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An ultrastructural study of the hypertrophied human 
papillary muscle cell with special emphasis 
on specific staining patterns, mitochondrial projections 
and association between mitochondria and SR 
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Summary. Biopsy material of the hypertrophied 
human papillary muscle has been processed ac- 
cording to various electron microscopical tech- 
niques in order to study the mitochondrial ultra- 
structure and the association between mitochon- 
dria and sarcoplasmic reticulum (SR). En bloc 
staining with a Cu-Pb citrate solution resulted in 
specifically contrasted mitochondrial and sarcotu- 
bular membranes, characterized by numerous, dis- 
crete, electron-dense particles. The differences in 
staining patterns between the perinuclear mito- 
chondria and their subsarcolemmal and interfibril- 
lar counterparts suggest differences in chemical 
properties and/or metabolic activities. The selec- 
tively contrasted mitochondrial particles may rep- 
resent a congtomorate of extrinisic and intrinisic 
respiratory enzymes and other membrane-asso- 
ciated proteins, while the majority of the electron- 
dense particles of the sarcotubular membrane may 
represent positively stained CaZ+-pumps. Ultra- 
structural findings in the present study strongly 
indicate that the slender mitochondrial projections 
represent an initial stage in a process leading to 
the formation of large and pleomorphic mitochon- 
dria. Intimate contact between adjacent mitochon- 
dria as well as between mitochondria and SR are 
documented. In the contact regions some of the 
specifically contrasted particles of the adjacent 
membranes had fused with each other. It is sug- 
gested that these particles represent membrane- 
bound transport proteins providing a system for 
interorganelle exchanges of metabolites and/or 
ions. 

Key words: Human heart - Papillary muscle - Hy- 
pertrophy - Mitochondria - Specific staining - 
Electron microscopy 

Offprint requests to: H. Dalen 

Introduction 

Although an extensive body of literature has accu- 
mulated describing functional and ultrastructural 
alterations during the course of myocardial cell hy- 
pertrophy (see reviews by Ferrans 1984; Bugaisky 
and Zak 1986; Hamrell and Alpert 1986), informa- 
tion on the mitochondrial ultrastructure is incom- 
plete. 

In previous studies we have described various 
ultrastructural aspects of  the hypertrophied human 
papillary muscle cells (Dalen et al. 1987a, b). In 
the present communication various electron micro- 
scopical techniques have been employed in order 
to characterize the finger-like mitochondrial pro- 
cesses and the peculiar contrasting patterns of  
the mitochondrial and sarcotubular membranes 
achieved after en bloc staining with a Cu-Pb citrate 
solution (Thi6ry and Bergeron 1976). An attempt 
has also been made to obtain additional morpho- 
logical evidence in support of the view that the 
outer mitochondrial membrane, at least in some 
regions, has established physical contact with the 
sarcoplasmic reticulum (Dalen et al. 1983, 1987 b; 
Forbes and Sperelakis 1983). 

Material and methods 

Biopsies of the hypertrophied human papillary muscle were 
obtained from two adult patients subjected to mitral valve re- 
placement. After surgical removal the tissue was immediately 
placed in ice-cold Hank's balanced salt solution, trimmed to 
small pieces and divided into four groups. The material of each 
group was prepared for ultrastructural studies according to one 
of the different methods described below. 

Biopsy material designated for conventional transmission 
electron microscopy (TEM) was fixed overnight at 4 ° C in 2% 
glutaraldehyde and subsequently postfixed for 1 h in ice-cold 
1% OsO4. Both fixatives were made up in 0.1 M cacodylate 
buffer (pH 7.2) with 0.1 M sucrose, vehicle osmolality=300 
milliosmoles (Ericsson et al. 1978). After standard dehydration 
in ethanol, embedding in Epon 812 (Luft 1961) and polymeriza- 
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Fig. 1. TEM of a conventionally 
stained hypertrophied papillary 
muscle cell. Note the deeply 
invaginated nuclear envelope and 
the accumulations of mitochondria 
(Mr) in the nuclear pole sarcoplasm 
and interfibrillar space. N, nucleus. 
MF, myofibril. L, lipid droplets. 
x 8000 

Fig. 2. A thin section of Cu-Pb 
impregnated tissue conventionally 
poststained with lead citrate and 
uranyl acetate. At low 
magnification the mitochondria 
(Mi) of the nuclear pole sarcoplasm 
(NPS) appear more densly 
contrasted than their counterparts 
of the interfibrillar space (asterisks). 
MF, myofibril; LG, lipofuscin 
granule, x 8000 

tion, thick (1 gm) and thin sections were cut from the cured 
blocks on a Reichert ultramicrotome. For  examination in the 
light microscope the thick sections were stained with toluidine 
blue, while the thin sections were collected on naked copper 
grids (300 mesh), conventionally contrasted with uranyl acetate 
(Watson 1958) and lead citrate (Reynolds 1963) and investi- 
gated in a Philips 300 TEM operated at 60 kV. 

Another group of myocardial tissues, after fixation in 2% 
glutaraldehyde as above, was stained en bloc with a Cu-Pb 
citrate solution made up as described by Thi6ry and Bergeron 
(1976). Postfixation for 24 h in ice-cold 1% cacodylate-buffered 
OsO4 was followed by conventional dehydration, embedding 
in resin and polymerization. Thin and thick (0.5 or i gm) sec- 
tions were picked up on 300 mesh copper grids. The thin sec- 

tions with or without conventional staining with uranyl acetate 
and lead citrate were studied in the TEM at 60 kV, while the 
thick sections were examined without additonal contrasting in 
the TEM, using an accelerating voltage of 80 or 100 kV. In 
order to prepare stereo electron micrographs of the thick sec- 
tions the goniometer stage was tilted plus or minus 6 ° from 
the zero position between two successive exposures. 

Scanning electron microscopy (SEM) of intracellular struc- 
tures was carried out on conventionally glutaraldehyde-fixed 
tissue, which had been embedded in paraffin and cryofractured 
at liquid N~ temperature according to a procedure described 
by Dalen et al. (1978). After removal of the embeddment with 
xylol, the fractured material was critical point dried from CO2 
using acetone as a transitional solvent, mounted on specimen 
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Figs. 3-5. Higher magnifications 
of the same material as depicted 
in Fig. 2 reveal mitochondrial 
populations with different staining 
patterns. The subsarcolemmal 
(Fig. 3) as well as the interfibrillar 
(Fig. 4) mitochondria are 
characterized by large and 
electron-dense transmembrane 
particles (TP) and by some 
specifically contrasted 
intramitochondrial particles (,IP) 
of variable sizes. This pattern 
differs considerably from that of 
the perinuclear mitochondria 
(Fig. 5), where the en bloc 
staining procedure has resulted in 
numerous small and electron- 
dense particles located to the 
nuclear membranes and cristae. 
Note that some of the 
transmembrane particles of 
adjacent mitochondria have fused 
with each other (F) as well as 
made contact (arrow) with the 
nexus (Ne), IS, intercellular space. 
All micrographs x 60000 
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Fig. 6. Freeze fracture replica of 
mitochondria located in the 
nuclear pole sarcoplasm. The 
fractured mitochondrial  
membranes (asterisks) exhibit 
numerous intramembrane/  
t ransmembrane proteins. Note the 
particulated bands located in the 
mitochondrial  matrix representing 
transversly fractured cristae 
(arrowheads). x 60000 

holders, sputter-coated with gold (Echlin 1975), and viewed 
in a Philips 500 SEM operated at 25 kV. Stereo-pair micro- 
graphs were obtained by tilting the goniometer stage 10 ° be- 
tween two successive exposures. 

Freeze fracture replicas were processed from myocardial 
tissue fixed for 30 min at 4 ° C in 2% glutaraldehyde followed 
by 30 rain impregnation with 30% glycerol. Both the fixative 
and the cryoprotectant were made up in the same vehicle as 
described above. The material was mounted on gold holders, 
frozen in melting Freon 22, and freeze fractured at - 1 0 0  ° C. 
Replication with plat inum-carbon was carried out according 
to s tandard procedures in a Balzer's freeze fracture apparatus 
equipped with electron guns. The replicas were cleaned with 
a sodium hypochlorite solution, collected on formvar coated 
grids and viewed in the TEM at 80 kV. 

Results 

Thin sections of the hypertrophied papillary mus- 
cle cells displayed a variable number of mitochon- 
dria accumulated in the interfibrillary space and 
in the perinuclear region (Fig. 1). 

En bloc staining with a Pb-Cu citrate solution 
resulted in specifically contrasted mitochondria 
(Figs. 2-5). At low magnification the mitochondria 
of the nuclear pole sarcoplasm appeared considera- 
bly darker than their interfibrillar counterparts 
(Fig. 2). Higher magnification revealed that this 
phenomenon was due to different staining pat- 
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c ~  

Fig. 7-10. Cross (Figs. 7, 9-10) 
and longitudinal (Fig. 8) sections 
of mitochondrial processes (MP) 
as they appear in thin (Figs. 7, 
9-10) and in I gm thick (Fig. 8) 
sections of conventionally 
processed (Fig. 7) and Cu-Pb 
impregnated (Figs. 8--10) 
myocardial cells. In some cases 
(Fig. 9) the mitochondrial 
projections have penetrated the 
narrow clefts between adjacent 
myofibrils (MF). The cristae, 
which are oriented parallel to the 
long axis of the mitochondrial 
extension (Fig. 8), display various 
configurations when cut 
transversly. Some of the larger 
projections seen in Fig. 10 may 
represent interconnecting 
mitochiondrial processes. NPS, 
nuclear pole sarcoplasm. SR, 
sacroplasmic reticulum. All 
micrographs x 35000 

terns. The interfibrillar as well as the subsarcolem- 
mal mitochondria exhibited some large and elec- 
tron-dense particles associated with the surround- 
ing mitochondrial membranes as well as scattered 
throughout the mitochondrial interior (Figs. 3-4). 
The specifically stained particles of  the perinuclear 
mitochondria, however, were considerably smaller 
and were confined to the outer and inner mito- 
chondrial membranes, including the cristae, where 

they occured in large numbers (Fig. 5). Similar par- 
ticulated structures were also revealed in freeze 
fractured mitochondria (Fig. 6). The specifically 
stained transmembrane particles commonly were 
seen to have fused with their counterparts of  adja- 
cent mitochondria as well as to have made contacts 
with the nexus (Figs. 3-4). 

Peculiar finger-like processes extending beyond 
the main mitochondrial body were frequently ob- 
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Figs. 11-13. Stereo-pair (12 ° tilt) electron mxcrographs of 1 jim thick sections of en bloc stained tissue demonstrating numerous 
mitochondrial projections (Figs. 11-12), a dumbbell-shaped mitochondrion (Fig. 12) and pleomorphic mitochondria (Fig. 13). Note 
that the sarcotubular membranes (SR) differ from the mitochondrial extensions (arrowheads) in that they are less electron-dense, 
and that slender mitochondrial interconnections (arrows) are observed in dumbbell-shaped and pleomorphic mitochondria. Fig. 11, 
x 7500; Fig. 12, 17000; Fig. 13, x 9000 
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Fig. 14. An example of 
accumulated pleomorphic 
mitochondria  as they appear in a 
stereo-pair (10 ° tilt) scanning 
electron micrograph of a 
cryofractured papillary muscle 
cell. x 8500 

served in those hypertrophied myofibers in which 
the mitochondria had not reached the state of 
densly packing (Figs. 7-12). Thick sections of Cu-  
Pb impregnated material revealed that the cristae 
within these processes were continous with the 
cristae of the main mitochondrial body, and that 
they were oriented parallel to the long axis of the 
projections (Fig. 8). When cut transversly, the mi- 
tochondrial extensions appeared as circular pro- 
files displaying various cristal configurations 
(Figs. 7, 9-10). The slender processes, which were 
oriented perpendicular to (Fig. 9) as well as paral- 
lel to (Fig. 10) the long axis of the myofibrils, pene- 
trated the narrow interfibrillar clefts (Fig. 9). 

The pleomorphic nature of the mitochondria 
was best illustrated by stereo transmission 
(Fig. 11-13) and scanning (Fig. 14) electron micro- 
graphs of Cu-Pb impregnated tissue and cryofrac- 
tured material, respectively. The bulky mitochon- 
drial bodies of branched mitochondria were seen 
frequently to be interconnected by slender pro- 
cesses (Fig. 13). 

Sarcotubular membranes also exhibited specific 
staining properties which facilitated ultrastructural 
studies of the SR-mitochondrial relationship 
(Figs. 15-19). TEM micrographs of thick sections 
strongly suggested an intimate contact between the 
SR and the outer mitochondrial membrane in all 
regions of the myofiber (Figs. 15-17). High magni- 
fication of thin sections revealed physical contact 
between the electron-dense particles of the two 
membranes (Figs. 18-19). Indeed, in some places 
the electron-dense particles of the two membranes 

had fused with each other. The three-dimensional 
relationship between the SR and the mitochondria 
was illustrated with stereo transmission electron 
micrographs of Cu-Pb impregnated tissue (Fig. 20) 
as well as with mono and stereo-pair scanning elec- 
tron micrographs of cryofractured material (Figs. 
21-22). Strands of intermediary SR interconnected 
the mitochondria with the juxtafibrillar SR prefer- 
entially at the sites of the Z-band and M-band 
(Fig. 22). 

Discussion 

Specific contrasting of intracellular membranes has 
been achieved by en bloc staining with a Cu-Pb 
citrate solution (Thibry and Bergeron 1976). This 
method has been used successfully in myocardial 
cell research for studying the subcellular organiza- 
tion of mitochondria and SR in tissue obtained 
from the left ventricle of healthy rats (Segretain 
et al. 1981) and from the hypertrophied human 
papillary muscle (Dalen et al. 1987b). While the 
cytochemical mechanism for this en bloc staining 
method has not been clarified, it has been sug- 
gested that the metal ions of the staining solution 
bind specifically to carboxyl groups of membrane- 
associated proteins (Dalen et al. 1987b). 

The observation here that the specific contrast- 
ing pattern of the perinuclear mitochondria differs 
considerably from that of their interfibrillar and 
subsarcolemmal counterparts may reflect differ- 
ences in chemical properties and/or in metabolic 
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Fig. 15. A transmission electron 
micrograph of a thick (1 gm) 
section of Cu-Pb impregnated 
material. Note the close 
relationship (arrows) between 
mitochondria (Mi) and 
sarcoplasmic reticulum (SR). MF, 
myofibrils. L, lipid droplet. 
x 15000 

Figs. 16-17. Thick sections 
(0.5 gm) of specifically contrasted 
tissue displaying the close contact 
(arrows) between mitochondria 
(Mi) and SR as it is revealed in 
the sarcolemmal fold (Fig. 16) and 
in the interfibrillar space (Fig. 17). 
TT, transfer tubule. Fig. 16, 
x 30000; Fig. 17, x 40000 

Figs. 18-19. The physical contact 
(arrows) between SR and 
mitochondria (Mi) as it is 
demonstrated in thin sections of 
the Cu-Pb impregnated 
myocardial cells. Note that some 
of the electron- dense 
sarcotubular particles in the 
contact region have fused with 
their mitochondrial counterparts. 
Fig. 18, x40000; Fig. 19, 
x 100000 
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activities. Thus, it has been suggested by several 
authors that morphological and functional differ- 
ences between the subsarcolemmal, interfibrillar 
and perinuclear mitochondria reflect their engage- 
ments as primary energy sources for different met- 

Fig. 20. A stereo-pair (12 ° tilt) 
transmission electron micrograph 
of a 1 I~m thick section of Cu-Pb 
impregnated tissue demonstrating 
the three-dimensional relationship 
between SR and mitochondria 
(Mi). MF, myofibril. × 12800 

Figs. 21-22. Mono (Fig. 21) and 
stereo-pair (12 ° tilt) (Fig. 22) 
scanning electron micrographs of 
cryofractured material. Note the 
strands of  intermediary SR (ISR) 
spun out between mitochondria 
(Mi) and myofibrils (MF). These 
strands which are continous with 
the juxtafibrillar SR (JFSR), are 
preferentially branched off from 
the Z-band and M-band regions 
(Fig. 22). Fig. 21, × 15000; 
Fig. 22, × 10500 

abolic activities (Mtiller 1976; Palmer et al. 1977; 
Unverferth et al. 1981 ; Shimada et al. 1984). 

The present study strongly indicates that the 
electron-dense submitochondrial particles of  Cu-  
Pb impregnated material correspond to the parti- 
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culate structures exposed in freeze fractured mito- 
chondria. If, indeed, these structures are identical, 
en bloc staining with a Cu-Pb citrate solution 
offers a new positive staining method for ultra- 
structural visualization of various proteins and re- 
spiratory enzymes associated with the mitochon- 
drial membranes and cristae. In the past, however, 
the distribution of such submitochondrial macro- 
molecules has been studied almost exclusively in 
freeze fractured material (Packer etal. 1974; 
Sjostrand and Cassel 1978a, b; Sjostrand 1983). 
Only the extrinsic portion of the ATP synthase 
complex has been identified successfully using a 
negative staining technique (Fern/mdez-Morfin 
et al. 1964; Racker et al. 1965). 

Structures similar to the slender mitochondrial 
processes seen in the present material have been 
reported in normal myofibers of the cat papillary 
muscle (Fawcett and McNutt 1969), and in hyper- 
trophied muscle cells of the human atrial tissue 
(Thiedemann and Ferrans 1977). The functional 
significance of these prolongations has not been 
entirely clarified. Fawcett and McNutt (1969) have 
suggested that the long and slender extensions are 
instrumental for the redistribution of the mito- 
chondrial mass by penetrating the narrow interfi- 
brillar clefts. In this way the diffusion distance 
from the main mitochondrial body to remote do- 
mains of the contractile material could be reduced. 
It also has been suggested that these prolongations 
represent a stage in mitochondrial proliferation 
(Fawcett and McNutt 1969), a view that is strongly 
favoured by the present investigation. It is well 
documented that new mitochondria arise from pre- 
existing organelles by growth and subsequent divi- 
sion (Tandler et al. 1969; Attardi et al. 1975; Po- 
sakony et al. 1977). In this process the formation 
of internal septa appears to be the crucial factor 
promoting mitochondrial division. Examples of 
transverse septa subdividing the cardiac cell mito- 
chondria have been observed in various animals 
under normal as well as experimental conditions 
(Onishi 1967; Tandler and Hoppel 1972; Publi- 
cover et al. 1977; Duncan et al. 1980). A morpho- 
metric study by Page et al. (1974) has shown that 
during normal postnatal growth the increase in the 
cumulative mitochondrial volume is due to the for- 
mation of additional mitochondria of the same 
size. Based on the present extensive TEM and SEM 
studies, it is resonable to conclude that the slender 
mitochondrial projections represent the initial 
stage in the formation of large and pleomorphic 
mitochondria. However, unequivocal evidence for 
the formation of internal septa bisecting the hyper- 
trophied cardiac cell mitochondria has not been 

found in the present material or in the literature. 
Therefore, the extent to which and the mechanism 
by which the enlarged mitochondria may be subdi- 
vided into smaller, individual organelles, or may 
persist as large and pleomorphic organelles, re- 
mains to be elucidated. 

It is well recognized that muscle contraction 
depends on a high degree of subcellular organiza- 
tion as well as on metabolic coordination between 
the energyproducing mitochondria and the Ca 2 + 
-sequestering SR. Physical contact between the sar- 
cotubular and outer mitochondrial membranes, 
manifested as interconnecting thread-like struc- 
tures, has been reported in conventionally pre- 
pared myocardial cells of the gerbil (Dalen et al. 
1983), mouse (Forbes and Sperelakis 1983) and 
man (Dalen et al. 1987b). These connections, den- 
oted mito- reticular junctional fibers, to which an 
anchoring function has been attributed (Dalen 
et al. 1983), may be an integral part of the cytoske- 
letal system. SEM studies of the present cryofrac- 
tured material have shown that strands of interme- 
diary sarcotubules, predominately spun out from 
the juxtafibrillar SR at the Z- and M-band levels, 
make contacts with the surface of the interfibrillar 
mitochondria. The functional significance of this 
architectural arrangement remains unclear. 

It has been shown here that, in the contact re- 
gions, some of the specifically contrasted trans- 
membrane mitochondrial particles have fused with 
their sarcotubular counterparts. Morphologically 
these structures differ from the mito-reticular junc- 
tional fibers (Dalen et al. 1983, 1987b; Forbes and 
Sperelakis 1983). They may, however, correspond 
to the bridging particles between these two organ- 
elles that have been revealed in freeze fracture rep- 
licas of the dog myocardium (Scales 1981). Al- 
though the functional significance of such inter- 
connecting structures remains obscure, it is tempt- 
ing to suggest that they represent membrane- 
bound transport proteins which provide a direct 
interorganelle transport route for various metabo- 
lites and/or ions. It is also suggested that the ob- 
served fusion between the transmembrane particles 
of adjacent mitochondria represents a similar inter- 
organelle communication system. 

The metabolic function, if any, of the contact 
between specifically contrasted mitochondrial par- 
ticles and nexus remains to be clarified. Strand-like 
interconnections between the nexuses and adjacent 
mitochondria have been reported in ventricular 
myocardial cells of other mammalian species 
(Forbes and Sperelakis 1982). According to the 
view of these authors, the close association be- 
tween the two organelles may function as a mecha- 
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n i s m  fo r  b u f f e r i n g  the  i n t r a c e l l u l a r  C a  2 ÷ c o n c e n -  
t r a t i o n  in  r e g i o n s  a d j a c e n t  to  the  nexuses ,  a n d  
t h e r e b y  r e g u l a t e  t he  i o n i c  t r a n s p o r t  t h r o u g h  these  
i n t e r c e l l u l a r  j u n c t i o n s .  

A c c o r d i n g  to  M a c L e n n a n  a n d  H o l l a n d  (1975) 
m o s t  o f  t he  p r o t e i n s  e m b e d d e d  in t he  s a r c o t u b u l a r  
m e m b r a n e  c o n s i s t  o f  A T P  d r i v e n  C a 2 + - p u m p s .  
T h e r e f o r e ,  i t  is c o n c e i v a b l e  t h a t  the  m a j o r i t y  o f  
the  se lec t ive ly  s t a i n e d  g r a n u l a r  s t r u c t u r e s  o f  t he  
S R  r e p r e s e n t  C a  2 + - p u m p s .  P r e v i o u s l y ,  these  m e m -  
b r a n e  c o m p o n e n t s  h a v e  b e e n  v i s u a l i z e d  in  t he  
T E M  u s i n g  n e g a t i v e  s t a i n i n g  o r  f reeze  f r a c t u r e  
t e c h n i q u e s  ( I k e m o t o  et  al.  1968;  D e a m e r  a n d  Bas-  
k i n  1969;  S o m m e r  a n d  W a u g h  1976;  W a n g  et  al .  
1979). T h e  a d d i t i o n  o f  t a n n i c  a c i d  to  the  f ixa t ive  
has  r e s u l t e d  in  a n  a s y m m e t r i c a l  c o n t r a s t i n g  o f  the  
S R  m e m b r a n e  ( S a i t o  et  al .  1978) c o r r e s p o n d i n g  to  
the  a s y m m e t r i c  o r i e n t a t i o n  o f  t he  C a 2 ÷ - p u m p s  
s h o w n  b y  f reeze  f r a c t u r e  t e c h n i q u e s  ( P a c k e r  et  al.  
1974;  Sca les  a n d  Ines i  1976;  W a n g  et  al.  1979). 

E l u c i d a t i o n  o f  the  t r ue  m e t a b o l i c  f u n c t i o n s  o f  
the  u l t r a s t r u c t u r a l  f i n d i n g s  in  t he  p r e s e n t  s t u d y  
m u s t  a w a i t  f u r t h e r  c o r r e l a t i v e  u l t r a s t r u c t u r a l  a n d  
b i o c h e m i c a l  s tud ies .  
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