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Summary. An ultrastructural study using various
electron microscopical techniques has been con-
ducted on biopsy material from the hypertrophied
papillary muscle of the human heart. About 75%
of the myocardial cells were classified as hypertro-
phic with diameters ranging from 15 pm to 53 pm.
The increased cell diameter appeared to be the re-
sult of an elevated amount of mitochondria and
contractile material. The hypertrophied myocytes
displayed a general ultrastructural organization in
many ways similar to that of the normal sized myo-
cytes. However, the former cells were characterized
by focal deposits of excess laminar coat material
and abnormal Z-band patterns as well as of multi-
ple intercalated discs. The preferential sites for the
production of new sarcomere elements appeared
to be in the subsarcolemmal and intercalated disc
regions. Adjacent myocardial cells were intercon-
nected by collagen bundles, and, by an elaborate
collagen-fibril-microthread-granule lattice. The
surface folds were linked to each other by surface
cables, which probably constituted a separate cate-
gory of extracellular material of unknown func-
tion. Intramembranous particles were abundant in
the sarcolemma proper but scarce in the membra-
nes of the sarcoplasmic vesicles. Such particles
were also observed in the lipofuscin granular mem-
brane and in the membranes surrounding the lipid
droplets. A framework of transverse cytoskeletal
filaments interconnected the Z-bands of adjacent
myofibrils and anchored the contractile material
to the sarcolemma as well as to the nucleus. A
large and lobulated nucleus containing well develo-
ped nucleoli together with an abundance of sarco-
plasmic free and membrane-attached ribosomes,
were interpreted as morphological signs of enhan-
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ced synthetic activity in the hypertrophied cell. De-
generative phenomena on the other hand were con-
fined to lysosomal degeneration of worn-out cell
constituents that were manifested by the numerous
lysosomes and aggregates of lipofuscin granules.
Abnormal Z-band patterns as seen in the present
material were interpreted as an initial stage in the
formation of new contractile elements.
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Introduction

Since the advent of transmission electron micros-
copy (TEM) the subcellular organization of the
myocardial tissue has been investigated in a num-
ber of mammalian species. The extensive body of
information accumulated on this subject has re-
cently been reviewed by Sommer and Johnson
(1979) and Forbes and Sperelakis (1983, 1984).

While there is a lack of ultrastructural informa-
tion on the completely normal human myocar-
dium, numerous electron microscopical studies
have been conducted on tissue from the hypertro-
phied human heart (Ferrans et al. 1972; Kajihara
et al. 1973; Maron et al. 1975a, b; Sxtersdal et al.
1976; Maron and Ferrans 1978 ; Jones and Ferrans
1979; Schaper et al. 1981; Kawamura 1982). Such
investigations have almost exclusively been based
on biopsy material from various parts of the ven-
tricular wall, while ultrastructural studies of the
hypertrophied papillary muscle are rare (Kaijhara
et al. 1973; Caulfield and Borg 1979).

In a previous study we emphasized the advan-
tage of using various electron microscopical techni-
ques for characterizing the subcellular organiza-
tion of the hypertrophied human papillary muscle
(Dalen et al. 1986). The present communication
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contains additional ultrastructural informations
concerning this particular tissue using the same
techniques.

Material and methods

Biopsy material of the human papillary muscle was obtained
during open heart surgery of two adult patients suffering from
mitral stenosis. Immediately after surgical removal the tissue
was placed in ice-cold Hank’s balanced salt solution, cut into
small pieces and divided into four groups. Each group was
processed for electron microscopical studies according to one
of the different methods described below.

For conventional TEM the tissue was fixed overnight in
2% glutaraldehyde followed by 1 h in 1% OsO,. Both fixatives
were made up in 0.1 M cacodylate buffer (pH 7.2) with 0.1 M
sucrose (Ericsson et al. 1978) and applied under ice-cold condi-
tions. After standard dehydration, Epon-embedding and poly-
merization thick (1 pm) and thin sections were cut on a Reichert

H. Dalen et al.: Human ventricular cell ultrastructure

Fig. 1. A scanning electron micrograph
of the human papillary muscle cell from
cryofractured material. The scalloped
surface of the branched myocyte is
encased by a network of collagen
bundles (arrowheads) of varying caliber.
x 5,000

Fig. 2. A longitudinal section of a
conventionally prepared papillary muscle
fiber. The striated myofibrils (MF) are
separated by numerous pleomorphic
mitochondria (Mi) arranged in rows or
large aggregates. Note the abnormal Z-
band material (Zm). Both transverse
(TT) and axial (4T) tubules are few in
number and irregularly distributed.
Lipofuscin granules (LG) are
accumulated in the nuclear pole
sarcoplasm. The nuclear envelope of the
centrally located nucleus (N) is
characterized by numerous indentations.
% 3,000

ultramicrotome. Light microscopy was conducted on thick sec-
tions stained with toluidine blue, while thin sections were con-
trasted with uranyl acetate and lead citrate and examined in
a Philips 300 TEM operated at 60 kV.

Another group of tissue was, after glutaraldehyde-fixation
as above, subjected to en bloc staining with Cu-Pb citrate solu-
tion for 24 h at 4° C (Thiéry and Bergeron 1976). Postfixation
for another 24 h with ice-cold 1% OsO, was followed by con-
ventional dehydration, plastic embedding, polymerization and
ultramicrotomy. Thick and thin sections without further con-
trasting were studied in a Philips 300 TEM operated at 80 kV.
Stereoscopic pictures of the thick sections were obtained by
tilting the goniometer stage plus and minus 6° from the zero
position between two successive exposures.

Scanning electron microscopy (SEM) was carried out on
cryofractured material prepared according to the method des-
cribed by Dalen et al. (1978). In brief, tissue fixed in glutaralde-
hyde as above was embedded in paraffin, frozen in liquid N,
cryofractured, deparaffinized with xylol and critical point dried.
After mounting and coating with gold, the fractured material
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was viewed in a Philips 500 SEM using an accelerating voltage
of 25 kV. Stereo scanning electron micrographs were taken by
tilting the goniometer stage 10° between two successive exposu-
res.

The material of the last group was processed for freeze-
fracture replicas. Thirty minutes fixation in 2% buffered gluta-
raldehyde at 4° C was followed by 30 min impregnation with
30% cacodylate-buffered glycerole and mounted on gold speci-
men holders. Tissue quench frozen in melting Freon 22 was
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Figs. 3-4. SEM of cell surface details. In
some regions a markedly thickened
laminar coat (LC) conceals the
underlaying surface details.
Longitudinally oriented surface cables
(arrowheads) interconnect the ridges of
the transversely folded cell surface.

Fig. 3, x5,000; Fig. 4, x 6,000

Figs. 5-6. Transmission electron
micrographs illustrating the diversity of
structures of which the connective tissue
is composed. Numerous microfibrils
(MiF) are frequently seen in association
with elastin (E). An claborate network of
collagen fibrils (CoF), microthreads (M)
and granules (Gr) interconnect the lateral
surfaces of adjacent myofibers. The
branching microthreads attach to the
laminar coat (LC) which again is
anchored by fine fibrils (arrow) to the
plasma membrane. Note the thickened
laminar coat in Fig. 6. Both micrographs
x 30,000

fractured in a Balzer’s freezefracture apparatus, replicated with
carbon/palladium according to standard techniques and exami-
ned in a Philips 300 TEM at 80 kV.

Results

Thick sections of the biopsy material examined in
the LM revealed that about 25% of the myofibers
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had transverse diameters ranging from 10 pm to
15 pm, which corresponds to the values reported
for normal human myocardial cells (Jones and Fer-
rans 1979). The remaining heart muscle cells had
diameters ranging from 15 pm to 53 pm. Although
the fiber diameter had increased in the latter cells,
mainly due to an elevated number of contractile
elements and mitochondria, the majority of the hy-
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Fig. 7. Stereo scanning electron
micrographs (10° tilt) of
cryofractured material
demonstrating the three-
dimensional organization of the
collagenous weave and struts
(arrowheads) surrounding and
interconnecting myocardial celis.
x 4,500

Fig. 8. Another stereo-pair of the
same material as depicted in
figure 7. In the upper part of the
micrographs the folded
sarcolemma has been left intact,
while in the lower part the
subsarcolemmal cell interior has
been exposed. Numerous
pleomorphic mitochondria are
sitnated adjacent to the surface of
the crossbanded contractile
material. Transverse tubules
(arrowheads) in some places are
superimposed on top of the
clevated Z-bands. x 4,500

pertrophied cells revealed a general subcellular or-
ganization which in most respects appeared similar
to that of the normal sized myocytes. However,
a number of quantitative and qualitative altera-
tions in the various cell organelles were noted.
The branching heart muscle cells were encased
by a weave of connective tissue in which the colla-
gen fibrils, organized into bundles or struts, made
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lateral connections between adjacent myofibers
(Figs. 1, 7). Examination in the TEM displayed
another group of intercellular linkages which were
composed of an eclaborate collagen fibril-micro-
thread-granule lattice (Figs. 5, 6). The microth-
reads intermingled with the laminar coat material
which in turn was anchored to the plasma mem-
brane by thin fibrils. The external cell surface dis-
played regions with a markedly thickened laminar
coat (Figs. 3, 6, 14). Other members of the extracel-
lular skeletal framework included elastin and mic-
rofibrils (Figs. 5, 6).

In the contracted muscle fiber the sarcolemma,
which is regularly attached to adjacent Z-bands
(Fig. 9), displayed a pronounced scallopped pat-
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Figs. 9-10. The ultrastructure of the
peripheral portion of the myocardial cell as
it appears in thin sections of conventionally
processed tissue. The sarcolemmal folds
contain various cell components including
mitochondria (Mi), sarcoplasmic reticulum
(SR) and glycogen particles (G). Note the
presence of a few intramitochondrial
electron-dense particles (arrowheads). The
sarcolemma which is attached to the
underlying Z-bands (Z) by cytoskeletal
filaments (CF), is invaginated by abundant
sarcolemmal vesicles (S7). Note that these
vesicles contain an electron-dense material
similar to that of the laminar coat (LC). The
latter structure is attached to the plasma
membrane by fine fibrils (arrow, Fig. 9).
Strands of the laminar coat material (arrow,
Fig. 10) connect the highly vesiculated
capillary endothelial cell (EC) with the
muscle fiber. Both micrographs x 30,000

tern (Figs. 1-4, 7-11). The surface folds were inter-
connected by surface cables which were arranged
in parallel with the long axis of the myocytes
(FFig. 4). The folds contained various cell organelles
including mitochondria, free- and junctional sarco-
plasmic reticulum (SR) and glycogen (Figs. 9-12).

Both the free cell surface and its internal exten-
sions (T-system) exhibited numerous small inpock-
etings (Figs. 9-12). These caveolae, or sarcolemnal
vesicles, which often appeared in clusters commu-
nicated with the extracellular space through nar-
row necks. The vesicles contained an electron-
dense material similar to that of the laminar coat.
Intramembranous particles, which in freeze frac-
ture preparations were a common feature of the
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plasmalemma proper, were only rarely observed
in the caveolar membrane (Fig. 12).

Generally, the myofibers were arranged in par-
allel arrays interspersed by rows or large aggrega-
tes of the pleomorphic mitochondria (Fig. 2). Fo-
cally some subsarcolemmal regions contained po-
lyribosomes and elements of forming contractile
material that occurred together with thickened Z-
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Figs. 11-12. Freeze fracture replicas of the
peripheral sarcoplasm and intercellular
space. Mitochondria (Mji), glycogen particles
(G), profiles of the sarcotubular system (SR)
and abundant sarcolemmal vesicles
(arrowheads) are readily recognized. While
the cell surface proper contains numerous
intramembranous particles (IP), the
sarcolemmal vesicular membrane is almost
completely devoid of such structures. In the
intercellular space the connective tissue
appears as a network of thin fibers or
bundies (arrow). JSR, junctional SR. MF,
myofibrils. IG, interfilamentous glycogen.
ID, intercalated disc. Ne, sarcolemmar
vesicular neck. Fig. 11, x25,000; Fig. 12, x
60,000

bands and various abnormal patterns of the Z-
band material (Figs. 13, 14).

Multiple intercalated discs were commonly pre-
sent (Fig. 15). These structures consisted of two
or more transverse intercalated discs arranged in
parallel and separated by one to a few sarcomeres.
Extensive accumulations of an electron-dense ma-
terial similar to that of the Z-bands were located
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on the sarcoplasmic aspect of the intercalated
discs. Some of this material extended deep into
adjacent sarcomeres. Numerous ribosomes and
forming myofilaments were frequently observed in
these regions.

Bundles of cytoskeletal filaments occurred in
conventionally prepared thin sections (Figs. 9, 16)
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Figs. 13-14. Transmission electron
micrographs of regions with thickened
Z-bands (Z) and Z-band material (Zm)
arranged in various abnormal patterns.
These regions also contain clusters of
ribosomes (R) and forming myofilaments
(asterisks). Note the markedly thickened
laminar coat (LC, Fig. 14). Both
micrographs x 20,000

and in cryofractured tissue (Fig. 17). These fila-
ments constituted a transverse framework inter-
connecting the Z-bands of adjacent myofibrils and
binding the Z-bands to the sarcolemma and the
nuclear envelope. Microtubules, which are the
other cytoskeletal constituent, were not observed.

The hypertrophied myocardial cells were cha-
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racterized by large and lobulated nuclei (Fig. 18).
Numerous nuclear pores penetrated the deeply in-
dented nuclear envelope (Fig. 19). Thin sections
frequently revealed one or two large nucleoli
(Figs. 18, 20). The heterochromatin was deposited
on the inner nuclear envelope or scattered through-
out the nucleoplasm.

The nuclear pole sarcoplasm contained a num-
ber of various cell constituents, including abundant
pleomorphic mitochondria, numerous free or
membrane-attached ribosomes (RER), glycogen
particles, extensive Golgi apparatus, lysosomes,
myelin figures, lipofuscin precursor granules
(LPG) and lipofuscin granules (LG) (Figs. 18,
21-25). The RER was continuous with the outer
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Fig. 15. An example of a multiple
intercalated disc consisting of two parallel
discs separated by a single immature
sarcomere. Note the forming Z-bands (Z),
clusters of ribosomes (R) and electron-dense
material (asterisks) adjacent to the
intercalated discs (ID), x 20,000

Figs. 16-17. The transverse network of
cytoskeletal filaments (arrowheads)
interconnecting Z-bands (Z) of adjacent
myofibrils (MF) as it appears in
conventional thin sections (Fig. 16), and, in
cryofractured tissue (Fig. 17). The
cytoskeletal filaments are also connected to
the sarcolemma (§). Both micrographs

x 15,000

nuclear membrane (Fig. 22), and the lysosomes
were frequently seen adjacent to the Golgi saccules
(Fig. 24). The LPG were characterized by their
crystalline inclusions (Fig. 23), while the LG con-
tained lipid droplets of variable diameters together
with an electron-dense heteromorphic material
(Fig. 24). Freeze-fracture preparations of the LG
revealed that the granular membrane as well as
the membranes surrounding the lipid droplets con-
tained intramembranous particles (Fig. 25).

Discussion

According to Maron et al. (1975b), hypertrophied
myocardial cells can be divided into two main
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groups, namely, those without evidence of degene-
ration and those with degenerative alterations.

In the present material the majority of the hy-
pertrophied cells displayed a normal distribution
and organization of the various cell organelles, al-
though a number of qualitative alterations were
noted. Thus, focal abnormalities such as extensive
deposits of laminar coat material and abnormal
Z-band patterns were occasionally seen. The latter
structures occurred in regions where additional
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Figs. 18-20. Transmission electron
micrographs showing various ultrastructural
features of the hypertrophied cell nucleus.
The large and lobulated nucleus () is
surrounded by a deeply indented envelope,
which is perforated by numerous nuclear
pores (NP). Thin sections commonly reveal
one or two large nucleoli (Nu) with a well
developed substructure (Fig. 20), consisting
of a granular component (Gr), a fibrillar
component (F) and a fibrillar centre (FC).
The electron-dense heterochromatin is
deposited on the inner nuclear membrane or
scattered throughout the nucleoplasm. Note
the accumulation of pleomorphic
mitochondria (M) and lipofuscin granules
(LG) in the perinuclear region. MF,
myofibril. Fig. 18, x 7,500; Fig. 19,

x 20,000; Fig. 20, x 15,000

contractile material appeared to be produced.
Structures representing lysosomal degeneration of
worn-out cell organelles were predominately lo-
cated in the perinuclear region.

Correlative scanning and transmission electron
miroscopic studies are especially useful for defining
the ultrastructure of the fibrous interstitial net-
work. The organization of the connective tissue
in the micrographs shown here is in main accor-
dance with a previous study of the hypertrophied



human papillary muscle (Caulfield and Borg 1979).
Qualitatively, the composition of the interstitial
material is also very similar to that described in
the normal heart of rodents (Caulfield and Borg
1979; Borg and Caulfield 1979; Robinson and Wi-
negrad 1981 ; Borg et al. 1982). Based on extensive
light and electron microscopical studies, Robinson
et al. (1983) have proposed an architectural model
according to which the connective tissue has a dual
physiological function. In addition to maintaining
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Figs. 21-24. Transmission electron
micrographs of conventionally processed
tissue displaying various perinuclear
organelles including mitochondria (M3),
free mono- and polyribosomes (R),
rough-surfaced endoplasmic reticulum
(RER), Golgi complex (Go), lysosomes
(Ly), lipofuscin precursor granules
(LPG) and lipofuscin granules (LG).
The LPG are characterized by their
contents of lattice-like structures. Note
the deeply invaginated nuclear
membrane, the continuity of the RER
with the outer nuclear envelope (arrow),
and the short segment of the latter
structure studded with ribosomes
(arrowhead). N, nucleus. L, lipid
droplet, My, myelin figure. Fig. 21,

x 15,000; Fig. 22, x30,000; Fig. 23,

x 50,000; Fig. 24, x 25,000

mechanical stability it is also crucial for assisting
the normal functioning of myofibers and capilla-
ries during the cardiac cycle. Thus, ultrastructural
knowledge of the morphological organization of
the connective tissue in biopsy material may be
important for the judgement of the pathophysiolo-
gical state of the myocardial cells.

Although surface cables have been reported on
both heart and skeletal muscle cells of various
mammalian and non-mammalian species (Oren-
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stein et al. 1980; Caceci et al. 1981), SEM of the
present material has for the first time reported the
presence of such structures on the human myocar-
dial cell surface. The extent to which these cables
are an integral part of the interstitial fibrillar net-
work remains to be explored. It is possible that
they provide the morphological basis for restricting
the diastolic compliance of the heart muscle (Oren-
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Fig. 25. Freeze fracture replica of a
lipofuscin granule displaying lipid droplets
(L) of varying sizes. Note the presence of
intermembraneous particles (arrowheads)
in the membranes surrounding the lipid
droplets as well as in the membrane of the
lipofuscin granule itself. x 25,000

stein et al. 1980). Also, it seems reasonable to as-
sume that the deposition of excess laminar coat
material, as observed in the present tissue, interfe-
res with the normal functioning of the surface ca-
bles.

Preparation of freeze fracture replicas is neces-
sary in order to study the distribution of intramem-
branous particles. The observation here that the
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density of such particles is strikingly much higher
in the plasmalemma proper than in the caveolar
membrane is in accordance with the findings in
other mammals (Gabella 1978; Levin and Page
1980) and may reflect functional differences in the
two membranes. Levin and Page (1980) have dis-
cussed the possibility that the intramembranous
particles are instrumental in the transmembrane
ion flow and that the caveolae represent sites of
reduced flow.

It is also possible that the caveolae might repre-
sent reservoirs of cell membrane to be recruited
during stretching of the myocardial cell and thus
act as stretch receptors (Prescott and Brightman
1976). However, the observation that these surface
specializations contain an electron-dense material
favours the hypothesis that they are instrumental
in renewing the laminar coat material (Carrascal
et al. 1981).

The majority of the myofibers in the material
shown here had compensated for the increased me-
chanical work load by producing additional con-
tractile material and by increasing the mitochon-
drial mass. Morphological evidence for cell hyper-
activity in hypertrophied myofibers has been found
in the large and distorted nucleus as well as in
the enlarged nucleoli (Cluzeaud et al. 1984). Fur-
thermore, the presence of abundant free and mem-
brane-attached ribosomes as well as widened Z-
bands have been interpreted as a morphological
manifestation of active synthesis of new functional
components (Goldstein et al. 1974). It has been
postulated that the accumulations of Z-band mate-
rial serve as templates for the organization of new
sarcomeres (Bishop and Cole 1969; Legato 1970;
Legato et al. 1984), although other reports do not
lend support to this view (Colborn and Carsey
1972; Maron and Ferrans 1974). Still others advo-
cate that the anomalous accumulations of Z-band
material represent a nonspecific response on the
part of the muscle to a variety of etiologic factors
(Ferrans et al. 1975; Setersdal et al. 1976). Al-
though abnormal Z-band patterns have also been
regarded as a degenerative phenomenon (Maron
et al. 1975b), the presence of such structures in
regions with an apparent production of new sarco-
mere material as shown in this study, may suggest
that they represent a developmental stage in sarco-
merogenesis during hypertrophy.

The preferential sites for such activities in the
hypertrophied cells appear to be the subsarcolem-
mal regions and the regions adjacent to the interca-
lated discs. It has also been suggested that the latter
regions may be involved in the reinforcement of
the lateral connections between adjacent cells as
a response to the increased mechanical tensions
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(Laks et al. 1979; Maron and Ferrans 1973; Ado-
mian et al. 1974).

The framework of transversly oriented cytoske-
letal filaments that interconnect Z-bands of adja-
cent myofibrils and that also anchors the Z-bands
to the sarcolemma and the nuclear membrane (Fer-
rans and Roberts 1973) is thought to be a crucial
structure for keeping the contractile elements in
proper alignment during the cardiac cycle (Lazari-
des 1980). While such filaments may be difficult
to identify in conventional thin sections, they are
readily displayed in cryofractured material where
the myofibrils-have been artificially separated (Da-
len et al. 1983) as a result of tissue shrinkage after
critical point drying (Boyde 1978). It is also belie-
ved that the T-tubules, including their connections
with the Z-bands (Forbes and Sperelakis 1976) in
concert with elements of the SR at the Z-band
level (i.e. Z-tubules and junctional SR), contribute
to the transverse stabilization of the heart muscle
cell (Forbes and Sperelakis 1980).

Also the microtubules have been thought to
serve a cytoskeletal function in myocardial cells
(Goldstein and Entman 1979). The lack of micro-
tubules in the present tissue is undoubtedly a pre-
parative artefact since it has been shown that these
organelles depolymerize upon exposure to low
temperatures (Behnke 1967; Roth 1967; Tilney
and Porter 1967). Fixation with cacodylate buf-
fered glutaraldehyde is also unfavourable for their
preservation (Luftig et al. 1977).

Further, it has been shown that experimentally
induced myocardial hypertrophy in animals results
in an enhanced population of lysosomes (Breisch
1982; Breisch et al. 1984) and that lipofuscin gran-
ules are numerous in biopsy material of the human
hypertrophied heart (Maron et al. 1975b). The ob-
servation that they occur together with lysosomes
and lipofuscin proccursor granules (Van Noorden
et al. 1971) has been reconfirmed in this material.
It has been suggested that the lipofuscin granules
represent the end product of lysosomal degenera-
tion of mitochondria and other cell organelles
(Travis and Travis 1972). This view has been sup-
ported by a more recent study on the origin of
lipofuscin (Koobs et al. 1978).

During hypertrophy, the myocardial cells have
to replace worn out and degenerated mitochondria
as well as compensate for the increased mechanical
load by producing more mitochondria. A possible
mechanism leading to the enhancement of the mi-
tochondrial mass will be discussed elsewhere (Da-
len 1987).
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