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Summary. Various electron microscopical tech-
niques have been applied to biopsy material ob-
tained from patients suffering from mitral stenosis
in order to characterize the subcellular organiza-
tion of the hypertrophied papillary muscle. Small
pieces of the same sample were processed for cor-
relative transmission - (TEM) and scanning —
(SEM) eclectron microscopical studies. TEM was
carried out on conventionally fixed tissue with or
without en bloc staining with a Cu-Pb citrate solu-
tion, and on freeze fracture replicas, while cryo-
fractured material was studied by SEM. Stereo
electron micrographs of the Cu-Pb impregnated
tissue and of the cryofractured material were
especially useful for studying the spatial distribu-
tion and relationship between various cell organ-
elles.

The myofilaments of the hypertrophied cells
were arranged in a normal hexagonal pattern. Re-
gions with irregular orientation of the myofibrils
were occasionally seen. Accumulations of interfila-
mentous glycogen particles adjacent to the Z-
bands were characteristic patterns of the con-
tracted muscle cells. The extensive nexuses fre-
quently observed in the subsarcolemmal regions
may reflect functional alterations of the intercom-
munication between hypertrophied cells. The T-
tubules were relatively few and irregularly distrib-
uted, and the complexity of the sarcotubular sys-
tem (SR) revealed regional variations. Excellent vi-
sualization of the interior couplings between the
SR and the T-tubules was achieved by studying
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thick sections of Cu-Pb impregnated tissue in the
TEM.

The dense staining of the various intracellular
membranes when compared with the almost un-
stained external membranes including the free cell
surface, intercalated disc and T-system, strongly
indicates differences in chemical and functional
properties of the two membrane systems. En bloc
staining resulted also in contrasted glycogen as well
as components of the nucleolus and the hetero-
chromatin. The biochemical basis for the selective
staining remains obscure; it may be a result of
binding of heavy metal ions to carboxyl groups
of specific proteins, and/or it may represent depos-
its of lead phosphate.

Key words: Human heart — Hypertrophied papil-
lary muscle — Intracellular membranes — Specific
staining — Cryofracturing

Introduction

The prevalent description in the literature of both
the normal and pathological ultrastructure of hu-
man myocardium has been based almost exclusive-
ly on electron microscopical examinations of con-
ventionally prepared thin sections of biopsy mate-
rial (Setersdal et al. 1976; Jones and Ferrans 1979;
Ferrans and Butany 1983; Ferrans and Thiede-
mann 1983).

However, additional ultrastructural informa-
tion can be obtained if the same biopsy material
is subjected to other ultrastructural procedures.
The advantages of a more extensive investigation
are illustrated using the papillary muscle from pa-
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tients with mitral stenosis as a model system. Al-
though the amount of tissue available for morpho-
logical studies in such cases is very limited, it has
been possible to process portions of the same sam-
ple using various electron microscopical tech-
niques. These techniques include:

1) Transmission electron microscopy (TEM) of
standard thin sections and of thin and thick sec-
tions of Cu-Pb impregnated material (Thiéry and
Bergeron 1976), 2) TEM of freeze fracture replicas;
and 3) scanning electron microscopy (SEM) of
cryofractured material (Dalen et al. 1978). Stereo
micrographs were also prepared from the cryofrac-
tured material and from the thick sections.

In the present communication our interest has
been focused on the ultrastructural organization
of the contractile material, the intercalated disc,
the transverse-axial tubular system (T-system) and
on the sarcoplasmic reticulum (SR) together with
specific staining features of various intracellular
structures. Ultrastructural information concerning
other cellular components including the extracellu-
lar connective tissue, will be published elsewhere
(Dalen 1987; Dalen et al. 1987).

Materials and methods

Biopsy material of mechanically overloaded ventricular papil-
lary muscle was obtained during open heart surgery of iwo
adult patients suffering from mitral stenosis. Immediately after
surgical removal the tissue was immersed in ice-cold Hank’s
balanced salt solution and cut into small pieces before fixation
in glutaraldehyde. The material was divided into four groups,
and each group was processed according to one of the various
methods described below.

Preparation for conventional TEM. The fixation was carried
out overnight at 4° C in 2% glutaraldehyde followed by 1h
in ice-cold 1% OsO,. Both fixatives were made up in 0.1 M
cacodylate buffer (pH 7.2) with 0.1 M sucrose, vehicle osmola-
lity = 300 milliosmols (Ericsson et al. 1978). The specimens were
dehydrated in increasing concentrations of ethanol, passed
through propylene oxide, and embedded in Epon 812 (Luft
1961). After polymerization thick (1 pm) and thin sections were
prepared with a Reichert ultramicrotome. The thick sections
were stained with toluidine blue (Trump et al. 1961) for exami-
nation in the light microscope, while the thin sections were
contrasted with uranyl acetate (Watson 1958) and lead citrate
(Reynolds 1963) and studied in a Philips 300 transmission elec-
tron microscope operated at 60 kV.

Preparation of thick sections for TEM. After fixation in glutaral-
dehyde as above the myocardial tissue was rinsed in distilled
water and en bloc stained for 24 h at 4° C with a double copper
and lead citrate solution (Cu-Pb impregnation) prepared ac-
cording to the method described by Thiéry and Bergeron
(1976). Subsequently, the specimens were rinsed thoroughly in
distilled water and postfixed for an additional 24 h in 1% caco-
dylate-buffered OsO, at 4° C. Dehydration, embedding, poly-
merization and sectioning followed conventional procedures.
Both thin and thick (1 um) sections were picked up on naked
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copper grids (300 mesh). The thin sections with or without con-
ventional contrasting were studied in the TEM at 60 kV, while
the thick sections were examined without counterstaining at
80 or 100 kV. Stereo electron micrographs of the thick sections
were obtained by tilting the goniometer stage plus and minus
6° from the zero position between two successive exposures.

Preparation for SEM. Tissue designated for SEM studies was
fixed in glutaraldehyde as above, dehydrated, embedded in par-
affin and cryofractured according to the technique described
by Dalen et al. (1978). After removal of the embedding material
with xylol, the fractured material was critical point dried from
CO, using acetone as a transitional solvent, mounted on speci-
men holders and coated with gold according to the diode-sput-
ter technique (Echlin 1975). The fractured surfaces were viewed
in a Philips SEM 500 operated at 25 kV. Stereoscopic pictures
were taken by tilting the goniometer stage 10° between two
successive exposures.

Preparation of freeze fracture replica. Fixation of the myocar-
dial tissue was carried out for 30 min at 4° C in 2% glutaralde-
hyde made up in isotonic cacodylate buffer as described above.
Following 30 min of impregnation with 30% glycerol made up
in the same buffer, the specimens were mounted on gold holders
and quenched in melting Freon 22. The fracturing was con-
ducted in a Balzer’s freeze fracture apparatus and replicated
with platinum-carbon. Following these treatments, the replicas
were cleaned with a sodium hypochlorite solution, rinsed in
distilled water, mounted on formvar coated grids and viewed
in the TEM at 80 kV.

Results

With few exceptions the substructure of the con-
tractile material appeared normal with transverse
myofibrillar bands arranged in a regular alternat-
ing array (Fig. 1). However, since the biopsy mate-
rial was fixed without mechanical stretching, the
muscle fibers were preserved in a highly contracted
state. Under such conditions the I-bands were ab-
sent, and the intrafibrillar glycogen particles of
these bands had accumulated adjacent to the Z-
bands (Fig. 2). Transverse sections through the A-
band region revealed that the thin (actin) and thick
(myosin) myofilaments were arranged in the char-
acteristic hexagonal pattern (Fig. 3). The variable
length of the actin myofilaments, in accordance
with observations by Robinson and Winegrad
(1977, 1979) in rat and frog myocardium, was
manifested by the appearance of a few such struc-
tures in the M-band region.

The contractile material was generally arranged
in parallel and discrete myofibrils separated by nu-
merous mitochondria (Figs. 2, 4). In some regions,
however, the contractile elements displayed a
branching pattern (Fig. 5). In the contracted mus-
cle the Z-bands appeared as prominent cross-ridges
with occasionally superimposed T-tubules (Fig. 5).
The deeply interlocking membranes of the interca-
lated disc contained a conglomerate of intermedi-
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ate junctions, desmosomes and nexuses (gap junc-
tions), of which the intermediate junctions consti-
tuted the major component (Fig. 6). A dense fila-
mentous mat in which the actin filaments were an-
chored was located on the sarcoplasmic face of
the intermediate junction. The desmosomes were
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Fig. 1. Longitudinal section of a contracted
myofibril running through a deep fold of the
nuclear membrane. Most bands of the
sarcomere (Z, A, H, M) are easily identified;
I-band is absent. The rows of
interfilamentous glycogen particles (IG) are
excluded from the Z- and M-bands. Note
the cytoskeletal filaments (CF) extending
from the Z-band to the mitochondrial
surface. N, nucleus x 25,000

Fig. 2. The accumulation of interfilamentous
glycogen particles (/G) on each side of the
Z-bands (Z) in the contracted muscle fiber
is demonstrated in this 1 pm thick section
from Cu-Pb impregnated tissue. M, M-
band; SR, sarcoplasmic reticulum, L, lipid
droplet; Mi, mitochondrion. x 18,000

Fig. 3. Transverse section through the A-
and M-bands of a contracted myofibril. In
the A-band (A4) the myosin (thick) and actin
(thin) filaments are arranged in a hexagonal
pattern, while the M-band (M) is composed
of an array of myosin filaments held in
register by cross bridges. Note that a few
actin filaments extend into this region.

x 125,000

smaller than the intermediate junctions, and their
interspaces were filled with an electron-dense mate-
rial. The nexuses, which in thin sections appeared
as short segments of closely opposed cell mem-
branes, were situated almost exclusively on the lon-
gitudinal faces of the intercalated disc. In the re-
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Fig. 4. A scanning electron micrograph of the myocardial cell interior. The myofibrils (MF) which are characterized by elevated
Z-bands (Z), are surrounded by numerous mitochondria (M7) of various shapes and sizes. A network of sarcoplasmic reticulum
(SR) is closely applied to the myofibrillar surface. Bundles of cytoskeletal filaments (CF) interconnect the Z-bands of adjacent
myofibrils. Structures interpreted as corbular SR are indicated by arrowheads, x 15,000

Fig. 5. Stereo-pair (10° tilt) of scanning electron micrographs demonstrating the branching pattern of the myofibrils. Transverse
tubules superimposed on the elevated Z-bands are indicated by arrowheads. x 4,500

gion adjacent to the external cell surface, however,
they were frequently seen as extensive and convo-
luted structures (Fig. 7). In thin sections of both
conventionally fixed and stained tissue, as well as
in Cu-Pb-impregnated material counterstained
with uranyl acetate and lead citrate, the closely
opposed membranes of the nexus appeared as a

central dotted line (Fig. 8). A periodic electron-
dense material was located on the sarcoplasmic
side of the nexus. When cut at certain angles the
nexuses revealed a periodic pattern of electron-
dense strands traversing the electron-lucent space.
The lattice of globular subunits (connexons) of the
nexus’ membranes were revealed in freeze-frac-
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tured preparations where they were located on the
P face (Fig. 9).

The T-system was composed of a network of
transversely oriented tubular invaginations of the
sarcolemma (T-tubules) interconnected by longitu-
dinal (axial) tubules (Figs. 10-16). All membranes
of the T-system were similar to the external cell
membrane even to the extent of being vested with
a laminar coat. The T-tubules, which coursed into
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Figs. 6-7. Transverse (Fig. 6) and
longitudinal (Fig. 7) thin sections of the
intercalated disc (ID) as it is revealed in
conventionally stained tissue (Fig. 6) and
in tissue impregnated with Cu-Pb and
poststained with U-Pb (Fig. 7). The
intercalated disc is composed of an
intricate pattern of interdigitated cell
membranes, which are joined by a
conglomorate of intermediate junctions
(1J), desmosomes (D) and nexuses (Ne).
An extensive nexus is situated adjacent
to the free cell surface in Fig. 7 (Ne).
Note also the circular nexus (arrow). IG,
interfilamentous glycogen particles. Both
micrographs, x 25,000

the cell interior around the myofibrils and in regis-
ter with the levels of the Z-band, varied considera-
bly in size, shape and distribution. In some areas
they occurred regularly at every Z-band (Figs. 10—
11), while in most regions they were few and irregu-
larly distributed (Fig. 5). A three-dimensional dis-
play of the T-tubules was achieved by taking ster-
eopair scanning- and transmission electron micro-
graphs of cryofractured material (Fig. 5) and of
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thick (1 pm) sections of Cu-Pb impregnated tissue
(Fig. 16), respectively. Focal accumulations of Z-
band material adjacent to both the sarcolemma
and the T-tubular membrane were seen in register
with the Z-bands (Figs. 10, 12). The association
between the T-tubules and the SR (interior cou-
plings, Figs. 12-16) will be described in conjunc-
tion with the latter structure.

Information on the three-dimensional configu-
ration of the SR was obtained by studying thick
sections of Cu-Pb-impregnated tissue in the TEM
(Figs. 17-21) and cyrofractured material in the
SEM (Figs. 4, 22). Most of the intracellular mem-
branous system located in the subsarcolemmal and
interfibrillar regions was composed of a continu-
ous branching and anastomosing sarcotubular sys-
tem. The juxtafibrillar SR revealed a simple but
regular pattern, although the degree of sarcotubu-
lar branching was not consistent from sarcomere
to sarcomere. At the M-band the longitudinal sar-
cotubules of the A-band region formed a fenes-
trated collar which only occasionally appeared as
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Fig. 8. A detail study of the nexus from Cu-
Pb impregnated and U-Pb contrasted tissue.
In such material the closely apposed central
membranes appear as a dotted line.
Punctate opacities are located periodically
on the sarcoplasmic sides of the nexus
(arrowheads). When cut at certain angles the
nexus displays a striated pattern (arrows).

x 200,000

Fig. 9. Freeze fracture replica of the
intercalated disc. Arrays of globular
subunits of the nexus (connexons) have been
exposed on the P face of the split cell
membrane (arrowheads). x 50,000

a complex network (Fig. 22). At the Z-band level
these tubules merged into transversely oriented sar-
cotubules (Z-tubules), which in the contracted
muscle fiber occurred at different levels above the
Z-band (Fig. 13). Terminal sarcotubular swellings,
corbular SR, were located near the Z-bands
(Figs. 4, 22). The sarcotubular system was continu-
ous with the outer nuclear membrane (Fig. 26).
The saccules of the junctional-SR, in associa-
tion with the sarcolemma proper or with its T-
tubular extensions, formed, respectively, peripher-
al (Fig. 17) and interior (Figs. 12-16) couplings.
The flattened saccules were characterized by their
electron-dense content and by the periodic densi-
ties bridging the narrow gap between the sarcotu-
bules and the plasma membranes (Fig. 12). The
peripheral couplings were composed of a single
junctional SR saccule oriented in parallel with and
in close apposition to the sarcolemma. The interior
couplings were organized either as dyads or triads.
In the dyad a single SR saccule was positioned
to one of either side of the T-tubule, while the
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triad was composed of two elements of junctional
SR coupled to opposite sides of the T-tubule
(Figs. 12-16).

In Cu-Pb impregnated material the various in-
ternal cell membranes, including those of the SR,
RER, nucleus, mitochondria, Golgi complexes, ly-
sosomes and lipofuscin granules were selectively

2N

Figs. 10—14. The architecture of the
transverse-axial tubular system (T-system) as
it is revealed in conventionally stained thin
sections (Figs. 10~12) and in 1 pm thick
sections of Cu-Pb impregnated tissue

(Figs. 13-14). In the latter case the
sarcotubular (SR) and mitochondrial (M)
membranes have been selectively stained.
The low contrast of the myofibrils (MF), the
laminar coat (LC) and the membranes of
the T-system seen in thick sections is due to
prolonged exposure to osmium during
fixation. Note the presence of a few electron
dense particles (P) in the T-tubular
membrane (Fig. 14)

The transverse tubules (single asterisks)
open to the intercellular space in register
with the Z-bands (Z) (Fig. 10), and in the
cell interior they are interconnected by axial
tubules (double asterisks) (Fig. 11). The
circular profiles (Pr, Fig. 12) of the tubular
lumen may represent cross-sectioned
microfibrils. An interior coupling of the
dyad type between the transverse tubule and
the sarcoplasmic reticulum is depicted in
Fig. 12. Junctional processes (arrowheads)
bridge the narrow gap between the
junctional SR (JSR) and the tubular
membrane. Examples of interior couplings
of the triad type are indicated by opposing
arrows (Figs. 13-14). Transversely running
sarcotubules (Z-tubules) indicated by
arrowheads, are located superior to the
transverse tubule in Fig. 13. Note the
deposition of Z-band material (Zm) at the
sarcolemma and at its interior extensions to
which the Z-bands are attached (Figs. 10,
12). Note also the close apposition between
the SR and the mitochondria (arrowheads,
Fig. 14) and the mito-reticular junctional
fibers (arrow, Fig. 12). SV, Sarcolemmal
vesicle. Fig. 10, x 14,000; Fig. 11, x 10,000,
Fig. 12, x 75,000; Figs. 13 and 14, x 30,000

and densely contrasted (Figs.2, 13-21, 23-26),
whereas, except for a few scattered electron-dense
particles, the plasma membranes of the free cell
surfaces, the T-tubules and the intercalated discs
were not (Figs. 14-17). Glycogen and components
of the lipofuscin granules also displayed specific
affinity for the stain (Figs. 2, 7, 15, 23-24). Fur-
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Figs. 15-16. Mono (Fig. 15) and stereo-pair (12° tilt) (Fig. 16) transmission electron micrographs of a 1 um thick section of Cu-Pb
impregnated tissue demonstrating the three-dimensional relationship between the T-system and the sarcoplasmic reticulum (SR).
Interior couplings are present both as a dyad (single arrowhead) and as a triad (opposing arrowheads). Note that the T-tubular
membrane contains a few electron-dense particles. T7, transverse tubules. A7, axial tubule. MF, myofibril. /G, interfilamentous
glycogen particles. Mi, mitochondrion. Fig. 15, x22,000; Fig. 16, x 11,000

thermore, the en bloc staining with alkaline Cu-Pb ever, the fibrillar component and the fibrillar
citrate resulted in densely stained particles scat- centres together with the numerous minute parti-
tered throughout the heterochromatin portion of  cles dispersed throughout the granular component,
the nucleus (Figs. 23, 25-26). In the nucleolus how- were selectively contrasted (Figs. 27-28).
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Discussion

This study has shown that by combining different
ultrastructural techniques, more extensive knowl-
edge can be obtained of the spatial distribution
of various cell components and of their specific
staining properties.

The observation by Richter and Kellner (1963)
that the myofilaments in the hypertrophied heart
maintain their normal size and spatial organization
is supported by the present findings. The apparent
absence of I-bands is, however, due to fixation of
the sarcomeres in the contracted state. According
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Fig. 17. The sarcotubular network (SR)
of the surface folds as it appears in a

1 um thick section of Cu-Pb impregnated
tissue. Note that, compared to the
densely stained membranes of the SR
and the mitochondria (M), the
sarcolemma has no contrast. Like the
intercellular space (/S) it only contains a
few scattered electron-dense particles
(arrowheads). JSR, junctional SR,

x 20,000

Figs. 18-20. Other characteristic patterns
of the SR in thick sections (1 um) of Cu-
Pb impregnated tissue. The sarcotubular
network of the sarcolemmal folds is
continuous with the transverse
sarcotubules (Z-tubules) coursing into
the cell interior in register with the Z-
bands (Fig. 18). Some sections reveal
that two parallel Z-tubules (arrowheads,
Fig. 18) are located on each side of a T-
tubule (asterisk). A variable number of
longitudinal oriented sarcotubules
(arrowheads, Fig. 19) merges with the Z-
tubules at the Z-band (Z) level.
Sometimes the SR forms a fenestrated
collar (FC) at the site of the Z-band
(Fig. 20). Fig. 18, x 12,500; Fig. 19,

x 15,000; Fig. 20, x 17,000

to the observations by Fawcett and McNutt (1969)
the I-bands are, at least in cats, the preferential
sites of interfilamentous glycogen particles. How-
ever, the possibility should be considered that these
interfilamentous glycogen particles might be
squeezed out from the I-band regions as a conse-
quence of the contraction. They subsequently accu-
mulate adjacent to the Z-bands.

Scanning electron microscopy of the myocar-
dial cell interior has revealed pronounced ridge-
like structures traversing the myofibrils at the Z-
band level. Several authors have interpreted these
structures as T-tubules (McCallister et al. 1974;
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Figs. 21-22. The spatial distribution of the SR as it is revealed in stereopairs (12° tilt) of transmission electron micrographs
of 1 pm thick sections of Cu-Pb impregnated tissue (Fig. 21) and in a scanning electron micrograph of cryofractured material
(Fig. 22). Note that both electron microscopic methods have their limitations; TEM due to lack of specimen thickness and SEM
due to relatively low resolution. The SEM reveals that the SR forms a fenestrated collar (FC) of variable complexity at the
M-band level. Note the continuity of the sarcoplasmic reticulum between adjacent myofibrils (arrow), and that corbular-SR
(arrowheads) occasionally are seen near the elevated Z-bands (Z). CF, cytoskeletal filaments, Fig. 21, x 11,000; Fig. 22, x 15,000

Sybers and Ashraf 1974, 1975; Myklebust et al.
1975; Sheldon et al. 1976; Dalen et al. 1978). How-
ever, it also has been documented that elevated
Z-bands contribute a substantial portion of these
ridges (Sybers and Sheldon 1975; Myklebust et al.
1980). This Z-band contribution has been con-
firmed in the present study by stereoscopic exami-
nation of the contracted papillary muscle cell inte-
rior.

It remains to be determined whether the exten-
sive nexuses commonly seen in the hypertrophied
muscle fiber adjacent to the sarcolemma are a re-
sult of abnormal organization during the lateral
growth of the muscle fiber, or whether they are
morphological manifestations of altered intercellu-
far communication. Since freeze fracture replicas
have displayed normal morphology of the globular
subunits (connexons) of the nexus, the altered mor-
phology of this junctional complex in the thin sec-
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tions reported here must be regarded as a fixation
artefact. Additional support for this view is found
in the observation by Brightman and Reese (1969)
that the pentalaminar configuration of the nexus
appears or disappears depending on the fixation
procedure.

The phylogenetic distribution of the T-system
has ben reviewed by Sperelakis et al. (1974). In
mammalian hearts the transverse-axial tubules are
almost exclusively restricted to the ventricular
muscle cells. The sparsely and irregularly distrib-
uted T-system of the hypertrophied cardiac muscle
shown here is in accordance with the morphology
of the non-hypertrophied cristae supraventricularis
muscle cell in patients with ventricular septal defect
(Maron and Ferrans 1978; Jones and Ferrans
1979). This pattern presents a striking contrast to
the well developed and highly organized T-system
seen in the right ventricular wall of the mouse heart
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(Forbes and Sperelakis 1983; Forbes et al. 1984).
However, it is well documented that the degree
of differentiation of the T-system varies in different
regions of the heart (Ayettey and Navaratnam
1978) and that the complexity as well as the tubular
diameter of this system are species dependent (for
review see Forbes and Sperelakis 1983).

The low density of transverse-axial tubules in
the present material is in disagreement with pre-
vious studies of experimentally induced left ven-
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Figs. 23-26. Thin (Figs. 23-25) and thick
(Fig. 26) sections of Cu-Pb impregoated
tissue illustrating the selective staining of
various cellular elements including the
membranes of the nucleus (N),
mitochondria (Mi), Golgi complex (Go),
rough-surfaced endoplasmic reticulum
(RER), sarcoplasmic reticulum (SR),
interfilamentous glycogen particles (/G),
lysosomes (Ly) and their membranes,
components of the lipofuscin granules
(LG) including their membranes (LGM),
and unidentified particles scatter
throughout the heterochromatin
(arrowheads).

tricular hypertrophy in rats (Page and McCallister
1973; Anversa et al. 1979), which have document-
ed an enhanced proliferation of the membranes
of the T-system. However, in a recent study Breisch
et al. (1984) have shown that this is the case in
the early stage of experimentally induced hypertro-
phy of the cat ventricle, while the late stage is char-
acterized by reduced surface densities of the T-
system.

The literature concerning the ultrastructure
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and function of the SR has been reviewed by Spere-
lakis et al. (1974) and by Forbes and Sperelakis
(1983). Scanning electron microscopy of cryofrac-
tured material combined with transmission elec-
tron microscopy of thick sections of tissue specifi-
cally stained for the visualization of internal mem-
brane systems offers an improved method for
three-dimensional studies of the sarcotubular sys-
tem. Thus, the application of such techniques in
this study and in those of others (Segretain et al.
1981) clearly demonstrates that the transversely
oriented Z-tubules are integral parts of the free
SR. Filamentous structures anchoring these tu-
bules to adjacent Z-bands (Simpson and Rayns
1968 ; Edge and Walker 1970; Forbes and Spere-
lakis 1980) are thought to be instrumental in main-
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A detail study of the nuclear envelope is
shown in Fig. 25. The sarcoplasmic
reticulum is continuous with the outer
nuclear membrane (Fig. 26). L, lipid
droplet. NP, nuclear pore. MF,
myofibril. Fig. 23, x 15,000; Fig. 24,

x 30,000; Fig. 25, x 50,000; Fig. 26,

x 20,000

Figs. 27-28. The nucleolar ultrastructure
differ according to the staining method
applied. In conventionally contrasted
sections the granular component (Gr),
the fibrillar component (F) and the
fibrillar centre (FC) are readily identified
(Fig. 27). After Cu-Pb impregnation the
latter two components have been
selectively stained, while the granular
component appears as a structureless
grey background (contrasted by osmium)
spotted with intensely stained particles
(Fig. 28). Both micrographs, x 28,000

taining the sarcotubular cisternae at proper sarco-
mere levels during muscle contraction (Segretain
et al. 1981). Thus, in the contracted state a multi-
layered sarcotubular network is found at the Z-
band level (Segretain et al. 1981). The sarcotubular
elements facing the myofibrils, as presented here,
reveal, in general, a strikingly simple pattern com-
pared with the elaborate network seen in other
mammals (Sommer and Waugh 1976; Forbes et al.
1977: Van Winkle 1977; Sommer and Johnson
1979; Segretain et al. 1981).

Interconnections between the SR and the outer
mitochondrial membrane have previously been re-
ported in gerbil (Dalen ctal. 1983) and mouse
(Forbes and Sperelakis 1983) ventricular cells. The
function of these mito-reticular junctional fibers
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remains unknown, although it has been suggested
that they may serve as anchoring devices (Dalen
et al. 1983).

The physiological role of transverse tubules
and SR in exitation — contraction coupling has
been well established (Franzini-Armstrong and
Peachey 1981; Forbes and Spereclakis 1983). How-
ever, architectural differences concerning both the
internal (SR-system) and external (T-system) mem-
brane systems undoubtedly result in species-depen-
dent variations of the electrophysical properties
and Ca?* metabolism.

Of course, the extent to which the described
configuration of the internal and external mem-
brane systems of the hypertrophied muscle fiber
differ from those of the normal human heart will
remain unknown until such normal tissue becomes
accessible for ultrastructural studies. At the same
time, differences in the degree of complexity of
the sarcotubular system between the papillary mus-
cle and the ventricular wall may also be expected.
Support for this view is found in studies on the
rat, where the architecture of the juxtafibrillar SR
in the papillary muscle (Scales 1983) differs from
that in the ventricular muscle (Segretain et al.
1981). However, the possibility of differences in
the three-dimensional sarcotubular arrangement
caused by different impregnation techniques must
be borne in mind.

The observation that the various intracellular
membranes stain densely after Cu-Pb impregna-
tion, whereas the plasma membranes of the free
cell surfaces, the T-system, and the intercalated
discs do not stain, except for the presence of a
few scattered electron-dense particles, strongly in-
dicates differences in the chemical and functional
properties between the internal and external mem-
brane systems.

At present, the biochemical basis for the results
of en bloc staining with alkaline Cu-Pb citrate solu-
tion is poorly understood (Thiéry and Rambourg
1976). However, in the nucleolus, the selective
staining of the fibrillar component and the fibrillar
centres is very similar to that obtained in ammon-
iacal stained (Ag-AS) rat neurons (Pébusque and
Seite 1981). This may indicate that the heavy metal
ions (Cu®* and/or Pb?7), in the same manner as
silver ions, have affinity for the carboxyl groups
of acidic non-histone nucleolar proteins, which are
known to participate in RNA transcription (Good-
pasture and Bloom 1975; Schwarzacher et al.
1978; Olert et al. 1979). If so, the selectively stained
particles of the granular component of the nucleo-
lus as well as the peculiar particles present in the
heterochromatin region may represent additional
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sites of specific acidic proteins. Whether or not
a similar explanation can be applied to the selective
contrast of other cellular components remains an
open question. It is, however, tempting to suggest
that the granular staining pattern of the various
intercellular membranes is a result of specific bind-
ing of heavy metal ions (Pb** and/or Cu?%) to
the carboxyl group of the membrane proteins.

Although lead is a well-known capturing agent
for the cytochemical localization of phosphatases,
consideration of all enzymatic activity in excised
material can be excluded following the exposure
to low temperature, prolonged fixation in glutaral-
dehyde and high pH (9-9.5) of the Cu-Pb citrate
solution. Nevertheless, the high concentration of
Pb*™" ions (3,8 mM) in the staining solution used,
may have resulted in some cases in ATP hydrolysis
(Moses and Rosenthal 1968) and subsequent for-
mation of lead phosphate precipitates.

It seems evident that future ultrastructural stu-
dies of hypertrophied myocardial cells will find it
appropriate and rewarding to include a variety of
ultracytochemical techniques.
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