reacting
mixtures were inoculated into two rhesus-
kidney plastic flasks and incubated (37°, 1
hr). Finally, agar overlays were added,
plaques counted, and antibody titers re-
corded.

Assays of corticosterone. Kilbourne, Wil-
son, and Perrier induced gross myocardial
lesions in mice by giving cortisone to adult
mice infected with coxsackievirus B-3 (5).
Therefore, corticosteroids in mice of the
three groups were determined. The major
corticosteroid in mice is corticosterone. As
in man, diurnal variations in concentrations
occur, but murine peaks are in late after-
noon (16). A modified Porter-Silber
method was used to determine plasma corti-
costerone (17). In a preliminary experi-
ment, concentrations of corticosterone in
pooled specimens of heparinized plasma
from five normal weanling Swiss ICR mice
were 67 ug % at 8 am and 108 pug % at 4
PM.
Results. Virological findings. Coxsackievi-
rus was isolated from sera of infected and
exercised mice (Group I) and the infected
but not conditioned nurslings (Group II) as
early as 8 hours and 1, 2, 3, and 6 days after
inoculations. At 8 hr after inoculations there
were 102 PFU in pooled sera from both
infected groups. Viremias reached peaks at
24-48 hr, but were 10 X greater in mice of
Group I (10% PFU/ml versus 10° PFU/ml).
Titers of coxsackievirus B-3 declined some-
what in sera from both infected groups on
Days 3-6, but total amounts of coxsackievi-
rus B-3 were on the average 75 X greater in
weanlings which were swimming. Virus was
no longer present in sera on the ninth day of
infection (Figs. 1, 2).

Coxsackievirus B-3 was not present in
hearts of any experimental mice at 8 hr, but
was found at 24 hr (10® PFU/g, Group I
versus 10> PFU/g, Group II). Virus per-
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sisted in high titers in both groups through
Day 9, but from Days 4-9 quantities of virus
in hearts of exercised nurslings were consid-
erably greater. On Day 6 myocardial virus
of exercised mice reached a peak of 107
PFU/g, and was 1000-fold greater than that
in the infected, but not swum mice (Fig. 2).
By the 13th day, virus was no longer present
in any hearts. No virus was isolated from
sera or hearts of mice in Group III. In gen-
eral, these data confirm those of our earlier
report, but add details of viral kinetics dur-
ing the initial 72 hr of infection (8).

Interferon. At 8 hr there was no inter-
feron in sera of any group, nor was this
activity found in sera of mice of Group I at
24 hr after infection. However, pooled sera
of nonexercised baby mice had an interferon
(IF) titer of 1/10 u/ml (Fig. 1). By 48 hr,
titers were 1/40 (Group II), but were 1/80
(Group I). Therefore, exercised mice had no
circulating IF at 24 hr after infection when
nonexercised mice did.

By 72 hr and later, IF was no longer
present in sera of any mice which were in-
fected but not conditioned. However, high
titers in sera of the swum mice continued on
Days 3 (1/320 u/ml) and 6 (1/320 u/ml), but
IF was absent on Day 9.

Until specimens were diluted fourfold, IF
was not found in sera of Group I from Days
3 and 6. Other samples did not require this
dilution. It is possible that in these samples
an “anti-interferon” was produced (18).
Unfortunately, volumes of the available
specimens prevented us from characterizing
the interfering substance further.

Interferon was not found in hearts of mice
from either Group I or II, at 8 and 24 hr.
However, by 48 hr titers were !/16 and /32
u/ml in Groups I and II, respectively.
Among infected but not exercised mice, IF
in hearts then declined sharply. At 72 hr, 6
days, and 9 days, titers were /s, /2, and
<!/> u/ml. In conditioned mice, IF in the
heart declined more slowly, and titers were
/32, 14, and <'/2 u/ml at these times. No
sample of serum or heart from Group III, or
hind or fore limb, brain or kidney of any of
the groups had detectable IF.

Neutralizing antibodies. Conventional
neutralizing antibodies were not found in
sera of any group at 3, 6, 9, 13, 20, and 40
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Fic. 1. Coxsackievirus B-3, interferon, and neutralizing antibody in sera of swimming (I) and resting (II)
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Fic. 2. Coxsackievirus B-3 and interferon in hearts
of swimming (I) and rested (II) weanling mice.

days after infection. Similarly, complement-
requiring neutralizing antibodies were ab-
sent from Groups I and III. CRN titers were
/4 and '/2 in sera from mice of Group II on
the 13th day and 20th day.

Using the immunoactivation method, ti-
ters from Group I mice were <!/a, <!/s,
<!, V4, <V/a,and /s at 3, 6,9, 13, 20, and
40 days. IA titers were higher in infected,
but not exercised mice appearing on the
13th day ('/e4) and being '/4 and '/s on the
20th and 40th days. On the 13th day, IA ti-
ters were 16 X greater in the nonswum than
in the swum mice (Fig. 1).

When compared to previous experiments,
usually with older mice, in this and other
laboratories, the appearance of neutralizing
antibodies was delayed in both Groups I and
11 (19, 20). While we have no definite expla-
nation for this delay, antibodies may have
been diminished by storage (—20°), or by

freezing and thawings of specimens to meas-
ure coxsackievirus or IF.

Values of corticosterone in sera (Fig. 3).
No differences among the three groups of
mice were evident.

Discussion. Rager-Zisman and Allison
have shown that after infections with
coxsackievirus B-3 neutralizing antibodies
and macrophages collaborate to limit the
spread of virus (20). Antibodies neutralize
coxsackievirus B-3 by attachment to viral
protein 4 (VP 4) of the capsid (21). Macro-
phages have receptors for IgM, IgG, and
complement on their surfaces, and virus
combines with antibody as potentially infec-
tive complexes. Macrophages immobilize
and inactivate the complexes.

In our studies, viremia ceased on Day 9,
and several days later coxsackievirus B-3
was no longer present in the heart. We
found circulating neutralizing antibody on
the 13th day of infection, but a more sensi-
tive technique, such as radioimmunoassay,
may have detected antibody earlier.
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Fic. 3. Interferon in sera and hearts of swimming
(1) and rested (II) weanling mice infected with coxsack-
ievirus B-3.
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Interferon titers generally parallel virus
and once infection is established, particu-
larly with enteroviruses or togaviruses, cir-
culating antibody and macrophages are con-
sidered to play a major role in recovery (6,
20). In this regard, immunosuppression of
coxsackievirus B-3 infected young adult
CBA mice with cyclophosphamide leads to
lethal infections which can be passively pre-
vented after infection by administration of
serum antibody (6). Immuno-suppressed
animals show transient production of IgM,
but no IgG neutralizing antibodies.

On the other hand, Baron, Buckler,
Friedman, and McCloskey (22) and Norris
and Loh (23) demonstrate the protective
effects of circulating interferon in the ab-
sence of antibody during murine infections
with encephalomyocarditis, vesicular stoma-
titis, Germiston (Bunyamwera group, arbo-
virus), vaccinia, and coxsackievirus B-3.
With coxsackievirus B-3 a single ip inocula-
tion of poly I:C either 12-48 hr before, or
24 hr after inoculation of virus results in a
significant protection from myocarditis.
When this double-stranded synthetic poly-
nucleotide is given 48 hr after coxsackievi-
rus B-3, no protection occurs. Poly I:C stim-
ulates phagocytosis, formation of antibod-
ies, and cell-mediated immune responses of
which interferon is one of the major effector
molecules (24). Certainly, the prophylactic
use of poly I:C precludes a protective role
for neutralizing antibody.

Likewise, DeMaeyer and DeMaeyer (25),
Smart and Kilbourne (26), and Rytel (12)
emphasize the role of circulating interferon
early in several viral infections. Later, inter-
feron is less able to inhibit multiplication of
virus, and titers of IF and virus increase
together. For instance, during initial replica-
tive cycles in influenza-infected chorioallan-
toic membranes, hydrocortisone inhibits
release of preformed interferon and its syn-
thesis. For as long as 50 hr after infection
within the chorioallantoic membrane and in
allantoic fluid, IF is depressed. Stevens and
Merigan also emphasize the apparent im-
portance in the elimination of intravesicular
varicella-zoster virus of a delay in the ap-
pearance of interferon within vesicular fluid.
Delay in local IF is associated with dissemi-
nated disease (27). It is possible that there

337

may be, at least with some virus infections,
sequentially critical roles for first interferon
(during early replicative viral cycles), and
later for specific neutralizing antibody.

Chronic exercise produces a depletion of
catecholamines. The onset of this depletion
relates to intensity of the exercise, but the
final level (about 30% of normal) is ap-
proached after 2 weeks of intensive exer-
cise, and is achieved after 6 weeks of a less
intensive program (28). Endogenous levels
of cAMP play a role in controlling to what
extent an activated immuno-competent cell
is “turned on,” or is “‘turned off” (24). Lev-
els of cAMP are modified by the activity of
intracellular adenyl cyclase. Among the
stimulators of adenyl cyclase are catechola-
mines (norepinephrine, epinephrine, and
isoproterenol (24).

The present experiments confirm that
after ip inoculation with the Nancy strain of
coxsackievirus B-3, swimming nursling
abino Swiss ICR mice results in a remarka-
ble increase in virus multiplication in the
hearts. When compared with infected, but
not swum controls an increase in magnitude
of viremia also results. Concentrations of
corticosterone at 4 pMm daily are similar in
infected and exercised (Group I), infected,
not exercised (Group II), and uninfected,
not exercised (Group III) mice.

Sera of the mice which are infected and
forced to swim had no circulating interferon
24 hr after infection, while sera from simi-
larly infected (not swum) mice did. Later IF
in serum and hearts of mice from Group I
are consistently higher than in other mice of
Group II. Neutralizing antibodies were de-
monstrable on the 13th day after infection
and were 16 X greater in the nonexercised
mice.

Summary. Weanling ICR albino Swiss
mice were inoculated ip with 1.9 X 10* PFU
of coxsackievirus B-3 (Nancy) and subse-
quently forced to swim vigorously daily in a
preheated pool (33°). Viremias and virus in
hearts of exercised mice were respectively
75 X 1000 X greater than in infected, but
not exercised mice. At 24 hr after inocula-
tion, pooled serum from mice that had been
swum had no circulating interferon, while
infected but not swum mice had interferon
activity at a dilution of 1:10. At 72 hr after
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infection, circulating interferon disappeared
from infected (not swum) mice, but contin-
ued to be present in high titers through the
sixth day in sucklings forced to swim. Inter-
feron was first detected in the hearts of both
groups at 48 hr. Quantities in both infected
groups were generally similar.

Neutralizing antibodies were found in
these baby mice on the 13th day of infection
and were 16 X greater in nurslings that were
not exercised. Measures of corticosterone
taken at 4 pM daily were similar in infected,
infected-swum, and uninfected mice.
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