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We wish to report on some recent histochemical experiments we have 
done on striated muscle. The observations emphasize the usefulness 
of cytochemical staining methods for integrating biochemical and 
physiological information with newer knowledge of cell morphology. 
How fruitful such an approach can be is obvious. We have only to 
think, for example, of the wealth of valuable information about lyso-
somes provided by the cytochemical studies of Novikoff [31, 32] and 
others, after de Duve [5] had defined lysosomes biochemically. In 
the present case the interpretation of our cytochemical observations 
on muscle lead us to present a hypothesis about the fine structural 
localization of an intracellular active t ranspor t mechanism, function-
ing as a link between an electrical and a mechanical process. 

Before going into the details of our subject we should like briefly 
to review some recent significant findings concerning the ul t ras t ructure 
of the muscle fiber, and the physiology and biochemistry of muscle 
contraction. 

T H E U L T R A S T R U C T U R E O F T H E M U S C L E F I B E R 

In striated muscle fibers the cytoplasm (sarcoplasm) fills the 
spaces between the contractile myofibrils. The cytoplasm contains 
endoplasmic reticulum or, as it is t radi t ional ly called, the sarcoplasmic 
reticulum (SR) of muscle fiber [1, 2, 12, 34] . The SR forms a well-
defined continuous system of membrane-bound tubules surrounding 

1
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 The following abbreviations are used in this chapter : AMP, ADP, ATP : 

adenosine-monophosphate, adenosine diphosphate, adenosine triphosphate; 
AMPase, ADPase, ATPase: adenosinemonophosphatase, adenosinediphosphatase, 
adenosinetriphosphatase; T P P : thiamine pyrophosphate. 
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each myofibril like a mesh. The system is made up of units each 
of which corresponds to a sarcomere of the myofibril. The system 
is interrupted by channels or tubules which traverse the muscle fiber 
perpendicular to its long axis (Fig. 1) . In some muscles this in terrup-
tion takes place a t the level of the Ζ lines, in others a t the level 
of the junction of the A and I band. The transverse tubular system 
is called the Τ system [1] . Where the SR meets the Τ system, the 
SR broadens into two cisterns or terminal sacs, thus forming a charac-
teristic three-par t structure termed a t r iad [34] . In sections a tr iad 
is seen to consist of a central tubule or vesicle with a diameter of 

FIG. 1. Schematic summary of observations on histochemically demonstrable 
nucleoside phosphatases in rat myocardium. For further description see text. 

about 300-400 Â, flanked on either side by two lateral sacs or cisterns 
of about the same width. The lateral sacs are par ts of the SR and 
are continuous with the SR around the rest of the sarcomere (Fig. 
1) . Continuity between the Τ system and the terminal sacs has never 
been reported. In fact, there are two membranes and a 250-Â space 
separating the lumens of the two systems. In hear t muscle a bipart i te 
structure, a dyad [34] , is commonly found. In dyads the tubule of 
the Τ system is in contact with only one terminal sac from the sarco-
plasmic reticulum (Fig. 1) . 

In morphological studies on heart muscle, fixed in osmium tetrox-
ide, Simpson and Oertelis [38], and Nelson and Benson [30], pre-
sented evidence for continuity between the Τ system and the plasma 
membrane of the muscle cell. Franzini-Armstrong [13], and Franzini-
Armstrong and Porter [14, 15] have taken advantage of the improved 
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preservation of membranous structures obtainable by glutaraldehyde 
fixation [37] . These workers have demonstrated beyond doubt tha t , 
in fish skeletal muscle, the tubules of the Τ system are invaginations 
of the plasma membrane and tha t the lumen of the Τ system is thus 
in direct communication with the extracellular space. Huxley [25] 
has presented indirect evidence tha t the same is t rue of frog skeletal 
muscle, although direct morphological continuity was not observed. 
In other words, in the triadic structure the longitudinal SR comes 
into contact with the invaginated plasma membrane. 

We have observed, in ra t cardiac muscle (Fig. 2 ) ,

3
 t h a t the longi-

tudinal SR surrounding the myofibrils a t the periphery of the fiber 
also exhibits contact zones with the free plasma membrane. These 
contacts are generally observed a t the level of the Ζ lines, where 
the plasma membrane is deflected into the fiber to form the Τ system 
(Figs. 3, 5 ) . Where these contacts are established the SR shows sacs 
or cisterns reminiscent of the lateral elements of t r iads, and in fact 
we consider them to be homologous structures. Similar cisterns were 
observed in relation to the intercalated discs, where the cell mem-
branes are oriented parallel to the myofibrils (Figs. 4 and 8 ) . We have 
named the cisterns immediately beneath the free plasma membrane 
subsarcolemmal cisterns (SSC). 

P H Y S I O L O G Y A N D B I O C H E M I S T R Y O F M U S C L E C O N T R A C T I O N 

Hill [21, 22] studied the contraction of individual myofibrils 
within a muscle fiber. He examined the hypothesis t ha t this process 
is initiated by an activating substance, which diffuses from the surface 
of the fiber to its interior. His experiments led to the conclusion t h a t 
the time interval between contraction of superficial and of deep myo-
fibrils is insufficient to support such an explanation. Hill concluded 
tha t a process, not a substance, must conduct the signal for contraction 
inward. The experiments by Huxley and Taylor [24] and Huxley 
and Straub [23] demonstrated tha t local depolarization of the plasma 
membrane would only spread into the fiber and cause local contraction 
if the initial local depolarization were a t the level of the tr iad. Because 
the Τ system is the only par t of the t r iad tha t has been shown to 
be in direct continuity with the plasma membrane, it seems likely 
tha t the Τ system provides the pa thway for the conduction of the 
excitation into the fiber. 

3
 Figures 2-11 are grouped at end of chapter beginning on p. 110. 
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There is now good evidence tha t electrical depolarization of the 
sarcolemma causes calcium ions to be released from a compartment 
within the cell during a contraction-relaxation cycle. The calcium 
ions catalyze the interaction of the actin and myosin filaments by 
act ivating the myosin ATPase , and contraction takes place. Calcium 
ions are then removed to a compartment somewhere within the cell, 
myofilament interaction terminates, and relaxation occurs [6, 7, 16, 
4 2 , 4 3 , 4 4 ] . 

How calcium ions are released and subsequently removed is not 
fully understood, but the membranes of the triadic structures and 
the longitudinally oriented sarcoplasmic reticulum seem to be impli-
cated in these processes. This point of view is based upon biochemical 
studies on muscle homogenates. In several laboratories a so-called 
sarcotubular fraction has been obtained by differential centrifugation 
of muscle homogenates. The fraction is considered to consist of 
broken-up sarcoplasmic reticulum and Τ systems. This sarcotubular 
fraction has been shown to possess three specific activities [6, 7, 18, 
19, 43] : (1) A strong calcium binding effect; calcium may be concen-
t ra ted more than one thousand t imes; (2) a relaxing effect on con-
tracted myofibrils, originally described by Marsh [27] ; and (3) 
adenosinetriphosphatase activity. The ATPase is thought to 
correspond to the ATPase found by Kielley and Meyerhof [26] in 
the "granular fraction" of skeletal muscle homogenates. I t is st imu-
lated by magnesium ions and is different from myosin and mitochon-
drial ATPase [28, 29] ; it is a relatively resistant enzyme [20]. 

According to Hasselbach the relaxing effect of the granules and 
vesicles of the sarcotubular fraction on contracted myofibrils is ex-
plained by their calcium-binding activity. The three activities have 
been combined in a hypothesis which postulates an ATP-dr iven cal-
cium pump localized to the membranes of the sarcotubular fraction 
[7, 18, 19, 20 ] . 

As this theory is based upon biochemical studies on muscle 
homogenates, very little can be said about the intracellular localiza-
tion of the postulated calcium pump. Is the pump localized to the 
membranes of the Τ system, or to the membranes of the SR, or per-
haps to some specialized par ts of these systems, or are there mem-
branes from other cell components in the fraction? 

There is good evidence t h a t calcium plays the same role in the 
regulation of contraction and relaxation in heart muscle as it does 
in skeletal muscle [10, 11] and tha t the membranes of the sarcotubu-
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lar fraction obtained from heart muscle can accumulate calcium. At 
present it is not clear whether a recently described calcium pump 
found in cardiac mitochondria also influences the calcium concentra-
tion in the sarcoplasm [3 ] . 

Because the Τ system appeared to be the t ransmit ter of excitation 
into the fiber, this tubule has been considered to be the compartment 
within the cell into which calcium ions were accumulated and from 
which they were released. The volume of the Τ system, however, 
is less than 0.5% of the volume of the fiber, and appears to be too 
small a compartment for storing the calcium [25] . 

Hasselbach [20] t reated frog skeletal muscle briefly with glycerol 
to destroy the surface membrane, and then incubated the muscle in 
a solution containing A T P , magnesium, oxalate, and calcium ions. 
An electron-opaque material probably consisting of calcium oxalate 
accumulated in the tr iads, mainly in the lateral elements. Constant in 
et al. [4] obtained similar results in experiments with frog skeletal 
muscle fibers from which the sarcolemma had been dissected away. 
The fibers were first exposed to a calcium solution and then t reated 
with oxalate. Electron microscopy revealed dense deposits, probably 
precipitations of calcium oxalate, in the terminal sacs of the SR. 
When the oxalate t rea tment was omitted no deposits were found. 
These studies indicate tha t the terminal sacs are differentiated par t s 
of the SR, with a capacity for accumulating calcium, and are thus 
presumably the specific region for the site of the calcium pump. 

Another approach to the problem of the intracellular localization 
of the calcium pump would be to demonstrate the fine structural 
localization of the ATPase energizing this pump. 

A L D E H Y D E - R E S I S T A N T A T P A S E I N S A R C O P L A S M I C R E T I C U L U M 

As mentioned previously, the sarcotubular fraction obtained by 
differential centrifugation of muscle homogenates possesses ATPase 
activity. Our studies on striated muscle were designed to localize this 
enzymatic activity in the sarcoplasmic reticulum more precisely by 
histochemical means. 

Our experiments were done on rats and mostly on cardiac muscle. 
The hear t was fixed in situ by short-t ime perfusion of the coronary 
arteries with glutaraldehyde. In the studies on skeletal muscle the 
whole animal was fixed by perfusion with glutaraldehyde or hydroxy-
adipaldehyde [37] via the ascending aorta, whereafter samples of 
intercostal or psoas muscle were removed. Frozen sections from the 
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fixed heart and skeletal muscle were then incubated for 15-45 minutes 
a t room temperature and p H 7.2, in a Wachstein-Meisel- type medium 
[41] containing A T P , A D P , A M P , or T P P (Sigma) as substrate, 
and lead ions as capture reagent. After incubation the tissues were 
postfixed in osmium tetroxide and embedded in Epon. Thin sections 
were examined in a Siemens Elmiskop I, either unstained or stained 
with lead citrate [35]. 

A more detailed description of the technique used has been pre-
sented elsewhere [36] . 

Figure 2 shows an electron micrograph of hear t muscle incubated 
with A T P as substrate. Electron-dense deposits of reaction product 
are seen in the lateral sacs of the triadic structures. The Τ system 
is entirely free of reaction product. Figures 3 and 6 demonstrate t ha t 
the subsarcolemmal cisterns were also reactive when A T P was used 
as substrate, both at the free surface of the fiber (Fig. 3) and at 
the intercalated discs (Fig. 4 ) . This supports the assumption tha t the 
subsarcolemmal cisterns are homologous with the terminal cisterns. 

The ATPase in the terminal sacs and the subsarcolemmal cisterns 
was relatively resistant to aldehyde fixation. Judged by the amount 
of reaction product, more enzymatic activity was retained when the 
heart muscle was fixed by perfusion for a shorter period of time, 
with lower concentrations of the fixative. The reaction product, how-
ever, was limited to the same fine structural elements. Myosin and 
mitochondrial ATPase could not be demonstrated in the glutaralde-
hyde-fixed material . I t has been shown by others [40] tha t these 
ATPases are very sensitive to fixatives. This is in agreement with 
the biochemical observation [20] tha t sarcotubular ATPase (so-called 
basic ATPase) is more résistent to inhibitors than myosin ATPase . 
When aldehyde-fixed skeletal muscle was incubated for demonstration 
of ATPase activity, the reaction product was also found in the lateral 
elements of t r iads. Figure 11 is a longitudinal section of ra t psoas 
muscle, fixed by perfusion with hydroxyadipaldehyde. The preserva-
tion of fine structure is far inferior to tha t obtainable with glutaralde-
hyde (Fig. 10). The myofibrils appear contracted, but it is evident 
tha t reaction product is present in the lateral elements of the tr iads, 
which in this muscle are found at the A-I junction. For comparison 
a section of unincubated psoas muscle is shown in Figure 10. 

With A D P as substrate, deposits of reaction product were observed 
in the same structural elements as with A T P but in far lesser amount. 
When sections were incubated in AMP-conta ining media no final 
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product was observed in lateral elements of t r iads or in the subsar-
colemmal cisterns. However, deposits of final product were consis-
tently observed in the intermediate elements of t r iads (Fig. 7) and 
in the interspace between the plasma membranes of the intercalated 
discs (Fig. 8 ) . The " t ight" junctions at the intercalated discs showed 
no enzymatic act ivi ty. 

With T P P as substrate no reaction product was found in any 
structures in heart muscle. Likewise, control sections incubated in 
lead-containing media but without substrate showed no lead adsorp-
tion to cellular structures (Fig. 9 ) . 

C O N C L U D I N G R E M A R K S 

In all our experiments the incubation media were filtered just 
before use and no spontaneous precipitation occurred. Therefore, the 
deposits of lead phosphate inside the terminal sacs and subsarcolem-
mal cisterns must be the result of the activity of an enzyme capable 
of splitting A T P . The w

r
eak reaction observed with A D P as substrate 

may be due to impurities of A T P . The sarcotubular ATPase demon-
strated by light microscopy [8, 33] in unfixed human skeletal muscle 
fibers probably corresponds to the sarcotubular phosphatase found 
in our experiments. Certainly the similarity of the distribution of 
ATPase , in a fine reticular pa t te rn a t the level of the triadic struc-
tures, is suggestive. Furthermore, the very reactive regions adjacent 
to the sarcolemma at the level of the tr iads [8] may correspond 
to the reactive subsarcolemmal cisterns we have observed. Consistent 
with our results, Engel [8] also observed a slight reaction with A D P 
as substrate. 

Until recently only a few electron microscopic studies of phospha-
tase activity in muscle have been published. Sommer and Spach [39] 
studied nucleoside phosphatases in cardiac and skeletal muscle of 
the dog, and found tha t the reaction product appeared to be localized 
in the space between the terminal sacs and the tubule of the Τ system. 
Similar localization of final product was not noted in our preparat ions 
of ra t myocardium. We always found ATPase act ivi ty within the 
terminal sacs, and this is consistent with a very recent report of 
Essner, Novikoff, and Quintana [9 ] . The experiments by these authors 
were also carried out on ra t myocardium and their results with A T P 
were essentially similar to those described in the present report. 

Under the experimental conditions employed, our cytochemical 
studies suggest the following conclusions: (a) The sarcoplasmic retic-
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FIG. 2. Frozen section of rat myocardium fixed by perfusion with glutaralde-
hyde and incubated for 45 minutes in a medium containing ATP, lead ions, 
and magnesium ions. Electron-dense deposits of reaction product are seen in 
the lateral sacs (LS) of sarcoplasmic reticulum of dyads and triads located 
at the level of the Ζ bands (Z). The Τ system (TS) and longitudinally oriented 
sarcoplasmic reticulum (SR) are nonreactive. A, A band. SSC, subsarcolemmal 
cistern. Magnification: X 26,000. The insert shows a higher magnification of 
a triad from the same experiment. Only the lateral sacs (arrows) show ATPase 
activity, M, mitochondria. Magnification: X 52,000. 



FIG. 3 . Rat myocardium incubated for 4 5 minutes with A T P as substrate. 
The micrograph demonstrates continuity between the lumen of the Τ system 
(TS) and the extracellular space (ES). Four subsarcolemmal cisterns (SSC) 
show ATPase activity. Reaction product is also seen in lateral sacs (LS) of 
dyads and trials. Ζ, Ζ bands. Magnification : X 33 ,000 . 

FIG. 4. Myocardial tissue incubated for the demonstration of ATPase ac-
tivity. The micrograph shows an intercalated disc (a,b,c,d). Where the plasma 
membranes of the cells are oriented parallel to the myofibrils, and form longitudi-
nal connecting surfaces (b,c), reactive subsarcolemmal cisterns (SSC) are found 
in intimate contact with the plasma membranes. No activity is seen in the 
narrow interspace between the adjacent cells (compare with Fig. 8 ) . T, reactive 
triad. Magnification: X 33 ,000 . (From [ 3 6 ] courtesy of J. Ultrastruct. Res.) 



FIG. 5. Unincubated rat myocardium fixed by perfusion with glutaraldehyde 
and postfixed in osmium tetroxide. The micrograph shows a subsarcolemmal 
cistern (SSC) located immediately beneath the sarcolemma (S). The subsar-
colemmal cistern exhibits direct continuity (arrows) with the longitudinally 
oriented sarcoplasmic reticulum (SR). Ζ, Ζ band. ES, extracellular space. N , 
nucleus of an endothelial cell. Magnification : X 70,000. 

FIG. 6. Tissue incubated as described in legend to Fig. 2. The extracellular 
space (ES) between two muscle fibers is seen. Four subsarcolemmal cisterns 
(SSC) located immediately beneath the plasma membrane show ATPase activity. 
Note reactive lateral sacs (LS), Ζ and A bands. Magnification: χ 52,000. 
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FIG. 7. Myocardium incubated 45 minutes in a medium containing AMP, 
lead ions and magnesium ions. Reaction product is seen in the lumen of the 
Τ system (TS) of triads but not in the lateral sacs. The extracellular space 
(ES) and a few vesicles (V) in the peripheral sarcoplasm show reaction product. 
N, nucleus of endothelial cell. Ζ, Ζ band. A, A band. Magnification: χ 43,500. 
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FIG. 8. Myocardium incubated with AMP as described for Fig. 7. The micro-
graph shows an intercalated disc ( ID) . Reaction product is seen in the extracellu-
lar space (ES) and in the narrow interspace (IS) between the cell membranes 
of the adjacent cells, but not at the "tight" junction (TJ ) . Note nonreactive 
subsarcolemmal cistern (SSC). A and Ζ bands are marked. Magnification: 
X 43,500. 



FIG. 9. Control section of myocardium incubated for 45 minutes in a medium 
containing lead and magnesium ions, but no substrate. No lead deposits are 
seen in triads (T) , myofibrils, or mitochondria. Magnification: X 33,000. 
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FIG. 10. Nonincubated skeletal muscle from rat, fixed in glutaraldehyde, 
postfixed in osmium tetroxide, and stained with lead citrate. Typical triads 
(arrows) can be seen at the level of the A-I junction. Ζ, Ζ band. A, A band. 
Magnification: X 43,500. 

FIG. 11. Frozen section of skeletal muscle from rat, fixed by perfusion with 
hydroxyadipaldehyde and incubated in a medium containing ATP, lead ions, 
and magnesium ions. Reaction product is seen in the lateral elements of triadic 
structures (arrows). The preservation of the intracellular membranes is inade-
quate with this fixative. For interpretation compare with Fig. 10. Ζ, Ζ band. 
A, A band. Magnification: X 52,000. 
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ulum is not a uniform system, inasmuch as some par ts of the SR, 
i.e., the terminal sacs and the subsarcolemmal cisterns, differ enzy-
matically from the rest of the SR. (6) I t is possible to discriminate 
between the different components of t r iads and dyads ; ATPase is 
found in the terminal sacs and an enzyme splitting A M P in the Τ 
system, (c) The flat cisterns (SSC), located immediately beneath 
the sarcolemma at the Z-line level, appear to be enzymatically and 
morphologically homologous to the lateral sacs of the t r iads. 

Our experiments also demonstrate tha t the sarcotubular fraction 
may be far less homogeneous than is usually thought to be the case, 
and tha t the activities a t t r ibuted to this fraction may be restricted 
to the terminal sacs and SSC's. 

We are well aware of the fact t h a t we have not proved tha t the 
ATPase demonstrated cytochemically in our experiments is identical 
with the ATPase of the sarcotubular fraction related to the calcium 
pump. To settle this problem more experimental work using enzyme 
inhibitors and activators has to be done, but unfortunately quant i ta -
tive cytochemical studies at the electron microscopic level are difficult 
to perform and interpret. Most inhibitors used cause only a par t ia l 
inhibition of enzymatic activity and this is difficult to recognize in 
the electron microscope. There is much uncer ta inty regarding the na-
ture of the ATPase studied. Nevertheless, the int imate relationship 
of the reactive structures to the free surface of the cell, to the Τ 
system, and to the intercalated disc signify t h a t they function in 
the coupling of excitation and contraction, and, furthermore, t ha t 
the ATPase-react ive lateral sacs and the subsarcolemmal cisterns are 
the sites where the calcium pump is localized. 
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