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A B S T R A C T  

Localizations of aldehyde-resistant nucleoside phosphatase activities in frozen sections of 
rat cardiac muscle have been studied by electron microscopy. Activities are higher after fixa- 
tion with formaldehyde than with glutaraldehyde. After incubation with adenosine tri- 
phosphate or inosine diphosphate at pH 7.2, reaction product is found in the "terminal 
cisternae" or "transverse sacs" of the sarcoplasmic reticulum, which, together with the 
"intermediary vesicles" (T system), constitute the "dyads" or "triads." Reaction product 
is also present at the membranes of micropinocytotic vacuoles which apparently form from 
the plasma membrane of capillary endothelial cells and from the sarcolemma. In certain 
regions of the intercalated discs, reaction product is found within the narrow spaces be- 
tween sarcolemmas of adjacent ceils and within micropinocytotic vacuoles that seem to form 
from the sarcolemma. With inosine diphosphate, reaction product is also found in other 
parts of the sarcoplasmic reticulum. After incubation with cytidine monophosphate at pH 5, 
reaction product is present in the transverse sacs of sarcoplasmic reticulum, in micropino- 
cytotic vacuoles in capillary endothelium, and in lysosomes of muscle fibers and capillaries. 
The possible significance of the sarcoplasmic reticulum phosphatases is discussed in relation 
to the role the reticulum probably plays in moving calcium ions and thereby controlling 
contraction and relaxation of the muscle fiber. 

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

In attempts to identify the sites in striated muscle 
at which excitation is coupled to contraction, 
attention has focuscd on the "triads" and "dyads." 
As described by Porter and Palade (39), these 
generally consist of a central "intermediary 
vcsiclc" and adjacent "terminal cistcrnae," the 
"transverse sacs" of endoplasmic reticulum. In the 
dyad a single transverse sac encloses the inter- 
mediary vcsicle; in the triad the sacs lie on either 
sidc of the vcsiclc. The transversc sacs are con- 
tinuous with the remaining channels of sarco- 
plasmic reticulum that course throughout the 
sarcomcre, but no continuities with the "inter- 
mediary vesicle" (T system) have been rcportcd. 

The unique structure of the triads and dyads, 
their distribution in register with specific cross- 
striations (Z bands or I-A junctions, depending 
upon the muscle), and their higher degree of 
development in faster acting skeletal muscles (9, 
10) have suggested that they serve as pathways for 
conducting impulses toward the myofibrils. This 
view is supported by physiological studies of A. F. 
Huxley and co-workers (20, 21). Myofibril con- 
tractions, to a depth of 10/~, occur when areas 
coinciding with the positions of the triads are 
depolarized by electric stimulation. In lizard 
muscle the triads are located at the junction of the 
A and I bands (40), whereas in amphibian muscle 

201 



they are found at the Z bands (39). "Thus,  in both 
frog and lizard muscle, the region which contracts 
as a single unit is centered on a triad although the 
location of the triads is very different in these two 
animals" (20). 

The  middle component,  or T system, has re- 
ceived increasing attention and it now appears as 
the likely site where the coupling of excitation 
and contraction is initiated. Andersson-Cedergren 
(1), studying serial sections, showed that images 
of the intermediate vesicles in skeletal muscle are, 
in fact, sections through a convoluted transverse 
tubule that extends for a considerable distance 
through the muscle fiber and is in contiguity with 
the sarcolemma. I t  was proposed that the T system 
was the component involved in transverse impulse 
conduction. Actual continuity between T system 
and sarcolemma was first shown in cardiac muscle 
(32, 42) and subsequently in skeletal muscle (11, 
12, 44, 45). There  is thus a direct continuity 
between extracellular space and T system. 
Girardier et al. (13) have recently shown that, in 
the crayfish, current can flow between the interior 
of the muscle fiber and the periphery through the 
T system and that the T system membrane,  adja- 
cent to the sarcoplasmic reticulum, is largely or ex- 
clusively anion-permselective. They consider the 
membrane to contain a chloride battery and to be 
capable of accumulating locally cations, such as 
calcium, which could initiate excitation-contrac- 
tion coupling. 

Beginning with the studies of KieIiey and 
Meyerhof on the magnesium-stimulated ATPasO 
(23) and those of Marsh on the relaxing factor 
(26), an extensive literature has led to the views 
that the microsomal fraction of skeletal muscle 
contains fragmented sarcoplasmic reticulum (5, 
22, 30, 3I), that the reticulum in vivo contains a 
pump mechanism moving calcium ions to and 
from the contractile elements, and that energy for 
the pump is derived from ATP dephosphorylation 
catalyzed by enzymes of the reticulum (5, 17, 27, 
28, 31, 49). Unti l  recently it has not been possible 
unequivocally to demonstrate such mechanisms 

1 Abbreviations : ADP, adenosine 5'-diphosphate; 
AMP, adenosine 5'-monophosphate, 5'-adenylic acid; 
ATP, adenosine 5'-triphosphate; ATPase, adenosine 
5'-triphosphatase; CMP, cytosine 5%monophosphate, 
5'-eytidylie acid; CMPase, 5'-cytidylic acid phos- 
phatase; IDP, inosine 5'-diphosphate; IDPase, 
inosine 5'-diphosphatase; PCMB, parachloromercuri- 
benzoate; TPP, thiamine pyrophosphate. 

in cardiac muscle, but it is now evident that the 
sarcoplasmic reticulum plays essentially similar 
roles in it and in skeletal muscle (3, 8, 50). 

The  heterogeneity of the microsomal fractions 
thus far employed precludes discrimination be- 
tween any localizations that might be restricted 
to the transverse sacs and those in other regions of 
sarcoplasmic reticulum. Such resolution is now 
being achieved by electron microscope examina- 
tion of tissue sections. The  transverse sacs have 
been shown to accumulate calcium oxalate (16) 
and to possess ATPase and other phosphatase 
activities (7, 46, 47). The  situation regarding the 
remainder of the sarcoplasmic reticulum is less 
clear. 

M A T E R I A L S  A N D  M E T H O D S  

Thin slices of ventricle, from 250- to 275-gm Sprague- 
Dawley rats, were fixed in one of five ways: (a) im- 
mersion in cold 4 per cent formaldehyde with 1 per 
cent calcium chloride (2)overnight; (b) immersion in 
cold formaldehyde-calcium for 2 hours following 15 
minutes of intraventricular perfusion with cold fixa- 
tive; (c) immersion in cold 5 per cent glutaraldehyde 
with 0.1 M cacodylatc buffer, pH 7.2 (41), for 30 
minutes following 15 minutes of intraventricular 
perfusion; (d) immersion in osmium tetroxide- 
Veronal-acetate-sucrose (4) for 60 to 90 minutes; 
and (e) immersion in osmium tetroxide-Veronal- 
acetate--sucrose for 60 minutes following fixation as 
in (c) and washing overnight in cacodylate buffer. 

Tissues fixed by procedure d or e were used for 
electron microscopy but not for demonstrating sites of 
phosphatase activities. For the latter, frozen sections 
ot tissue fixed by procedure a, b, or c were prepared. 

The formaldehyde-fixed tissues (a, b, above) were 
rinsed briefly in cold 7.5 per cent sucrose before sec- 
tioning. The glutaraldehyde-fixed tissue (c, above) 
was washed overnight in several changes of cacodylate 
buffer and rinsed briefly in sucrose. Frozen sections, 
40 # thick, were prepared on a Sarmrius freezing 
microtome. Free-floating sections were incubated for 
15, 30, and 60 minutes at 37°C in the following lead- 
containing media, with 5 per cent sucrose added: the 
magnesium-ATP medium of Wachstein and Meisel 
(48) at pH 7.2; the manganese-IDP medium of 
Novikoff and Goldfischer (36) at pH 7.2; the/3-glyc- 
erophosphate medium of Gomori (15) at pH 5.0, 
or with CMP substituted for ~-glycerophosphate 
(Novikoff, unpublished). The effects of removing 
Mg ++ or Mn ++ or of adding Ca ++ were not studied. 

Three types of control were used: (a) incubation 
of sections in substrate-free media in the presence of 
Mg ++ at pH 7.2 and without added bivalent cations 
at pH 5; (b) immersion of sections in a solution of 
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purified intestinal alkaline phosphatase 2 at 0°C for 
15 minutes, and incubation, after brief rinses in 
several changes of sucrose, in the/~-glycerophosphate 
medium at pH 7.2 for 30 and 60 minutes; and (c) 
incubation of sections for 15 minutes in /3-glycero- 
phosphate medium at pH 7.2, to which a much di- 
luted solution of purified alkaline phosphatase was 
added dropwise, to produce a barely perceptible 
cloud of lead phosphate (33). 

For electron microscope examination, the incu- 
bated sections were neither rinsed in dilute acid nor 
treated with ammonium sulfide (14). After incubation 
they were rinsed in 5 per cent sucrose, postfixed for 
30 minutes in osmium tetroxide~sucrose (4), de- 
hydrated in ethanol, cut into smaller pieces with a 
razor blade, and embedded in Epon 812 (24). Thin 
sections were prepared on a Porter-Blum microtome 
and studied in the Siemens Elmiskop I or RCA 
E M U  3B microscope. 

R E S U L T S  

Unincubated Tissue 

In  rat cardiac muscle, as described by Porter 
and Palade (39), dyads are more common than 
triads and each consists of an "intermediary 
vesicle" (T system) surrounded by a "U shaped 
element directed toward the Z line." Dyads and 
triads are continuous with a "complex network of 
interconnected tubules and vesicles" forming 
strands that appear randomly oriented "except 
opposite the I band where they tend to be longi- 
tudinal relative to the fibril." 

Incubated Controls 

Controls incubated in the absence of substrate 
and those exposed to slowly forming phosphate 
ions are particularly important  with structures 
like sarcoplasmic reticulum where metallic ions 
may well be present and capable of attracting 
enzymically liberated phosphate. Controls with- 
out substrate are completely negative. Those ex- 
posed to phosphate are also negative, except for a 
light precipitate on a very few triads located close 
to capillaries. At pH 7.2, capillary endothelium 
hydrolyzes /3-glycerophosphate in the medium, 
and some of the resulting lead phosphate appar- 
ently diffuses to nearby structures. We preferred 
this minor complication to inactivation of the 

2 The alkaline phosphatase, purchased from Sigma 
Chemical Co., was dissolved in water at a concentra- 
tion of 1 mg/ml, and 0.4 ml was added to 2 ml of 7.5 
per cent sucrose. 

section, since the inactivating agent, e.g. heat (33), 
could change the phosphate-adsorbing capacity 
of cell structures. The significant finding in the 
controls is the absence of lead phosphate from the 
vast majority of dyads and triads. In addition, it 
appears that the minor diffusion occurring in 
controls may not occur when sections are incu- 
bated in the usual fashion. When glutaraldehyde- 
fixed sections are incubated with C M P  at pH 5.0 
(see below), endothelial cell micropinocytotic 
vacuoles show much reaction product, yet adja- 
cent dyads or triads are without any reaction 
product (Figs. 13 and 14). 

Sections exposed to alkaline phosphatase solu- 
tion before incubation are consistently negative. 

Incubation with A T P  or I D P  at pH  7.2 

Formaldehyde-fixed sections are more active 
than glutaraldehyde-fixed ones, those briefly fixed 
(procedure b, in Materials and Methods) showing 
more activity than those fixed overnight (proce- 
dure a). Fine structure preservation is considerably 
better after glutaraldehyde than formaldehyde 
fixation. This is most evident in the mitochondria, 
but applies to a lesser extent to I bands and dyad 
or triad structures (Figs. 1 and 2). 

With ATPase as substrate, much reaction 
product is present in all transverse sacs but none 
is present in any elements of the T system (Figs. 1 
to 5). Infrequently, a small region of transverse 
sac is without reaction product (Fig. 5). Almost 
always, reaction product is within the cavities as 
well as upon the limiting membranes of the trans- 
verse sacs; occasionally the product is concentrated 
along the membrane (Fig. 5). I t  is often not pos- 

sible, in the incubated material, to identify the 

sarcoplasmic reticulum elements away from the 

dyads and triads. When other regions are seen, 

they show no significant accumulation of reaction 

product. 

The  accumulations within the transverse sacs 

with IDP  as substrate are similar to those with 

ATP.  In contrast to ATP,  with IDP  as substrate 

reaction product is also present in elements of 

sarcoplasmic reticulum (Fig. 10). 

With both substrates, reaction product is also 

found in pinocytotic vacuoles near the sarcolemma 

(Fig. 12) and in the endothelial cells, where it is 

localized mainly at the vacuole membranes 

(Fig. 1 I). Particularly with ATP,  low levels of 

reaction product are present in certain regions 
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of the intercalated discs, in small foci within the 
narrow spaces separating adjacent cells (Fig. 12). 

Because of their higher contrast, only lead- 
stained sections are included in the illustrations. 
I t  should therefore be noted that the contrast of 
lead phosphate, the reaction product, is essen- 
tially unaltered by such lead staining. 

Incubation with CMP at pH 5.0 

Much reaction product is found in the trans- 
verse sacs of dyads and triads after incubation of 
formaldehyde-fixed sections with CMP at pH 
5.0. In  contrast, after glutaraldehyde fixation 
there is no reaction product accumulation, up to 
60 minutes of incubation. With either fixative, no 
reaction product is seen in the rest of the sarco- 
plasmic reticulum or in the T system (Figs. 
8 and 9). 

After either formaldehyde or glutaraldehyde 
fixation, reaction product is found in the lyso- 
somes of both endothelial cells and muscle fibers 
(Fig. 14) and in the pinocytotic vacuoles of capil- 
lary endothelial cells (Figs. 13 and 14). There may 
be much product in the pinocytotic vacuoles, yet 
nearby dyads or triads show none. 

D I S C U S S I O N  

The observations recorded above clearly demon- 
strate an enzymatic difference between the two 
components of dyads or triads in cardiac muscle: 
in aldehyde-fixed tissue, ATPase and other phos- 
phatase activities are not demonstrable in the T 
system but  are readily shown in the transverse 
sacs, the sarcoplasmic reticulum component. 
Similar findings have been reported by Sommer 
and Spach (46, 47). 

The phosphatase activities in the rest of the 

sarcoplasmic reticulum are less clear. With ATP 
we find no reaction product other than that in 
the transverse sacs. On the other hand, Sommer 
and Spach (47) show one figure, at fairly high 
magnification, with reaction product in reticulum 
elements removed from these sacs. Because glu- 
taraldehyde fixation was used without perfusion, 
there is a possibility that the area shown is from a 
relatively unfixed region into which the glutaralde- 
hyde had not fully penetrated (14). The phospha- 
tases elsewhere in the reticulum may be more 
sensitive to fixatives. 

I t  is recognized that interpretation of negative 
findings in sections, particularly with fixed mate- 
rial, is difficult. Fixative may inhibit  an enzyme 
activity, particularly if present at a low level; lead 
ions or other components of the medium may also 
be inhibitory. The incubation periods used in the 
current studies are relatively long, up to 60 min-  
utes. Nevertheless, the possibility cannot be ex- 
cluded that still longer periods might have revealed 
activity elsewhere. 

I t  is, therefore, necessary to qualify the sugges- 
tion, from these staining observations, that an 
enzymic heterogeneity exists in the sarcoplasmic 
reticulum. Reported observations with unfixed 
tissue are limited to light microscopy and are not 
consistent. Padykula and Gauthier (38) find a 
magnesium-activated ATPase activity in the 
reticulum of rat diaphragm muscle. In  contrast, 
in human  skeletal muscle Engel (6) finds activity 
only in those areas of reticulum included in the 
triads. 

Incubat ion with CMP at pH 5.0 gives results 
similar to those with ATP at pH 7.2. But in sec- 
tions incubated with IDP at pH 7.2, reaction 
product is found in areas of sarcoplasmic reticu- 

I~GURE 1 Glutaraldehyde-perfused frozen section incubated for 60 minutes with ATP 
at pH 7.2. This low-magnification, longitudinal section shows typical deposits of reaction 
product in the transverse channels of sarcoplasmic reticulum (long, unmarked arrows) of 
dyads and triads. The intermediary vesicles (IV) are negative. Short arrows indicate 
sarcoplasmic reticulum without accumulated reaction products. Reaction product is also 
present in a portion of capillary endothelium (EN) in the lower part of the micrograph. A 
slight degree of random precipitate is found throughout the section. Note Z, A, and I bands, 
and mitochondria (M). Unstained. X 15,000. 

FIGURE ~ Formaldehyde-perfused frozen section incubated for 15 minutes with ATP at 
pH 7.2. This longitudinal section, like that shown in Fig. 1, shows reaction product only in 
the transverse sacs (unmarked arrows) of dyads and triads. As in Fig. 1, the intermediary 
vesicles (IV) and mitochondria (M) are negative. The random precipitate distributed 
throughout the section is more evident than in Fig. 1. Z, Z bands. Unstained. )< ~0,000. 
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lum away from dyads or triads as well as in the 
transverse sacs. No at tempt was made to deter- 
mine whether this is due to another enzyme, the 
nucleoside diphosphatase, found in many, but 
not all, cell types studied in our laboratory 
(35, 37). 

Another uncertainty stems from the often in- 
adequate preservation, in the incubated sections, 
of the sarcoplasmic reticulum elements away from 
dyads or triads. 

The  somewhat equivocal nature of the findings 
regarding the rest of the sarcoplasmic reticulum is 
unfortunate in light of a developing interest in 
localized biochemical differences along the 
reticulum. A. F. Huxley, in a recent review (19), 
discusses the "unexpected degree of heterogeneity 
of the reticulum." He summarizes the work of Hill 
(18) that suggests the concentration of A T P  and 
creatine phosphate in restricted areas of the 
reticulum. We have already noted that Hasselbach 
(16) finds calcium oxalate concentrated in the 
transverse sacs and not elsewhere in the reticulum. 

Uncertainty regarding the rest of the sarco- 
plasmic reticulum does not detract from the un- 
equivocal demonstration of A T P  dephosphoryla- 
tion in the transverse sacs. These elements, lying 
adjacent to the T system where electrical and 
chemical excitatory events may be expected (13), 
are likely to be involved in coupling contraction 
with excitation. Before discussing their possible 
roles in such coupling, we should consider the 
nature of their phosphatase activities. Our experi- 
ments, with only three substrates and two pH's,  
are insufficient for delineating the number of 

phosphatases involved. Sommer and Spach (47) 
show reaction product in the transverse sacs after 
incubation with ADP at pH  7.2. They state that 
similar accumulations are seen with all substrates 
tested : ATP,  ADP, IDP, AMP,  TPP,  and ~-glycero- 
phosphate. They find the ATP-dephosphorylating 
activities insensitive to PCMB and other inhibitors 
of SH-dependent  ATPases. Both the wide sub- 
strate range and the insensitivity to SH inhibitors 
would appear to suggest that the ATP-dephos- 
phorylating activities visualized in these sections 
are not due to an ATPase like that thought to be 
involved in monovalent  ion transport (43). 

Several relevant facts should be noted: (a) Fixa- 
tion may well alter the sensitivities of ATP-dephos- 
phorylating enzymes to activators and inhibitors 
(34). (b) The  calcium pump mechanism has not 
yet been shown to be sensitive to SH inhibitors; 
the work of Maruyama (29) indicates that the 
microsomal enzyme of insect muscle is relatively 
insensitive to such inhibitors. (c) Except for ADP, 
the dephosphorylating capacities of isolated 
microsomes seem not to have been tested with 
nucleoside diphosphates or monophosphates (all 
nucleoside triphosphates are hydrolyzed, references 
16, 27). (d) There is evidence from unpublished 
work referred to by Martonosi and Feretos (28) 
that at least two ATP-dephosphorylating enzymes 
are present in skeletal muscle microsomes, only 
one of which is related to the calcium pump. 

Their  ability to dephosphorylate ATP, as well 
as their position adjacent to the T system, suggest 
that the transverse sacs have a role in an early 
event in the coupling of contraction with excita- 

l~Gs. 8 to 5, glutaraldehyde-perfused frozen sections incubated for 60 minutes with 
ATP at pH 7.e. 

FIGURE 3 A dyad is seen at the left and probably a dyad (possibly a triad) at the 
right. Only their outer components, the transverse sacs (unmarked arrows), show reaction 
product. The inner components or intermediary vesicles (IV) are negative. M, mito- 
chondria. Lead staining. X 69,000. 

FmUaE 4 Reaction product (arrows) is restricted to the sarcoplasmic reticulum portion 
of the dyad; none is present in the intermediary vesicles (IV). The Z and I bands and 
mitochondria (M) show scattered random precipitate. Unstained. >( 4%000. 

FmuR~. 5 Reaction product (arrows) is restricted to the sarcoplasmic reticulum portion 
of the dyads; none is present in the intermediary vesicles (IV). Arrows point to region 
where precipitate is on the membrane. A short segment without reaction product is seen 
at SR. Mitochondria (M) and a partially extracted lipid droplet (L) are also negative. 
Lead staining. X 51,000. 
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tion. I t  is considered that the energy driving the 
calcium pump is derived from ATP dephosphoryl- 
ation, and that the movement  of calcium ions into 
and out of the sarcoplasmic reticulum may cause 
cyclic variations in the concentration of these ions 
in the milieu surrounding the contractile elements 
such as to determine the contraction or relaxation 
of the muscle fiber (5, 17, 27, 28, 31, 50). As al- 
ready noted, Hasselbach (16) finds calcium accum- 
ulating in the same elements in which the dephos. 
phorylating activities are concentrated, the 
transverse sacs. 

Phosphatases involved in ion pumping are 
generally considered integral parts of membrane 
structures. I t  is, however, only on rare occasions 
that  we do not find reaction product in the cavities 
as well as on the delimiting membranes of the 
transverse sacs. However,  as discussed elsewhere 
(14), too little is known regarding local factors 
that  may serve as possible foci of lead phosphate 
precipitation to permit  evaluation of this finding. 
In  addition, it would have been desirable to em- 
ploy shorter incubation times than those used in 
the current studies (14). Although the cytochem- 
ical evidence cannot be said to establish the 
localization of the phosphatase or phosphatases at 
or near the membrane,  it is consistent with it. 
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Fins. 11 ANn 1~, glutaraldehyde-perfused frozen sections incubated for 60 minutes 
with ATP at pH 7.e. 

FmURE 11 An endothelial cell (EN) of a capillary (C). Arrows indicate a few of the nu- 
merous pinocytotic vacuoles with reaction product at their membranes. Pinocytotic 
vacuoles (P), without significant accumulation of reaction product, are present beneath the 
sarcolemmas of the muscle fibers. Mitochondria in endothelial and in muscle cells are seen 
at M. Lead staining. > 86,000. 

FIGtmE 1~ A region of the intercalated disc. Low levels of reaction product are present 
within the intercellular space bounded by the sarcolemmas of adjacent cells and within 
numerous pinocytotic vacuoles (arrows) continuous with or lying close to the sarcolemma. 
Mitochondria (M) are indicated. Lead staining. >( 45,000. 
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FIGUREs 13 AND 14 Glutaraldehyde-perfused frozen sections incubated for 60 minutes 
with CMP at pH 5.0. Glutaraldehyde inhibits activity in the dyads or triads (T) (see 
Figs. 8 and 9), but, probably because of higher initial levels, activity shows at other sites: 
in membranes of plnocytotic vacuoles in capillary endothelial cells (EN) and in lysosomes 
(LY, l~ig. 14). Z bands (Fig. 13), mitochondria (M), and glycogen (G) are negative. Lead 
staining. X 3~,000. 
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