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The presence of four cation pathways in membrane vesicles isolated from transverse tubules of frog and 
rabbit skeletal muscle was studied by measuring binding of specific blockers. Transverse tubules purified 
from frog muscle have a maximal binding capacity for [3H]nitrendipine (a marker for voltage-dependent 
calcium channels) of 130 pmol/mg of protein; this binding is strongly dependent on temperature and, at 
37°C, on the presence of diltiazem. Receptors for [3Hlethylenediamine tetrodotoxin (a marker for voltage- 
dependent sodium channels) and for 12SI-labeled a-bungarotoxin (a marker for acetylcholine-mediated 
channels) showed maximal binding values of about 5 pmol/mg. The number of sodium-pumping sites in the 
isolated tubule vesicles, inferred from [3H]ouabain binding, was 215 pmol/mg.'The high purity of this 
preparation makes feasible the use of these values as a criterion to judge the degree of purity of isolated 
preparations, and it allows investigation of transverse tubule contamination in other muscle membrane 
fractions. 

Introduction 

Muscle physiology, and in particular the cou- 
pling between excitation and contraction (E-C 
coupling), has been the subject of numerous stud- 
ies in the last 15 years. A major part of this 
research has been concentrated in frog muscle, 
which allows easier access to individual fibers than 
mammalian muscle. 
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** On leave from the Department of Muscle Research, Boston 
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T-tubules, transverse tubules. 

Ion channels and ion transport systems are 
likely to be of crucial importance in the process of 
E-C coupling. In the intact muscle fiber, the trans- 
verse tubule (T-tubule) membrane is not easily 
accessible to direct measurements using electro- 
physiological records. It is not easy either to carry 
out direct determinations of ion fluxes or to de- 
termine binding to T-tubules in intact fibers. In 
order to study these phenomena in isolated mem- 
brane fractions we need to have preparations of 
known origin and purity. Furthermore, to corre- 
late the information obtained using isolated mem- 
brane fractions with physiological parameters, it 
appears desirable to isolate pure preparations from 
frog muscle. 

Several different methods to isolate skeletal 
muscle membranes have been described in the 
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literature [1]; variable proportions of surface mem- 
branes, T-tubule membranes and sarcoplasmic re- 
ticulum membranes are present in these isolated 
membrane fractions. In the last few years, progress 
has been made towards obtaining membrane frac- 
tions of various origins. Thus, methods to isolate 
membrane fractions containing purified sarcop- 
lasmic reticulum [2,3], T-tubule [4-6], or enriched 
in plasma membrane [7-9] or triads [10,11] have 
been reported. 

Studies on isolated T-tubules have established 
that several specific cation pathways are located in 
this particular structure. Among them are voltage- 
dependent sodium channels [12], voltage-depen- 
dent calcium channels [13], a calmodulin-depen- 
dent calcium pump [14] and a sodium pump [15]. 
The presence of acetylcholine channels [16] re- 
mains to be established, since the evidence in the 
literature is rather indirect. 

In the preceding paper [17] we described the 
isolation of a purified T-tubule membrane fraction 
from frog skeletal muscle and we characterized its 
protein and cholesterol contents and various en- 
zyme activities. In this work, we describe and 
quantify the receptors for blockers of several ion 
pathways present in this preparation, and we dis- 
cuss the possible roles that the corresponding 
channels or transport systems might play in the 
intact T-tubule. 

As a marker for the voltage dependent sodium 
channel we used tetrodotoxin derivatives [18], that 
have been shown to have different affinity for 
surface and tubular receptors [9,12]. As markers 
for voltage dependent calcium channels, we used 
the binding of [3H]nitrendipine, a dihydropyridine 
known to block calcium currents [19] that binds 
specifically to T-tubule membranes [13,20]. Sodium 
pump sites and acetylcholine channels were 
quantitatively determined from [3H]ouabain and 
125I-labeled a-bungarotoxin binding studies, re- 
spectively. 

Methods 

Preparation of isolated membranes. T-tubule 
membranes were isolated from rabbit skeletal 
muscle as previously described [21]. T-tubule 
membranes were obtained from frog skeletal 
muscle using a similar procedure, with slight mod- 

ifications as described in detail in the previous 
article [17]. A fraction rich in surface membranes 
was obtained from frog skeletal muscle by a proce- 
dure that includes a prolonged incubation in high 
salt solutions [9]. 

Binding experiments. [3H]Ouabain binding was 
measured by rapid filtration over Millipore filters 
as previously described [15,17]; either an excess of 
unlabeled ouabain or omitting ATP was used to 
measure the non-specific binding. A protein con- 
centration of 0.01 to 0.02 mg per ml was used. 

e~-Bungarotoxin binding. Binding of 125I-labeled 
a-bungarotoxin was measured in a final volume of 
0.5 ml of incubation solution containing 115 mM 
NaC1; 2.5 mM KCi; 1.8 mM CaCI 2 and 2.0 mM 
Tris-HC1 (pH 7.2). 0.02 to 0.03 mg of membrane 
protein per ml were incubated for 30 to 40 min 
with 125I-labeled ~-bungarotoxin (0.2-6 nM with 
or without unlabeled c~-bungarotoxin (2 /~M) to 
measure non specific binding. Saponin (0.2 mg/ml)  
was present in some experiments. The reaction 
medium was cooled down and duplicate 0.2-ml 
fractions were quickly filtered under reduced pres- 
sure through HA (0.45 ~m) Millipore filters, previ- 
ously wetted with washing solution. Filters were 
rinsed twice with 3 ml of a solution containing 120 
mM choline chloride and 20 mM Tris-HC1, pH 7.2 
(washing solution). Radioactivity remaining in the 
filters was measured in a liquid scintillation coun- 
ter. 

[3H]Ethylenediamine tetrodotoxin binding. 
[3H]Ethylenediamine tetrodotoxin derivative II of 
tetrodotoxin was synthesized and purified as de- 
scribed [12,18]. Binding assays were performed by 
fast filtering over glass fibers using the incubation 
conditions described elsewhere [12]. A protein con- 
centration of 0.02 to 0.03 mg per ml was used. 

[ 3H]Nitrendipine binding. [3H]Nitrendipine re- 
ceptors were quantified as described by Fosset et 
al. [13]. Special care was taken to filter and rinse 
the membranes in less than 5 s in the cold. Dihy- 
dropyridine containing solutions were always pro- 
tected from light, and binding experiments were 
carried out in dim light. 

Materials 

[3H]Ouabain and [3H]nitrendipine were ob- 
tained from New England Nuclear, 125I-labeled 
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a-bungarotoxin was obtained from Amersham 
Corp. [3H]Ethylenediamine tetrodotoxin was a 
kind gift from Professor M. Lazdunski and Dr. A. 
Lombet, Nice. All reagents used were of analytical 
grade, 

Results 

Ouabain receptors 
The presence of sodium pump sites in the T- 

tubule membrane was studied by measuring 
ouabain receptor density. A saturable component 
for binding as a function of [3H]ouabain con- 
centration was obtained (Fig. 1), and the non 
specific (linear) component for binding was almost 
negligible at low concentrations of ouabain. The 
Scatchard analysis for the specific binding compo- 
nent (not shown) shows a single family of recep- 
tors, with a high maximal binding capacity (237 
pmol /mg protein) and a K d of 10 nM. Ouabain 
binding in T-tubule membranes isolated from frog 
muscle is higher than that obtained in rabbit muscle 
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Fig. 1. [3H]Ouabain binding to T-tubule membrane siso]ated 
from frog muscle. Binding was measured as described elsewhere 
[17]. The points show total (O) and non-specific binding mea- 
sured in the absence of ATP (i) .  The continuous curve for the 
specific (total minus non-specific) binding was fitted to a K d of 
11 nM and a Bma x of 237 pmol /mg  protein. 
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Fig. 2. a-Bungarotoxin binding to T-tubule membranes from frog muscle. Binding was measured as described under Methods. Left: 
total binding (O) and non-specific binding measured in the presence of an excess of unlabelled a-bungarotoxin (©). Right: 
Eady-Scatchard plot for the specific (total minus non-specific) binding component. The curve was fitted to a K a of 0.13 nM and a 
Bma x of 5 pmo l /mg  protein. 
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membranes (Table I) when both are fully ex- 
pressed in the presence of detergent (0.2 mg/ml 
saponin). It is important to compare binding in 
the presence of detergents, since ATP-dependent 

ouabain binding involves sites present in both 
sides of the membrane and T-tubule vesicles are 
usually more than 80% sealed [17]. 
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Fig. 3. [3H]Ethylenediamine tetrodotoxin binding to T-tubule membrane isolated from frog and rabbit skeletal muscle. Binding to 
membranes  from rabbit muscle (upper panel) and from frog muscle (lower panel) was measured as described [12] both in the presence 
(n) and in the absence (e) of 0.2 m g / m l  saponin. Non-specific binding, measured in the presence of 10 t~M tetrodotoxin (El, O}, was 
subtracted for all points. Curves in the Eady-Scatchard plots (right) were fitted to equations that give values of K a and Bin, X 
described in the text. 
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Fig. 4. [3HINitrendipine binding to T-tubule membranes from 
frog muscle. Total binding was measured as described [13] both 
in the presence (non-specific binding) ( I )  and in the absence 
(e) of 1/~M unlabeled nifedipine. The continuous curve for the 
specific (total minus non-specific) binding component was fitted 
to a K o of 1.1 nM and a Bma x of 154 pmo l /mg  protein. 

a-Bungarotoxin binding 
125I-labeled a-bungarotoxin receptor density 

was measured using either cold bungarotoxin or 
d-tubocurarin to quantify the non-specific binding 
component; both compounds were equally effec- 
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tive in blocking specific binding. A saturable 
(specific) component was easily seen in these mem- 
branes (Fig. 2) although the non-specific binding 
sites were always present in a significant amount 
(10-15% in the K d region). A dissociation con- 
stant in the order of 0.1 nM was found both for 
frog (Fig. 2) and rabbit membranes (Table I), the 
maximal binding capacity being between 4 and 5 
pmol/mg. The unmasking effect of saponin on 
this binding was less effective than that obtained 
when measuring ouabain [17] or ethylenediamine- 
tetrodotoxin binding (Fig. 3). Only 30% stimu- 
lation of a-bungarotoxin binding was observed 
after saponin addition (data not shown); this may 
reflect limited access of the polypeptide toxin to 
the receptor even in the presence of saponin, so 
that the maximal number of binding sites might be 
underestimated. 

Tetrodotoxin receptors. As previously seen [9,12], 
a single family of tetrodotoxin receptors was found 
in T-tubule membranes isolated from rabbit or 
frog muscle (Fig. 3). Binding increased when 
vesicles were treated with saponin, indicating that 
an important fraction of the vesicles have cryptic 
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Fig. 5. Effect of 3 temperature and diltiazem on [ H]nitrendipine binding to T-tubules from frog muscle. Right panel: [3 H]nitrendipine 
binding at 37°C with (O)  or without (e) 10 vM diltiazem. 
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receptors. This observation agrees with the previ- 
ous findings that most vesicles are sealed with the 
inside-out configuration [17]. It is interesting to 
note that saponin caused a slight variation in K d 
for both frog and rabbit membranes; the values in 
this case are 0.19 nM without saponin and 0.35 
nM with saponin for frog membranes, and 0.34 
nM and 0.60 nM without and with saponin for 
rabbit membranes, respectively. The significance 
of such differences remains to be studied. 

[k~H]Nitrendipine receptors. In agreement with 
results previously described [13], T-tubules dis- 
played a large number of dihydropyridines bind- 
ing sites (Fig. 4). Although the K a values were 
identical to those found previously [13], the maxi- 
mal binding capacity was somewhat higher for 
rabbit, and 3-4-times higher for frog membranes, 
with respect to those previously reported [13]. This 
higher density probably reflects the fact that we 
have isolated a more purified preparation. It is 
important to note that nitrendipine binding was 
also measured in the presence of saponin (data not 
shown) and no difference was seen either in K d or 
in B ..... when compared to the binding in the 
absence of detergents. 

An interesting observation regarding dihydro- 
pyridine binding to muscle membranes is the ef- 
fect of temperature and the possible allosteric in- 
teractions of the nitrendipine receptor with the 
calcium channel modulator diltiazem [22]. The 
Scatchard plots shown in Fig. 5 evidence a marked 

effect of temperature on B . . . .  for [-~H]nitrendipine 
binding. At 37°C, B . . . .  is 44 pmol /mg (right 
panel), about one third of the number of receptors 
measured at 10°C (125 pmol/mg,  left panel). 
Whereas the presence of diltiazem has little or no 
effect on binding at 10°C [23], at 37°C it increases 
the maximal binding capacity from 44 to 131 
pmol/mg,  reaching the membranes a B ..... similar 
to that obtained at 10°C (Fig. 5). 

Table I shows a summary of the binding results 
obtained for the different cation pathway blockers 
in isolated T-tubule membranes from frog and 
rabbit muscle. The mean values of Bma X and K d 
for T-tubules isolated from rabbit muscle are com- 
pared with those obtained for two different pre- 
parations isolated from frog muscle: T-tubules and 
a membrane fraction that contains both T-tubule 
and surface membrane markers [9]. The density of 
receptors for the four markers used is roughly 
similar in both T-tubule preparations, with 
[3H]ouabain binding being slightly higher in frog 
membranes. Ouabain receptor density does not 
differ significantly between T-tubules and the 
surface membranes enriched fraction. This finding 
suggests that ouabain receptors are homoge- 
neously distributed between surface and T-tubules, 
whereas nitrendipine receptor density is clearly 
higher in T-tubule membranes, and both tetro- 
dotoxin and a-bungarotoxin receptor density seem 
to be higher in the fraction containing surface 
membranes. 

TABLE I 

BINDING RESULTS FOR CATION PATHWAY BLOCKERS 

Binding of [3H]ouabain, of [3H]ethylenediamine tetrodotoxin and of 125 I-a-bungarotoxin was measured in the presence of saponin, as 
described in the text. 

Rabbit T-tubules Frog 

Bma x K d T-tubules surface a 

(pmol/mg) (nM) Bmax K d B ... .  Kd 

(pmol/mg)  (nM) (pmol/mg) (nM) 

[3H]Ouabain 169 32 215 +38 (4) 10.4 163 9 
[3H]Nitrendipine 173 1.7 124 _+ 18 (4) 1.0 63 1.15 
[ 3 H]Ethylenediamine 

tetrodotoxin 3.5 0.54 4.8_+ 0.6 (4) 0.52 9.0 0.3; 6.0 
12~ l-c~-Bungarotoxin 4.0 0.43 5.0 0.13 15.2 0.39 

~' This preparation, referred to as F o in the text, was isolated by high salt extraction [9] and, although enriched in surface membranes, 
is not homogeneous. 



Discussion 

The T-tubule membranes isolated from frog 
skeletal muscle described in this and in the preced- 
ing paper [17], can be quantified in terms of 
several markers. Given the purity of the prepara- 
tion, estimates for the density of ion pathways in 
the T-tubule system can be obtained, and they can 
be compared to values described in the literature 
for other preparations. 

Dihydropyridine receptors 
Independent studies have suggested that dihy- 

dropyridine receptors are located preferentially, if 
not solely, in the T-tubules [13,20]. Thus, 
nitrendipine binding seems to be a suitable marker 
to establish the purity of T-tubule membrane pre- 
parations. The maximal values of nitrendipine bi- 
nding sites obtained in this work, 120-130 
pmol /mg  (Fig. 4), is the highest reported up to 
now in the literature when measured under similar 
experimental conditions (Table II). Hence, we pro- 
pose that this value can be considered, at least for 
T-tubule membranes from frog muscle where 
enough data are available, as a criteria for a pre- 
paration close to 100% purity. It has been reported 
that binding of nitrendipine at 37°C is increased 
by diltiazem in a subcellular fraction isolated from 
guinea pig muscle [31] (see Table II). In T-tubules 
isolated from frog muscle, diltiazem caused a 3-fold 
stimulation in maximal binding capacity at 37°C 
(Fig. 5). However, this effect is much less marked 
at 10°C [22], where all nitrendipine receptors seem 
to be expressed. Thus, our maximal binding values 
at 10°C without diltiazem are equal to those ob- 
tained at 37°C in the presence of diltiazem (Table 
II). It is conceivable that increasing temperature 
from 10°C to 37°C masks a fraction of the recep- 
tors and increases the K o more than 3-fold. Dil- 
tiazem, presumably by an allosteric interaction 
[31] unmasks the cryptic receptors but does not 
change the K d value. In addition to diltiazem, 
depolarization of the T-tubule membrane seems to 
increase the number of binding sites in frog muscle 
[32]. It is likely that the isolated T-tubule vesicles 
are depolarized. If this is the case, our binding 
data at 10°C would reflect the maximal number of 
receptors present in the T-tubule membrane. Given 
the average T-tubule vesicular diameter of 0.12 
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t~m (data not shown), and assuming a vesicular 
volume of 4-5/~1 per mg of protein - in analogy 
to that of sarcoplasmic reticulum vesicles of com- 
parable diameters - the maximal binding of 
120-130 pmol per mg of protein would corre- 
spond to 250-300 binding sites per/~m 2 of T-tub- 
ule membrane surface. This number of sites is 
similar to the 230 receptor sites per/~m 2 of T-tub- 
ule surface calculated by Schwartz et al. [32] in 
depolarized frog muscle. 

Tetrodotoxin receptors 
In addition to receptors for nitrendipine, recep- 

tors for tetrodotoxin derivatives have proved to be 
a useful tool to distinguish between surface and 
T-tubular membranes [9,12]. Thus, T-tubule pre- 
parations display a single type of receptors (Fig. 
3), whereas membrane fractions that contain both 
surface and T-tubular elements (Fo) exhibit two 
types of receptors [9]. Furthermore, in frog muscle 
the total density of receptors for ethylenediamine- 
tetrodotoxin is higher in a preparation enriched in 
plasma membranes (Fo) than in T-tubules (Table 
I). If we consider the nitrendipine binding capacity 
as a criterium for T-tubule content, the F o pre- 
paration would have about 50% T-tubules, since it 
has about one half the binding sites for nitrendi- 
pine - 63 pmol /mg  - as compared to 120-130 for 
T-tubules. We have found that highly purified 
T-tubule membranes isolated from frog muscle 
bind less than 5 pmol tetrodotoxin per mg of 
protein in the presence of unmasking agents. We 
can them conclude from the data on Table I that 
purified surface membranes should contain at least 
13 pmol of tetrodotoxin binding sites per mg of 
protein. These values, showing 3-fold higher den- 
sity in surface membranes, are in agreement with 
the higher density of tetrodotoxin receptors pos- 
tulated for the surface membrane as compared to 
T-tubules in whole frog muscle [34]. Furthermore, 
other studies in T-tubules isolated from rabbit 
muscle [28] have described saxitoxin binding of 3.3 
pmoi per mg of protein, in the same range as the 
values found in this work, but considerably lower 
than those reported elsewhere [35]. Thus, it seems 
likely that highly purified T-tubules have about 5 
pmol per mg of protein for tetrodotoxin or 
saxitoxin receptors. 
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TABLE II 

BINDING OF DIHYDROPYRIDINES TO ISOLATED T-TUBULES MEMBRANES 

Preparation Ligand Temperature B ...... K a 
(°C) (pmol/mg) (nM) 

Rabbit 
Fosset et al. [13] [3H]nitrendipine 10 56.0 
Kirley and Schwartz [22] [-~ H]nitrendipine 12 

[ 3 Hlnitrendipine 
+ diltiazem 10 17.5 

Curtis and Catterall [23] [3 H]nitrendipine 4 2.1-5.9 
Galizzi et al. [24] [3H]nitrendipine l0 55 
Borsotto et al. [25] [3H]PN 200-110 10 90 
Galizzi et al. [26] [3H]nitrendipine 10 60-80 
Barhanin et al. [27] [3H]nitrendipine 10 77 
Brandt et al. [19 t [ 3 H]nitrendipine 23 27.2 
Kraner et al. [28] [3 H]nitrendipine 41 
This work [3 H]nitrendipine 10 173 

Guinea pig 
Glossmann et al. [29] [ 3 H]nimopidine 37 11.7 

[ ~ H]nimopidine 
+ diltiazem 37 61.6 

Rat 
Chin and Beeler [30] 

Frog 
This work 

[ 3 H]nitrendipine 45 

1.7 
1.7 

1.44 

1.8 
0.4 

3.5 

1.7 

1.30 

1.29 

[ 3 Hlnitrendipine 10 125 1.0 
[ 3 H]nitrendipine 37 44.5 3.9 
[ ~ H]nitrendipine 
+ diltiazem 37 131 3.8 

c t - B u n g a r o t o x i n  r e c e p t o r s  

The d is t r ibu t ion  of a -bunga ro tox in  receptors  
between surface and  T- tubule  membranes  in frog 
muscle seems to follow a pa t te rn  s imilar  to that  of  
t e t rodotox in  receptors;  in the presence of  saponin  
the Fo fract ion (enr iched in surface membranes)  
has a densi ty  of receptors  2 -3 - t imes  higher than 
T- tubules  (Table  I). Acetylchol ine  channels  con- 
cen t ra te  near  the neuromuscular  junc t ion  and only 
fol lowing denerva t ion  they d is t r ibute  over the 
whole muscle surface [36]. Assuming  that  a-  
bungaro tox in  b ind ing  reflects funct ional  acetyl-  
chol ine receptors  this would  be the first evidence 
of  their presence in the T- tubu la r  system. The  
physiological  role that  acetylchol ine  channels  may  
p lay  in T- tubules  is obscure.  The  fact that  both  
sodium channels  [37,38] and acetylchol ine  chan-  
nels [39] are concent ra ted  in par t icu la r  spots  of  the 
sa rco lemma makes  it t empt ing  to speculate  [40] 
that  a gradient  of channel  densi ty  exists in muscle. 
This  gradient  might  be es tabl ished as the channel  

pro te ins  migra te  in the p lane  of the membrane  
af ter  synthesis,  to f inally reach the T-tubules ,  where 
their  mean dens i ty  would be lower. However,  
surface and T- tubules  receptors  for t e t rodotox in  
derivat ives  differ  not  only  in their densi ty  but  also 
in their  aff ini ty for the l igand.  Thus,  differences in 
t e t rodo tox in  receptor  proper t ies  cannot  be the at- 
t r ibuted  solely to channel  diffusion in this case 

[381. 

O u a b a i n  r e c e p t o r s  

The  presence and densi ty  of N a  + p u m p  sites in 
T- tubu le  membranes  has been a mat te r  of some 
controversy.  Venosa  and Horowicz  [41] measured  
[3H]ouabain  b ind ing  to isolated normal  frog 
sar tor ius  muscles and to pa i red  muscles ' de tubu-  
la ted '  by  g lycerol - induced osmot ic  shock. The  
number  of b ind ing  sites was ra ther  s imilar  in both  
exper iments ,  so that  they concluded  that  not  more  
than 20% of  the receptors  are located in the T- tub-  
ules. Cons ider ing  the membrane  areas for surface 



and T-tubules, this finding implies that the density 
of receptors in the tubule would be only 4-5% of 
that in the surface membrane. Membranes isolated 
from skeletal muscle, on the other hand, show a 
relatively high (Na++ K +)-ATPase activity in pre- 
parations where the T-tubular origin of the mem- 
branes has been established [1,11]. Our results on 
[-~H]ouabain binding agree with the (Na++ K+)- 
ATPase data [17], in that they both show high 
values. Furthermore, in frog muscle we see no 
difference in ouabain receptor density between 
T-tubules and the preparations enriched in surface 
membranes (Table I). It remains to be established 
why ouabain binding to the T-tubules is not ex- 
pressed in intact muscles [41]. The apparent lack 
of binding in the intact muscle may reflect dif- 
ferences in the accessibility of the receptors, differ- 
ent requirements for binding (ATP, ions) between 
surface and tubules, or an artificially high binding 
following detubulation, which increases non- 
specific binding [41]. In any case, our results indi- 
cate that ouabain binding cannot be used to dis- 
tinguish between surface and T-tubule mem- 
branes, as proposed elsewhere [35], since both 
systems have comparable receptor densities. 

In conclusion, the results presented in this and 
in the preceding paper [17] reveal that T-tubules 
isolated from frog muscle share many properties 
with the T-tubules isolated from rabbit muscle. 
They are not identical, though, since their Mg 2+- 
ATPases behave differently [17]. Furthermore, pre- 
liminary studies indicate that the T-tubules mem- 
branes from frog muscle differ in their permeabil- 
ity to ions from T-tubules of mammalian origin, 
and exhibit different ionic channels when fused to 
lipid bilayers. Thus, the studies described in these 
two papers constitute a foundation for future de- 
velopment. 
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