vast repertoire of natural antibodies with
a potent complement system provides
the shark with a remarkable—and possi-
bly unique—natural humoral immune
system. Little is known about the evolu-
tion of natural immunity. It seems that
thlogenetically younger species must
rely increasingly on overt antigenic stim-
ulation.

If the destruction of sensitized foreign
structures may be considered the most
basic and dramatic function of the com-
plement system, 350 million years of
phylogeny have left it nearly unaltered.
The more recent development into a
nine-component system could be viewed
as a refinement, necessitated by a call for
more sophisticated phlogistic activities
and corresponding safety and cortrol
mechanisms. It appears that the classical
pathway of complement activation. in-
deed has a remarkable evolutionary sur-
vival value.
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DNA Synthesis in Cultured Adult Cardiocytes

Abstract. Trypsin-dissociated atrial cardiocytes from adult rats were exposed to
B Hithymidine for sequential 24-hour periods from day 2 to day 12 of culture. Or day
3 and each day thereafter, cells were prepared for ultrastructural radicautography
and examined with an electron microscope. Maximal incorporation occurred on day
5, when 63 percent of the cardiocytes were labeled. Mitotic activity was never
present in more than 0.5 percent of the cardiocytes examined. Incorporation of
PHlthymidine and mitosis occurred only in immature cardiocytes characterized by
subsarcolemmal primry filaments and Z bands with or without specific granules;
more mature cardiocytes were never labeled.

Long-term cultutes of isolated myo-
cardial cells from the ventricles of fetal
and neonatil mammals have provided
information on the contraction, metabo-
lism, pharmiacology, and electrical prop-
erties of heart muscle (I, 2). These car-
diocytes are capable of DNA synthesis
and mitosis both in vivo (3, 4) and in
vitro (5, 6). The same is true for atrial
cardiocytes from neonatal rats (7). Since
DNA synthesis and mitosis are restricted
in adult mammalian cardiocytes in vivo
3, 4), it is desirable to develop tech-
niques for investigating these activities
in adult mammalian cardiocytes in vitro.
Ventricular cardiocytes isolated from
adult mammals have survived only for
short periods (8, 9) and have not shown
mitotic activity (0). We now report that
atrial cardiocytes from adult rats can be
maintained in culture, where they exhibit
intense DNA synthesis and moderate
mitotic activity.

Atrial cardiocytes from 300- to 350-
day-old female Sprague-Dawley rats
(Biobreeding Laboratories) were cul-
tured (7). The atria were excised from 40
to 50 hearts, placed in Eagle’s minimal
essential medium (Gibco), washed twice
in Hanks solution (Gibco) without calci-
um and magnesium, and dissociated at
37°C in 0.1 percent trypsin (Difco). The
cultures were enriched in cardiocytes by
the selective plating technique of Kasten
(2): the dissociated cells were preplated
for three 1-hour periods, followed by one
24-hour period in gelatin-coated 25-cm
culture flasks (Corning) to allow attach-
ment of endothelial cells and fibroblasts.
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Fig. 1. Percentage of cardiocytes (N = 1000)
showing labeled nuclei and subsarcolemmal
filaments with forming Z bands or specific
granules.

The final supernatant was plated at den-
sity of 2 X 10° to 3 x 10° cells in 6 ml of
Eagle’s minimal essential medium buff-
ered with Hepes at pH 7.4 and supple-
mented with 10 percent fetal calf serum,
1 percent glutamine, and 1 percent peni-
cillin and streptomycin (Gibco). The me-
dium was renewed on days 4, 7, and 10.
The cultures were incubated in air at
37°C in gelatin-coated 25-cm flasks.

Cardiocytes started to attach at the
end of day 2, grew steadily, and reached
confluence on day 8. At this stage they
elongated and enlarged to form a criss-
cross pattern of branching cells. For
sequential 24-hour periods from day 2 to
day 12, cardiocytes were exposed to
[methyl-*H]thymidine (1 p.Ci/ml; specific
activity, 20.0 Ci/mmole; New England
Nuclear) (Fig. 1). The exposed cells
were prepared each day (starting on day
3) for ultrastructural radioautography by
the flat substrate technique (11). At each
time interval, 1000 cells through all lay-
ers of the plastic blocks (but not in
adjacent sections) were scanned consec-
utively, first for the presence of silver
grains over the nucleus and then for the
presence in these labeled cells of fila-
ments with forming Z bands or specific
granules (secretory-like granules charac-
teristic of atrial cardiocytes) (12). Only
cells with these features (Fig. 2a) were
considered to have synthesized DNA.
The maximal incorporation of [*Hijthy-
midine occurred on day §; at this time 63
percent of cardiocytes had labeled nu-
clei. This was followed by a sharp de-
cline, with subsequent small peaks on
days 9 and 11. Cells undergoing mitosis
(Fig. 2b)—most of which were labeled—
were always present but never exceeded
0.5 percent of the cardiocytes examined.
A few labeled binucleate cells were en-
countered from day S on.

The entire spectrum of cell develop-

‘ment, from very immature to nearly ma-

ture cardiocytes, was encountered in the
cultures. Maturation of the cells was
asynchronous; by day 7, cells with sub-
sarcolemmal filaments accompanied by
forming Z bands and an abundant rough
endoplasmic reticulum were found side
by side with more organized cells con-
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taining adult-type myofilaments and Z
bands, a much less conspicuous rough
endoplasmic reticulum, a large Golgi
complex, and specific granules (Fig. 2c).
By day 13 most of the cardiocytes were
of the latter type.

In these atrial cardiocytes sarcomero-
genesis occurred as described by Legato
(13) for cultured ventricular cardiocytes
from neonatal rats. Specific granules
were always present in small numbers
and progranules were often visible in the
Golgi area. Maturation seemed to im-
pose stringent restrictions on DNA syn-
thesis: no labeled cell contained myofila-
ments or mature Z bands away from the
subsarcolemmal area. Specific granules,
on the other hand, were observed in
labeled and unlabeled cells. Most of the
cells that did not meet the criteria for
labeled cardiocytes were of the more
mature type. Only a small proportion (5
percent) of the unlabeled cells examined
on days 3 and 4 could have been fibro-
blasts. No other cell type found in the
myocardium in vivo—such as endotheli-
al cells, pericytes, smooth muscle cells,
or macrophages (/4)—could be identi-
fied. This may have been due, at least in
part, to the long period (more than 24
hours) of preplating. Even at the most
immature stage, the cells often contained
specific granules that easily differentiat-
ed them from fibroblasts and smooth
muscle cells (15); further evidence is the
later maturation of most of these cells
(more than 95 percent) into more typical
adult-type cardiocytes. The discrepancy
between the proportion of mitotic cells
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Fig. 2. Ultrastructural ra-
dioautographs. (a) Cell ex-
posed to [*H]thymidine from
day 7 to day 8. The nucleus is
labeled (arrow). Primary fila-
ments with forming Z bands
(Z) are parallel to the sarco-
lemma (g, specific granules)
(x23,700). (b) Cell in meta-
phase, from a culture exposed
to [*H]thymidine from day S to
day 6. Silver grains are visible
over dividing DNA amidst
spindle microtubules (M). The
small Golgi vesicles contain
progranules (arrow) (Xx9000).
(c) Cell exposed from day 6 to
day 7. The nucleus is unla-
beled. Typical mature myofila-
ments (F), both thick and thin,
are present in the cytosol far
from the sarcolemma and are
decorated with numerous ribo-
somes. Subsarcolemmal Z
bands of a mature type and
specific granules (arrow) are
also present (x11,800).

(0.5 percent) and the high degree of
labeling observed on some days may be
related to the long labeling periods and to
differences in the length of the mitotic
and synthetic phases of the cell cycle
“@).

DNA synthesis and mitosis can be
induced relatively easily in areas sur-
rounding an injury in the adult ventricu-
lar myocardium of fish, amphibians, and
reptiles (4). The cardiocytes immediately
adjacent to a necrotic focus seem to
partially dedifferentiate before DNA
synthesis and mitosis, acquiring a strik-
ing resemblance to early embryonic car-
diocytes. This is not the case, however,
in mammalian ventricular myocardium
(4). Despite some conflicting evidence, it
is now generally agreed that there is only
sluggish DNA synthesis in the nuclei of
myofibers adjacent to an area of ventric-
ular infarction in rats and mice, and very
little mitotic activity (4). The picture is
completely different in the atrial myocar-
dium of adult mammals. Following in-
farction of the left ventricle in rats, in-
tense DNA synthesis occurs in both atria
and mitosis may be seen (4). Here again,
preceding the reactive hyperplasia, most
atrial cardiocytes undergo partial dedif-
ferentiation, with morphologically evi-
dent protein synthesis. Breakdown of Z
disks occurs during prometaphase, and
released myofilament bundles are
pushed toward the periphery (¢). DNA
synthesis can occur, however, in fully
differentiated cardiocytes from neonatal
rats (16). The presence of a small (2 to 3
percent) pool of proliferative atrial myo-

cytes in normal adult rats is not sufficient
to explain the intense DNA synthesis
observed in the present study.

It is possible that the dissociation tech-
nique used was partly responsible for the
initiation of DNA synthesis in the atrial
cells. During exposure to trypsin some of
the enzyme enters the cell (/7) and dam-
ages myofilaments (/8). In ventricular
cardiocytes from neonatal rats this pro-
cedure is followed by an intense wave of
protein synthesis and cell division (I).
The same phenomenon is seen in cul-
tured atrial cardiocytes from neonatal
rats (7). Another factor that may trigger
DNA synthesis is exposure to the
growth-promoting effects of serum (19).
Whether dissociation in trypsin and ex-
posure to serum are triggering factors
equivalent to injury in vivo remains to be
determined. Apart from their intrinsic
biological interest, the present results
offer the opportunity to study in vitro the
factors responsible for the initiation of
DNA synthesis and mitotic activity in
mature mammalian cardiocytes.
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