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A B S T R A C T  

The fine structure of desmosomes and intercalated discs in the toad heart is discussed. A 
definite relationship between the dense components of these structures and the dense region 
of the Z band is demonstrated. The  dense region of the Z band characteristically widens at 
its approach to the plasma membrane,  and often terminates beneath it in a distinct discoidal 
plaque. Cardiac desmosomes appear to be structures which result from the intimate apposi- 
tion of plaques of Z band material. These desmosomes retain the Z band function as sites 
of at tachment for myofilaments. The suggestion is made that rotation of a desmosome 
through 90 ° and splitting of filaments from the adjacent sarcomere could result in the forma- 
tion of a simple step-like intercalated disc. Intermediate stages in this process are illustrated. 
Complex discs present in the toad probably represent the alignment of groups of simple 
discs produced by contractile forces. Possible physiologic functions of the disc and desmosome 
are discussed. Other  morphologic features of toad cardiac cells include a distinct amorphous 
outer coat to the sarcolemma, a prominent N band, and a granular sarcoplasm with poorly 
developed reticulum. 

I N T R O D U C T I O N  

Desmosomes have been observed in various epi- 
thelia with both light and electron microscopes 
(4, 8, 12, 20). Traditionally, they were considered 
to be bridges of protoplasm connecting adjacent 
cells, and the short filaments or tonofibrillae seen 
in these regions were believed to course directly 
from cell to cell (8). Agreement by light micro- 
scopists on the exact morphology of desmosomes 
was never really achieved and an historical sketch 
of their controversies has been presented by Od- 
land (12). Using the electron microscope, Porter 
(14) showed that protoplasmic continuity did not 

exist in the desmosomal regions but rather that 
two opposing plasma membranes were each modi- 
fied on the cytoplasmic side by accumulations of 

dense material. Fine filaments frequently attach 

to this material and may fan out from it toward the 
cell interior. Fawcett  (4) discusses these electron 

microscopic observations in detail. The  composi- 
tion of the desmosomal interspace is still subject 

to question. Though the adjacent cellular mem- 

branes seem to remain firmly attached at the 

desmosome, a precise mechanism for cohesion has 
been demonstrated only in the case of Hydra. 
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Wood (21) reviews the l i terature bear ing upon 
this problem. 

In a recent  study, Fawcett  and  Selby (5) re- 
ported upon  the fine structure of desmosomes in the 
turtle myocardium.  Transi t ional  forms between 
desmosomes and  simple intercalated discs were 
demonstrated.  Wi th  this evidence it was concluded 
that  the intercalated disc and  cardiac desmosome 
are basically similar modifications of the cell sur- 
face. Earl ier  work by Muir  (11) on the develop- 
ment  of intercalated discs in rabbi ts  from embryos 
to adults had shown tha t  dense bipart i te  struc- 
tures, in all respects resembling desmosomes, un- 
derwent  a progressive ma tu ra t ion  to intercalated 
discs of increasing complexity. In  the mouse 
heart ,  structures resembling desmosomes were 
occasionally found by Sj6strand, Andersson- 
Cedergren,  and Dewey (19) in the disc regions 
and  were designated "S-regions" of the inter- 
calated disc. 

Previous electron microscopic studies of the 
frog myocard ium have indicated tha t  the disc is 
less pronounced than  in the hear t  of the guinea 
pig or mouse (18) and less tortuous than  in tha t  
of the guinea pig (13). These observations probably  
account  for the omission of reference to the inter- 
calated disc in early l ight microscopic studies of 
the a m p h i b i a n  hea r t  (17). J o r d a n  and  Steele (7), 
however,  observed tha t  the discs of Amph ib i a  
were generally very narrow, though occasionally 
the width  of an entire fiber. 

In the present study of the toad heart ,  in addi- 
tion to the classical intercalated disc, varieties of 
desmosomal structures are i l lustrated and  de- 
scribed in detail. T he  mutua l  relationships of 
these surface modifications to the Z band  and  the 
myofibril lar pa t tern  are discussed. Because of 
these relationships and  other  observations, a se- 

quence of events in the evolution of desmosomes 

and discs from initially simple modifications of the 

Z band  is postulated. 

M A T E R I A L  A N D  M E T t l O D S  

Small blocks of fresh cardiac tissue from the common 
toad (Bufo) were fixed in 2 per cent buffered osmium 
tetroxide solution and rapidly dehydrated through a 
series of graded ethanols. The tissues were embedded 
in n-butyl methacrylatc containing l0 per cent 
methyl methacrylate as hardener and 1.5 per cent 
lucidol as initiator. Standard technics were employed 
(9). Sections were cut with diamond knives on Porter- 
Blum microtomes, supported on copper grids by 
formvar films lightly stabilized with carbon, and 
examined in a Siemens Elmiskop I at original 
magnifications of 1000 to 20,000. 

R E S U L T S  

Cardiac  cells of the toad, whe ther  auricular  or 
ventr icular ,  are generally long and  narrow. They  
are delimited from the vascular compa r tmen t  by 
a th in  layer of endothe l ium which  overlies an in- 
tervening meshwork of collagen fibers and  neural  
elements. Basement  m e m b r a n e  and  intercel lular  
collagen fibrils in small amounts  may occur be- 
tween toad cardiac cells to an extent greater than  
tha t  usually observed in higher  vertebrates  (10). 
Naked axons, singly or in groups, commonly  
come to be in close proximity to the cardiac cells 
and  are separated f lom them only by a thin  layer 
of ground substance. While  no specialized neuro- 
muscular  endings were seen, many  of the terminal  
axons contain  clusters of synaptic vesicles (Fig. 4). 
In  section, the tapered ends of the cardiac cells fre- 
quent ly enclose only one myofibril between the 
sarcolemmas (Fig. 1). Cell borders tend to inter- 
digitate quite irregularly and  the protuberances  
formed may contain  one or more well del imited 
sarcomeres (Fig. 5). 

In  many  respects the fine s tructure of the toad 
heart  resembles tha t  of the turtle (5). As in the 
turtle, the interfibri l lar  sarcoplasm is relatively 
more a b u n d a n t  than  in the m a m m a l i a n  hear t  
and  is sprinkled wi th  granular  mater ia l  a r ranged 

FIGURE l 

View of several cells in the toad ventricle. The cells are typically narrow, elongate, and 
each contains few myofibrils (I,Y). Abundant  mitochondria (MI) are distributed in the 
sarcoplasm between the fibrils and beneath the sarcolemmas. Collagen (CO) is present 
in the intercellular spaces. The dense component of the Z bands (Z) is irregular in 
thickness and expansions of this material sul2iacent to the plasmalemma are present. 
Several types of specializations of the cell surface are illustrated: (l) complex disc 
(CD), (2) simple disc (SD), (3) desmosomes (D). Details of these features are illustrated 
in succeeding plates. X 17,500. 
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in small clusters or rosettes (Figs. 4 and 8). The  
endoplasmic re t iculum (sarcoplasmic ret iculum) is 
generally not  well developed and apparent ly  
lacks the elaborate organizat ion characterist ic of 
mammal i an  cardiac muscle (15). A distinct M line 
was not  observed but  the other  cross-striations 
are well formed. A prominen t  N line is present 
and  appears  as a row of bead-like thickenings 
along the myofilaments on either side of, and  
parallel to, the Z band  (Figs. 4, 8, 9). The N line 
thickenings sometimes seem to be connected di- 
rectly with  extending strands of the dense portion 
of the Z band  (Figs. 8, 9). 

The  Z band  comprises filaments, tiny vesicles, 
and  an a b u n d a n t  dense mater ia l  which often 
masks the other  components.  The  Z band  may be 
connected with the plasma m e m b r a n e  by a series 
of vesicular elements of the endoplasmic re t iculum 
or by the dense Z band  material .  If  connect ion is 
by vesicular elements, the plasma m e m b r a n e  is 
invaginated at  Z band  level and  cont inuous wi th  
sarcoplasmic vesicles, which in turn  are cont inu-  
ous wi th  the Z band  re t iculum (Figs. 1, 2, 8). 
Neither  triads of the sarcoplasmic re t iculum (10) 
nor  aggregates of vesicles of the re t iculum near  the 
level of the A-I junct ion  were observed. 

The  dense, sarcoplasmic portion of the Z band  
varies considerably in thickness regardless of the 
state of contract ion of the fibril or the angle of sec- 
tioning. This  is part icular ly true of Z bands lo- 
cated in per ipheral  myofibrils. Here the dense sar- 
coplasmic componen t  of the Z band  is frequently 
noted to expand as it approaches its plane of in- 

tersection wi th  the plasma m e m b r a n e  (Fig. 3) and  
may te rminate  in a distinct plaque subjacent  to 
the m e m b r a n e  (Figs. 5, 9). The  expanded,  per iph-  
eral portions of Z bands  apparent ly  retain connec- 
tions wi th  myofilaments. They  closely resemble 
portions of desmosomes but  are unpa i red  struc- 
tures, whereas desmosomes are generally con- 
sidered to be biparti te.  However,  when  the sar- 
colemmas of two adjacent  cells are closely apposed 
with an interspace of about  25 to 50 m#, two 
plaques of expanded Z band  material  may be 
coupled to form an integral  structure (Figs. 6 and 
10). This includes the intercel lular  space and  re- 
sembles a classical type of desmosome. 

The  relat ionship of the dense sarcoplasmic com- 
ponents  of the desmosome to the Z band  proper  is 
variable,  as il lustrated in Figs. 6 and 7. The  Z 
bands  are confluent with  the midpor t ion  of the 
desmosomal densities in the former, and  with the 
diagonally opposed margins  of the densities in the 
latter. A 60 ° rota t ion of the desmosome in the 
plane of the picture (Fig. 7) into a line parallel 
wi th  the pa t tern  of muscular  cross-striations would 
result in a simple step-like disc, provided tha t  fila- 
ments  remain  at tached.  In many  instances, one of 
the dense regions of the desmosome lacks any 
visible direct  connect ion to the Z band  or other  
intracel lular  componen t  (Figs. 8 and 11). Most  
frequently the unconnec ted  half of such a desmo- 
some lies at  the midpor t ion  of a sarcomere about  
equidis tant  from the I bands  (Fig. 11, D2, Dz). The  
origin of desmosomal components  unconnected 
wi th  a Z band  is not  clear. The  dense mater ial  

FIGURE O 

Section secant to the longitudinal plane of the myolibrillar axis, revealing the pres- 
ence of cndoplasmic reticulum (ER) at the projected level of a Z line, with multiple 
connections to the plasma membrane. A portion of a complex disc (CD) is present at 
the left. X 30,000. 

FIGt'RE 3 

The peripheral at tachment of each of live Z bands to the plasma membranes of their 
respective cells is illustrated. The expansion of the Z band material as it approaches the 
plasma membrane is best seen at the regions labeled P. Notice the continuity of the N 
band (N) on either side of these terminal expansions. X 35,000. 

FIGI:RE 4 

Region of myoncural contact showing several small naked axons (A) filled with clusters 
of synaptic vesicles (SV). The axons are separated from the cardiac cell membrane by 
an amorphous material similar to basement membrane. Collagen librils (CO) arc 
prcscnt to the lower right. These lie between the neural elements and endothelial cells 
(not illustrated). Granular material in the sarcoplasm of the cardiac cell is seen, but 
reticular elements are not conspicuous. Distinct N lines flank the Z band. X 45,000. 
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might  be considered either to have arisen de novo 

from the sarcoplasm or to have become independ-  
ent  after migrat ion from the Z region. One  might  
speculate tha t  bioelectric or chemotact ic  forces 
originat ing in a Z band  and  its expanded periph- 
eral port ion may be active in direct ing the aggre- 
gation of the dense mater ial  benea th  an adherent ,  
neighboring plasmalemma.  A detailed discussion of 
such intercellular forces has been given by Weiss 
(20). Sections of desmosomes in single micro- 
graphs may appear  long and thin (Fig. 11, D2) or 
quite short  (Fig. 11, D3). After numerous  observa- 
tions there is the impression that  these represent  
sections of discoidal structures of graded circum- 
ference and  probably  reflect difl~rent degrees of 
development.  

In tercalary  discs in the toad myocard ium re- 
semble those previously described in various other  
species, including Repti l ia  and M a m m a l i a  (3, 5, 9, 
l l, 13, 18, 19). A typical intercalated disc might  
best be described as a junc t ional  specialization of 
cardiac cells, comprising two or more closely ap- 
posed and modified sarcolemmas with a modified 
interstitial mater ial  at the interface. In contrast  to 
desmosomes, discs generally occur in planes paral-  
lel to those of the muscular  cross-striations and  
intersect the myofibril lar axes at levels in which a 
Z band  would otherwise be expected. In a detailed 
comparat ive  study of disc ul trastructure,  Sj6strand, 
Andersson-Cedergren,  and Dewey (19) reported 

that  the disc interspace is filled by a mater ial  more 
opaque than the surrounding methacrylate .  These 
authors  fur ther  noted a definite or ienta t ion of this 
interstitial mater ia l  in the  form of fine cross-fila- 
ments  at  cer tain regions (S regions) of the mouse 
disc. In the toad disc there is a suggestion of inter- 
stitial s tructure similar to tha t  of the S regions 
(Figs. 5 and 14). Desmosomal interfaces are some- 
times observed to contain dense amorphous  ma-  
terial (Figs. 1 and 7) bu t  no interstit ial  s tructure 
comparable  to tha t  of the septate desmosomes of 
Hydra (12) has been seen. Rigorous differentiat ion 
between discs and  desmosomes in the toad is 
quite difficult. In  fact, the problems encountered 
in such an  a t t empt  reveal the basic ident i ty  of 
these structures. Figs. 1, 6, and  11 illustrate struc- 
tures which  are clearly similar to desmosomes 
previously described in epi thel ium and  in the 
turtle heart .  These are oriented parallel to the 
long dimension of the myofibril and  do not par-  
ticipate in the pa t te rn  of cross-striations. Figs. 11 
and  12 illustrate desmosomes tha t  are a t tached to 
filaments split away from the ma in  port ion of a 
sarcomere. Rota t ion  of such desmosomes toward 
the Z band  plane would result in structures of the 
simple disc type (Fig. 5). Of  par t icular  interest  is 
the observation that  only some of the simple discs 
are strictly parallel to the Z band  pa t te rn  (Fig. 
t4). These resemble the step-like discs described 
in the adul t  turtle (5) and juveni le  rabb i t  (11) 

FIGURE 5 

Section through a segment of a ventricular cell which interlocks with three adjacent 
cells and contains a single sarcomere. This sarcomere is attached to the plasma mem- 
brane at both ends in the regions of dense material that form simple discs (S1)). At far 
left may be seen a desmosome (D). It is associated with a few diagonally oriented myo- 
filaments. The similarities in composition and angle of orientation of this desmosome 
and the upper simple disc are apparent. The dense material of the lower simple disc is 
confluent with the Z band material. Plaques (P) of the Z band material are seen in the 
cell at the far right. X 40,000. 

FIGURE 6 

A classical desmosome (D) consisting of paired, modified sarcolemmas. The sarco- 
plasmic portions of the desmosome consist of dense regions confluent with the Z band 
density. Two juxtaposed Z band plaques would form a similar structure. A simple disc 
(SD) is illustrated at the lower right. X 50,000. 

FIGVRE 7 

Another desmosome (D), illustrating a variation in the at tachment of the dense Z band 
material to the sarcoplasmic component of the desmosome. The Z bands are attached 
at diagonally opposed ends of the desmosome. Note the greater interstitial density at 
the desmosomal interface. X 40,000. 
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The component  membranes  of other discs, al- 

though occurring in the spatial interval of an ex- 
pected Z band (Fig. 5), intersect the fibril in a 
direction not absolutely parallel to that  of ad- 
jacent Z bands. They resemble the type of early 
disc described in the embryonic rabbit  heart  (11). 

Simple forms of discs that  cross only a single 
myofibril may occur singly or in groups of step- 

like offsets, which, in the light microscope, give a 
true staircase impression. These offsets of the 
sarcolemmas lie transversely to the long axis of the 

fibers at a Z line level for the width of one myo- 
fibril, and then return to follow the original longi- 
tudinal path. More complex discs similar to those 

observed in mammal ian  hearts also occur. They 
are formed either at a multicellular junction (Fig. 
17) or at the junction of only two cells (Fig. 15). 
The number  of myofibrils thus interrupted may 
vary from two to six or more. The complex disc 

assumes a more tortuous and corrugated appear- 
ance. Definite connections with the Z band are 
frequently retained by simple and complex discs 
(Figs. 5, 14, 16), supporting the notion of their 
earlier origin from the Z band. 

D I S C U S S I O N  

Muir investigated the deve lopment  of intercalary 
discs in the rabbit  from embryonic to adult stages 
(11). He noted that the dense regions at the junc- 
tion of embryonic cardiac cells, where the myo- 
fibrillae were interrupted, evolved in a stepwise 

fashion to form simple discs and eventually more 
complex, tortuous discs of the type usually seen in 

mammal ian  myocardia. Fawcett  and Selby (5) de- 
scribed desmosomes in the turtle heart and com- 
mented upon the similarity of simple discs in the 
adult turtle and the young rabbit.  Intermediate  
stages between cardiac desmosomes and inter- 

calated discs in the turtle atrium were illustrated. 

Comparing the types of discs in the adult turtle 

with those in embryonic and young rabbits, these 

authors suggested that  disc formation in the rabbit  

might  be an example of ontogeny recapitulating 

phylogeny. They postulated that the mechanical 

forces produced by contraction in the turtle 

atr ium were insufficient for the complete develop- 

ment  into a complex disc. 

The present investigation in an amphibian 

FIGURE 

Section through a desmosome (D), that is connected to the Z band (Z) in one cell only. 
The dense material beneath the sarcolemma of the adjacent cell is not visibly connected 
to a Z band. A similar phenomenon may be observed occasionally in other illustrations 
(Figs. 1, l 1). At the upper right may be seen an invagination of the plasma membrane 
linked to the Z line by means of a reticular vesicle. A coating of amorphous material 
(AC) that covers the cell membranes apparently became separated during fixation. 
X 40,000. 

FIGURE .0 

Portion of a myofibril showing the attachment of the two Z bands (Z) to the plasma 
membrane in distinct fan-like plaques of dense material. The N band consists of ac- 
cumulations of dense material on the fine tilaments of the I region on either side of and 
parallel to the Z band. These accumulations occasionally appear connected directly 
with the Z band material. The N bands also extend into the regions occupied by the 
plaques or desmosomes; illustrated both in this and previous figures (3, 8). The identity 
of plaque or desmosome density with the Z band density is thus emphasized. Tile 
amorphous outer coat (AC) of the sarcolemma is again demonstrated. X 40,000. 

FIGURE 10 

Section illustrating several discs and desmosomes in a single ceil. The simple discs (SD) 
interrupt single sarcomeric patterns. The complex disc (CD) is not completely included, 
but interrupts several sarcomeres and is associated with a greater abundance of dense 
material. Three desmosomes are illustrated (D). At the right a desmosome is con- 
nected to a Z band on one aspect and to the terminal portion of a sarcomere on the 
other. X 40,000. 
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demonstrates the occurrence of new types of 

cardiac desmosomes and intermediate stages be- 
tween desmosomes and discs. The evidence leads 
the authors to postulate that  the first stage in 
desmosome or disc formation is a simple expansion 
of peripheral Z band material (Fig. 3). Further 
aggregation of this dense material subjacent to 

the plasmalemma would result in the formation of 
distinct discoidal plaques which may retain con- 
nections to myofilaments (Figs. 5 and 9). Close ap- 
position of pairs of plaques in adjacent cells would 
form an integral structure, including a modified 
interspace and resembling epithelial desmosomes 

(Figs. 6, 7, 10). Transition of desmosomes to discs 

may be considered to involve essentially a rotation 
of the sarcolemmas in the immediate region of the 
desmosome. Filaments that remain attached to 
the desmosome may split off from the sarcomere 
proper and course at an angle from it to the desmo- 

some (Figs. 11 to 13). The frequent association of 
fine filaments with epithelial desmosomes (4) 

leads one to believe that  cardiac desmosomes also 
may serve as centers of orientation for the addition 
of new filaments; thus, rotating desmosomes might 
either retain connection to the myofilaments of 
their original Z band or acquire new filaments and 
thus add new sarcomeres to the muscle fiber. 

When according to this hypothesis the desmo- 

some is fully rotated into the Z band plane, it 

is a true simple disc (Figs. 5 and 14); that  

is, a disc which intersects a single myo- 
fibril. More complex discs (Figs. 15 to 17) would 
result either from the "staircasing" of rnany simple 
discs and eventual al ignment due to contractile 
forces or from the close apposition of more than 
two cell surfaces. In the definitive disc stage, and 

even before, retention of connections between 
discs or desmosomes and the Z band is not always 
apparent.  Such continuity, however, either 
through the reticulum (Fig. 12) or through the 

dense sarcoplasmic constituent of the Z band 
(Figs. 5, 10, 14, 16) may be observed in advan- 

tageously oriented sections. 
It is tempting to speculate that the extensive 

variation of desmosomes or discs seen in the toad 
heart represents stages of transition which may 
occur also in mammalian disc development.  The 
embryonic cardiac cell probably possesses a 

greater potential for desmosome formation. Those 
intercellular structures best adapted to function in 
the adult heart would remain as permanent  fea- 
tures, whereas others would be represented only as 
stages in development or perhaps not at all, the 
pattern varying from one spec.ies to another. Evolu- 
tion might thus be reflected at a cellular as well as 
at an organismal level. 

Earlier workers have attributed various func- 
tions to discs. These include uninterrupted trans- 

FIGI RE 11 

Three desmosomes are shown (Dj D:0. In contrast to the desmosomes illustrated in 
Figs. 6 and 7, these are located at mid-sarcomeric level on one side, though opposite a 
Z band on the other. The uppermost desmosome (Dr) is associated with filaments. 
The lower desmosome (D:~) is free of any visible connection to the Z band or filaments 
on its left side and thus resembles the type of structure described in Fig. 8. A single 
myofibril lies between nucleus and sarcolemma in the cell at left. A long process of the 
centrally located cell is wedged between the left- and right-hand cells and contains but 
a single myofibril at this level. Narrow cardiac cells are quite characteristic in the toad. 
X 30,0O0. 

FIGI'RE lO~ 

Section through a desmosome (D) which bears a striking resemblance to a simple disc. 
The filaments attached to this desmosome are not part of a definitive myofibril, how- 
ever. They are few in number and oriented at an angle to the longitudinally aligned 
definitive myofibril. Connection of the desmosome to the Z band by a strand of endo- 
plasmic reticulum (ER) is indicated. A bulbous expansion (P) of the Z band sul)iaeent 
to the plasmalemma resembles the plaques of Z band material previously illustrated 
(Fig. 3). X 25,000. 

FIGFRE 13 

High magnification of a single dcsmosome (D) attached to myofilaments on both sides. 
No structure is apparent in the desmosomal interspace. X 50,000. 
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mission of mechanical  forces between the fibrils of 
adjacent  ceils (5), intracel lular  cohesion (3), par-  
t icipation in fibrillar growth (6), and transmission 
of electrical impulses (2, 11). M a n y  years ago 
Heidenha in  (6) proposed a role for the disc in rela- 
tion to the growth of new sarcomeres. The  present 
investigation in the toad i l lustrating the splitting 
of filaments from established sarcomeres and  
stages of transit ion in the formation of discs, in 
conjunct ion wi th  the work of Fawcet t  and Selby 
(5) and of Mui r  (11), provides a bet ter  basis for 
considering that  the discs, or more accurately their  
precursors, are involved in the formation of new 
sarcomeres. Our  knowledge concerning this ques- 
tion would be increased by fur ther  study of em- 
bryonic and  hyper t rophic  myocardia.  

Bourne 's  work (2) in localizing a differential 
enzymat ic  activity at the adul t  m a m m a l i a n  disc 
may be impor t an t  evidence of the role of the disc 
either in myofi lament  or ientat ion and fibrillar 
growth or in the transmission of impulses. Al though 
sites of activity of dehydrogenase systems in 
cardiac muscle have been studied (1), localization 
of specific enzymes in the disc or desmosome by the 
electron microscope has not  yet been accomplished. 
The  in t imate  relationship of disc and  desmosome 
to the Z band  observed in the toad, coupled wi th  a 
theory tha t  the Z band  re t iculum acts as a path-  
way for conduct ion of impulses into the cell in- 
terior (16), makes it reasonable to assume tha t  the 
intercalated disc also plays an impor t an t  role in 
the processes of cardiac conduct ion and must  be 
considered in any discussion of cardiac physiology. 

Grateful acknowledgment is made to Mr. Donald C. 
Stuart, Jr., for his helpful advice in the preparation 
of the manuscript. 
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