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Abstract

To determine the presence and distribution of cardiac myosin
isozymes in the human conduction system, we performed an im-
munohistochemical study using monoclonal antibodies CMA19
and HMC14, which are specific for myosin heavy chains of hu-
man atrial type (a-type) and ventricular type (8-type), respec-
tively. Serial frozen sections of human hearts were obtained from
autopsy samples and examined by indirect immunofluorescence.
a-type was found in all myofibers of sinus node and atrio-ven-
tricular node, and in 55.2+10.2% (mean+SD, n = 5) of the my-
ofibers of ventricular conduction tissue, which consists of the
bundle of His, bundle branches, and the Purkinje network. In
contrast, S-type was found in all myofibers of the atrio-ventricular
node and ventricular conduction tissue, whereas almost all my-
ofibers of the sinus node were unlabeled by HMC14. Although
the number of ventricular myofibers labeled by CMA19 was
small, the labeled myofibers were more numerous in the subep-
icardial region than in the subendocardial region. These findings
show that the gene coding for a-type is expressed predominantly
in specialized myocardium compared with the adjacent ordinary
working myocardium.

Introduction

Recent studies have demonstrated myosin heterogeneity in car-
diac muscle. Two types of cardiac myosin heavy chains (HCa!
and HCRB) encoded by distinctive genes (1) are regarded as com-
prising three myosin isozymes designated as V1, V2, and V3,
which correspond to homodimers of HCe, heterodimers of HCa,
and HCB, and homodimers of HCB, respectively (2). V1 has
higher ATPase activity than V3 (3-5), and V3 has increased
efficiency of force production compared with V1 (6, 7). Isoforms
of myosin heavy chain show characteristic patterns in their dis-
tribution according to species (3, 4), fiber type (8-10), age
(11, 12), hormonal state (4, 12, 13), and pressure overload (14—
18). Especially, isozymic changes induced by pressure overload
are thought to play some role in the pathophysiology of cardiac
hypertrophy (16-18). However, myosin isozymes of human car-
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diac muscle are difficult to separate by the electrophoretic
method, and even the existence of isozymes was not confirmed
until quite recently. Monoclonal antibodies have been widely
used in various fields because of the advantages that (a) ho-
mogeneous antibodies can be obtained infinitely, and (b) they
are suitable for discriminating slight differences in protein con-
formation. We have paid attention to these advantages and have
succeeded in developing monoclonal antibodies specific for hu-
man cardiac myosin heavy chains of either atrial type (HCa) or
ventricular type (HCB). By means of an immunohistochemical
method using these monoclonal antibodies, we have demon-
strated the existence and distribution of myosin isozymes in
human atrium (17). '

Although knowledge about myosin isozymes in ordinary
working myocardium has accumulated as described above, there
are few reports concerning those in specialized myocardium
which composes the conduction system. By immunohistochem-
ical methods, Sartore et al. (10) showed myosin polymorphism
in Purkinje fibers of chicken atrium, and variable reactivity of
Purkinje fibers with anti-bovine atrial myosin antibody in the
bovine ventricle (8), but the presence and distribution of myosin
isozymes in the whole conduction system has not been eluci-
dated, especially in humans. By using monoclonal antibodies,
we have now demonstrated the detailed distribution of myosin
isozymes in normal human myocardium including the conduc-
tion system.

Methods

Myosins were isolated from human ventricles and bovine atria by a
dilution technique as previously described (3). The light chains (I and
II) were isolated from the myosin molecule by guanidine denaturation
(19). Monoclonal antibodies specific for HCa or HCS were obtained
from cloned hybridomas as previously reported (17). In brief, hybridomas
producing anti-myosin antibodies were obtained by fusion of mouse
myeloma cells (P3 X 63Ag8U1) with isolated spleen cells of BALB/c
(male, 6w) mice immunized with bovine atrial or human ventricular
myosin (0.1-0.2 ml of a 1-mg/ml myosin solution, injected intraperi-
toneally at 2-wk intervals) as HCa or HCS antigen, respectively, essentially
according to the protocol of Kéhler and Milstein (20). Anti-myosin ac-
tivity in the medium from hybridoma colonies was screened by enzyme-
linked immunosorbent assay (ELISA) by the method reported by Gues-
don et al. (21). The ELISA test has been described in detail elsewhere
(17). Briefly, myosin and light chains (100 ug/ml in phosphate-buffered
saline [PBS]) were bound to each well of a 96-well microtiter plate and
blocked with 1% bovine serum albumin solution. Medium from the
hybridoma colonies was reacted with bound antigens for 1 h at 37°C,
then, after three washings with PBS, biotinylated goat anti-mouse im-
munoglobulin (Vector Laboratories Inc., Burlingame, CA) was added
to each well. After incubation for 1 h at room temperature, the wells
were washed three times with PBS containing 0.5% Tween-20, then avidin
D-peroxidase (Vector Laboratories) was added with H,O,, 4 amino-an-
tipyrin, and phenol as substrate. Optical density at 550 nm was measured.
ELISA tests with light chains as antigens were performed in order to
determine whether these antibodies react with heavy chains or light chains.
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Figure 1. Reactions of the monoclonal antibodies with human atrial
(A4) and ventricular (B) myosin. Results are expressed as the percent-
age of maximum optical density at 550 nm. CMA19 (e) and HMC14
(o) reacted specifically with atrial and ventricular myosin, respectively.
They show no reaction with light chains. The negligible reaction be-
tween CMA 19 and ventricular myosin, and the reduced amount of
cross-reactivity between HMC14 and atrial myosin are explained by
the presence of a very small quantity of atrial-type myosin in the ven-
tricle, and a significant amount of ventricular-type myosin in the
atrium, respectively.

Specimens of human heart were obtained at autopsy from five subjects
without heart disease. Several blocks of cardiac muscle containing con-
duction system and cross sections of ventricle were excised within 3 h

after death. Excision of conduction tissue was carried out according to
the methods described by Davies et al. (22). The blocks for the sinus
node enclosed the crista terminalis and the superior caval vein. The
plane of section was set perpendicular to the sulcus terminalis. The blocks
for the atrio-ventricular (AV) node and ventricular conduction tissue
extended from the orifice of the coronary sinus to the membranous sep-
tum and contained both the interatrial and interventricular septum. The
plain of section was perpendicular to the atrio-ventricular junction made
through the membranous septum. The cross section of the whole ventricle
was divided into three transmural blocks; i.e., left and right ventricular
free wall and interventricular septum. The blocks were embedded in
Tissue Tek II O.C.T. compound (Miles Laboratories Inc., Naperville,
IL) and immediately frozen in liquid nitrogen. Serial cryostat sections
were prepared for immunofluorescence. Parts of them were fixed with
methanol for 5-10 min and stained by Masson-Goldner staining in order
to identify the conduction tissues.

For indirect immunofluorescence, sections were first incubated with
the anti-myosin monoclonal antibodies for 1 h at 37°C. Then the sections
were rinsed in 10 mM PBS, and treated with biotinylated goat anti-
mouse IgG (Tago Laboratories Inc., Burlingame, CA) for 1 h at 37°C.
They were again rinsed in PBS, and finally stained with fluorescein iso-
thiocyanate-labeled avidin (EY Laboratories Inc., San Mateo, CA) for
1 hat 37°C. All antibodies were diluted appropriately with PBS containing
0.04% sodium azide. The sections were mounted in glycerol and examined
with a microscope with epifluorescence optics (Nikon Inc. Instrument
Div., Garden City, NY). In order to determine the amount of HCa or
HCB more quantitatively, the percentage of labeled myofibers was cal-
culated for each case.

Figure 2. (A) Cryostat section of normal human ventricle stained with
HMC14. All myofibers reacted strongly. (B) As in A, except that the
section was stained with CMA19. A small number of fibers are la-
beled. (C) Cryostat section of normal human atrium stained with

HMC14. Some myofibers were unreactive. Note that the intensity of
staining of labeled myofibers is highly variable. (D) As in C, except
that the myofibers were stained with CMA19. Almost all myofibers
are strongly labeled.
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Results

Two clones (CMA19 and HMC14) of hybrid cells secreting an-
timyosin antibodies were selected for discriminating the antigenic
difference between HCa and HCB. The characteristics of these
antibodies were described in our previous report (17). Briefly,
in the ELISA tests, CMA19 reacted with the atrial myosin spe-
cifically, and HMC14 selectively reacted with the ventricular
myosin. Neither CMA 19 nor HMC14 reacted with light chains
of these cardiac myosins (Fig. 1).

In the immunofluorescence study, these two antimyosin an-
tibodies were found to stain atrial and ventricular myocardium
in completely different patterns (Fig. 2). When HMC14 was ap-
plied to sections of ventricular myocardium, all muscle fibers
reacted strongly and homogeneously (Fig. 2 4). However, when
it was applied to sections of atrial appendage, some myofibers
were unreactive (Fig. 2 C). In contrast, almost all myofibers of
the atrial appendage were strongly labeled by CMA19 (Fig. 2
D), whereas all except a few of the ventricular myofibers were
unreactive (Fig. 2 B). No difference in the reactivity with CMA19
and HMC14 was observed between the right and left ventricle,
while the number of atrial myofibers labeled by HMC14 tended
to be more numerous in the left atrium than in the right atrium.
The proportion of the ventricular myofibers labeled by CMA19
was relatively small, but showed significant regional variation
(Fig. 3). Hardly any of the muscle fibers just under the endo-
cardium were labeled by CMA19 (Fig. 3 End). The number of
labeled myofibers increased gradually from the subendocardial

Figure 3. Ventricular myocardium stained with CMA19. (Epi) A sec-
tion from the subepicardial region. A greater number of myofibers is
labeled than in panel End. (End) A section from the subendocardial
region. Almost all myofibers are unlabeled.
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to the subepicardial region, where up to 15% of the myofibers
were stained by CMA 19 (Fig. 3 Epi). Interestingly, a considerable
number of papillary myofibers were also labeled, even though
they were located just next to the subendocardial ventricular
myocardium. In Fig. 4, we demonstrate a typical case showing
the distribution of labeled muscle fibers revealed by CMA19 as
described above.

In the conduction tissue, the response to these antibodies
was quite different from that of the ordinary working myocar-
dium. When the antimyosin antibodies were applied to the sec-
tions of the sinus node, all myofibers were strongly stained by
CMA19 (Fig. 5 A), whereas only a minor proportion (mean+SD;
4.7+1.8%, n = 5) was reactive with HMC14 (Fig. 5 B). A striking
difference in reactivity was observed between myofibers of the
sinus node and those of the surrounding ordinary atrial myo-
cardium. The latter was predominantly labeled by HMC14, and
especially in the crista terminalis next to the sinus node, almost
all muscle cells were reactive (Fig. 5 B).

In the AV node, all muscle fibers were stained by HMC14
homogeneously (Fig. 6 A), whereas the reactivity with CMA19
did not show a homogeneous pattern. In the central portion of
the AV node and the transitional zone between the atrial myo-
cardium and the AV node, all muscle fibers were reactive with
CMAI19 (Fig. 6 B). However, the number of labeled myofibers
decreased in the transitional zone between the AV node and the
bundle of His. As soon as the myofibers of the AV node began
to penetrate into the annulus fibrosus, the staining pattern
changed suddenly and the proportion of the CMA 19-reactive
cells decreased to about one-half (Fig. 6 C). In the atrial septum
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Figure 4. Scheme of the distribution of ventricular myofibers reactive
with CMA19. The number of labeled myofibers is greater in the
subepicardial region and the central portion of the interventricular
septum than in the subendocardial region. Note that papillary myofi-
bers also show regional variation in the number of labeled fibers. RV,
right ventricle; IVS, interventricular septum; LV, left ventricle; PM,
papillary muscle.



next to the AV node, almost all myofibers were reactive not only
with CMA19 but also with HMC14. The proportion of atrial
myofibers labeled by HMC14 was greater in the crista terminalis
and the lower portion of the atrial septum than in the appendage.
In the bundle of His, all muscle fibers were stained by
HMC14 homogeneously (Fig. 7 B), and a considerable propor-
tion of myofibers (mean+SD; 55.2+10.2%, n = 5) were also
reactive with CMA19 (Fig. 7 A). The intensity of staining by
CMA19 varied from completely negative to strongly positive,
and gave the appearance of a mosaic pattern (Fig. 7 A).
Bundle branches and Purkinje fibers showed the same reac-
tivity with both antibodies as the bundle of His (Fig. 8, A and
B). No difference was observed between right and left bundle
branches. A striking difference in reactivity with CMA 19 between

Figure 5. Cryostat sections of human
sinus node. (4) Stained with
CMA19. Sections were comprised of
sinus node (upper field, smaller cells)
and crista terminalis (lower field,
larger cells). All myofibers of the
sinus node are strongly labeled,
while a few myofibers of the crista
terminalis are unlabeled. (B) Stained
with HMC14. Note the clear con-
trast in reactivity between sinus node
and crista terminalis. Almost all my-
ofibers of the crista terminalis are la-
beled, and form a clear contrast to
those of the sinus node.

Purkinje fibers and ordinary ventricular myocardium is dem-
onstrated in Fig. 8 4. When sections of ventricular conduction
tissues were stained with CMA 19, Purkinje fibers were seen as
a bundle labeled in a mosaic pattern at the endocardial surface
that formed a clear contrast to the unlabeled ordinary ventricular
myofibers in the subendocardial region.

The distribution of isoforms of myosin heavy chain in spe-
cialized and ordinary working myocardium described above is
summarized in Table I.

Discussion

As previously reported from our laboratory, almost all muscle
fibers of the human atrium contain HCa and 20-60% of them
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Figure 6. Cryostat sections of human AV node. (4) The central por-
tion of the AV node stained with HMC14. All myofibers are strongly
reactive. (B) As in A, except that the section was stained with CMA19.
All myofibers are also labeled. (C) The transitional zone between AV
node and the bundle of His stained with CMA19. Note that the pro-
portion of labeled fibers has decreased to about one-half in myofibers
of the AV node penetrating into the annulus fibrosus (arrow), and
show a similar staining pattern to that in the bundle of His.

also contain HCB. In contrast, all muscle fibers of the human
ventricle contain HCB, while only a few of them contain HCa
(17). The present study demonstrates (a) significant regional
variation in the number of ventricular myofibers containing
HCa, (b) the existence of myosin isozymes in the human con-
duction system, and (¢) a striking difference in their distribution
between specialized and ordinary working myocardium.

As almost all myofibers of the crista terminalis and the in-
teratrial septum were labeled by HMC14, they are abundant in
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Table I. Distribution of Isoforms of Myosin
Heavy Chain in Human Cardiac Muscle

CMA 19-reactive HMC14-reactive
Fiber type myofibers myofibers
% %
Sinus node 100 4.7+1.8*
Atrium 100 20-100%
AV node 100 100
Bundle of His
Bundle branches 55.2+10.2* 100
Purkinje fibers
Ventricle 0-15% 100

* Mean+SD, n = 5.

1 The proportion of labeled myofibers showed significant regional
variations. In the atrium, almost all myofibers of the crista terminalis
and the lower portion of the interatrial septum were labeled by
HMC14, whereas only 20-60% of the myofibers in the appendage
were labeled. In the ventricle, almost all myofibers in the subendocar-
dial region were unlabeled by CMA 19, whereas up to 15% of the
myofibers in the subepicardial region were labeled. Note that a de-
crease in HCa and a corresponding increase in HCB occur in parallel
with the order of the electrical excitation, that is, the decrease in in-
trinsic frequency of spontaneous discharge. )

HCB compared with the other portions of the atrium such as
the appendage. These findings are consistent with those observed
in the bovine heart by Gorza et al. (18). However, we did not
observe the tendency for the HCB-containing cells to be more
numerous in the right atrium than in the left atrium, as reported
by them. On the contrary, we saw more HC@ in the left than in
the right atrium. Considering that the mean pressure in the nor-
mal atrium is higher in the left than in the right atrium, and
that HCB appears to be suited for pressure work, our results are
reasonable from the standpoint of pressure overload. As the spe-
cific antibody for HCB, they used anti-human pectoralis myosin
antiserum, which was absorbed by bovine left atrial myosin (18),
while we used a monoclonal antibody obtained from mice im-
munized with human ventricular myosin. The reason for the
inconsistency is not clear, as we stated previously (17), but it
might be due to the different characteristics of the anti-myosin
antibodies.

In contrast, almost all myofibers of the sinus node were not
labeled by HMC14, forming a striking difference in reactivity
from the strongly labeled surrounding atrial myofibers. This
shows that the sinus node contains hardly any of the ventricular
type myosin heavy chain that exists in the crista terminalis ad-
joining them.

Almost all myofibers of the AV node were found to contain
both HCa and HCB within single cells. This allows two different
interpretations in terms of myosin isozymes: the isomyosins exist
as (1) V2 (heterodimers of HCa and HCR) or (2) a mixture of
V1 and V3 (homodimers of HCa or HCB, respectively) within
single cells. With our immunohistochemical method, it is im-
possible to determine which is true.

In ventricular conduction tissue, all muscle fibers contain
HCB as in the adjoining ordinary ventricular myocardium in
the subendocardial region, whereas the proportion of HCa-con-
taining cells presents a striking contrast between them. Ventric-
ular myocardium, especially in the subendocardial region, con-



tains hardly any HCa, while up to one-half of the myocytes in
the His-Purkinje system were found to contain HCa. Conse-
quently, it is quite probable that the subendocardial myofibers
labeled by CMA19 are those of ventricular conduction tissue.
The relatively high HCa content in the Purkinje network is con-
sistent with previously reported findings for the bovine Purkinje
fibers (8). Thornell et al. (23) and Tamura et al. (24) demon-
strated that myosin ATPase activity is higher in the Purkinje
fibers than in the ordinary ventricular myocardium in bovine
heart. Considering that V1 shows higher ATPase activity than
V3 (3-5), their results are in good agreement with the finding
of a higher HCa content in Purkinje cells. Saito et al. (25) re-
ported that myosin from bovine ventricular conduction tissue
gives three bands of light chains (LC1, LC1’, and LC2) in sodium

Figure 7. Serial cryostat sections of
the bundle of His. (4) Stained with
CMAL19. About one-half of the my-
ofibers are labeled. Note that the
staining intensity is highly variable
from completely negative to strongly
positive staining. (B) Stained with
HMCI14. All myofibers are labeled
homogeneously.

dodecyl sulfate-polyacrylamide gel electrophoresis, and that LC1
and LC2 show the same mobility as the light chains of ordinary
ventricular myocardium. They recently reported that LC1’ shows
the same mobility as atrial LC1 (26). Their results concerning
light chains are very interesting from the viewpoint that the ven-
tricular conduction tissue contains considerable amounts of
myosin heavy chains of atrial type (HCa).

The significant difference in the distribution of ventricular
myofibers containing HCa between the subendocardial and the
subepicardial region is considered to correspond to the difference
in the contractile conditions between them; myofibers in the
subendocardial region are required to perform greater pressure
work than those in the subepicardial region. Since V3 shows
greater economy of force production than V1 (6, 7), HCB appears
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to be a physiological isoform of myosin heavy chain for per-
forming pressure work. In fact, we have demonstrated a decrease
in the amount of HCa with a corresponding increase in HCB
in pressure-overloaded human atria (17), and Gorza et al. (18)
reported a decrease in HCa in pressure-overloaded human ven-
tricle. Therefore, the regional variation shown here is regarded
as a physiological adaptation to the wall stress.

For the same reason, the relatively high HCa content of
myofibers of ventricular conduction tissue suggests that the His-
Purkinje system might be spared such pressure work as would
cause isozymic transformation from V1 to V3, whereas it is
located in the subendocardial region where myofibers are exposed
to the greatest wall stress. Thornell and co-workers (23) reported
that Purkinje fibers in the bovine heart contain a large number
of intermediate filaments performing a cytoskeletal function. It
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Figure 8. Cryostat sections of Purkinje
fibers and ventricular myocardium. (4)
Stained with CMA 19. Purkinje fibers
occur as a labeled bundle at the very
surface of the endocardium, and show
the same reactivity as myofibers of the
bundle of His (Fig. 7 4). Note the strik-
ing difference in reactivity between Pur-
kinje fibers and ordinary working ven-
tricular myocardium. (B) Stained with
HMCI14. All myofibers are labeled.

is likely that the abundant cytoskeleton diminishes mechanical
stress on the myofibrils in Purkinje fibers and allows the high
HCa content.

In our present study, as all the conduction cells were labeled
by CMA19 or HMC14 or both, there is no evidence for the
existence of another myosin isozyme different from HCa and
HCg in the human conduction system. On the other hand,
Gonzalez-Sanchez and Bader (27) reported that a monoclonal
antibody directed against myosin heavy chains of the anterior
latissimus dorsi in the chicken cross-reacts with the Purkinje
fibers in the adult and late-embryonic chicken heart in immu-
nofluorescence tests. This suggests that there are some structural
differences between myosin heavy chains of the chicken Purkinje
fiber and ordinary myocardium. However, as they stated in their
paper, their results do not necessarily mean the existence of an-



other myosin isozyme specific for the Purkinje fibers. Whether
there is an isozyme other than HCa and HCS in the human
conduction system remains to be clarified.

Another interesting finding is that the proportion of HCa-
containing cells decreases in parallel with the decrease in the
intrinsic rate of spontaneous pacemaker discharge (Table I).
Further investigations are needed to determine the physiological
significance of this distinctive distribution of myosin isozymes
in specialized myocardium.
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