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SUMMARY In the txiad, the complex of transverse (T) tubule and sarcoplasmic
reticulum (SR) Ca * release is ind&ced from SR by mediation of the T-tubule.
We report here evidence that this Ca * release is produced Ry depolarization of
the T-tubule moiety. Thus, we found that the amount of [~ C]SCN  taken up by
T-tubules and triads (but not that by SR) increased upon incubation with (K,
Na) gluconate, Mg ATP, indicating that the T-tubule was polarized making the
lumenal side (equivalent to the extracellular side of an intact muscle fibe
more positﬁ% . Upon mixing with choline chloride, the procedure to induce Ca
release, [~ C]SCN uptake decreased, indicating that the T-tubule became de-
polarized. Activation of the T-tubule polarization by Na* and prevention of it
by digoxin [inhibitor of the (Na+, K+) pump], Efspectively, led to activation
and inhibition of choline chloride-induced SR Ca”® release. o 1992 academic Press, Inc.

2+
release

How transient changes in the T-tubule membrane potential lead to Ca
from SR is one of the most important unresolved questions in muscle physiology
(1, 2). Since ionic replacement of (K, Na) gluconate of triad-containing vesi-
cles with choline chloride led to a rapid Ca2+ release from SR by mediation of
the attached T-tubule (3), this system has been considered as a suitable model
for studying the above question at a molecular level. However, it has remained
unsolved whether the T-tubule membrane is depolarized when Ca2+ release is tri-

ggered as in the case of physiological e-c coupling. We report here evidence,
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Dystrophy Association. J.-J. K. was supported by a research fellowship from the
American Heart Association, Massachusetts Affiliate Inc.
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The abbreviations used: e-c coupling, excitation-contraction coupling; EGTA,
ethylene glycol bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; MES,
2-(N-morpholino)ethanesulfonic acid; PMSF, phenylmethanesulfonyl fluoride; SR,
sarcoplasmic reticulum; T-tubule, transverse tubule.
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with the use of the potential-dependent movement of the membrane-permeable
tracer [14C]SCN_, that the SR Ca2+ release is mediated in fact by depolari-

zation of the T-tubule membrane.

EXPERTMENTAL PROCEDURES

Preparations: The triad-containing microsomal fraction was prepared from
rabbit leg and back muscles by differential centrifugation as described
previously (5). After the final centrifugation, the sedimented fraction was
homogenized in a solution containing 0.3 M sucrose, 0.15 M K gluconate, pro-
teolytic inhibitors (0.1 mM PMSF, 10 pg/ml aprotinin, 0.8 ug/ml antipain, 2
pg/ml trypsin inhibitor) and 20 mM MES (pH 6.8) at a final protein concen-
tration of 20-30 mg/ml. T-tubules and SR were separated by French press treat-
ment followed by sucrose gradient centrifugation as described previously (3).
The vesicular fractions were sedimented and homogenized in a solution contain-
ing 0.3 M sucrose, 0.15 M K gluconate, the proteolytic inhibitors and 20 mM MES
(pH 6.3). The preparations were quickly frozen in liquid nitrogen and stored
at -70".

Induction and monitoring of T—tubB}e—mediated Ca2+ release: For polarization of
the T-tubule moiety and active Ca” loading of the SR moiety, the triad vesicles
(1.6 mg/ml) were incubated in a solution containing K 0.15 M (K, Na) gluconate,
200 uM caCl,, 0.5 mM MgCl,, 0.5 mM Na, ATP, 5.0 mM phosphoenolpyruvate, 10
units/ml pyrivate kinase, 9 uM arsenazo f&I, and 20 mM MES, pH 6.8 (Solution A)
at 22° (cf. refs. 3, 5). It was found that 0.15 M gluconate contained ~ 3 mM
endogenous Na®, as determined by atomic absorption spectrophotometry. For
depolarization, 5 - 7 min after the addition of ATP, Solution A was mixed with
an equal volume of Solution B containing 0,15 % choline Cl, 9 uM arsenazo III,
20 mM MES (pH 6.8), and the time course of Ca * release was recorded using a
stopped-flow spectrophotometer system as described previously (5).

Membrane potential assay: The assay was based upon the following principle.
WVhen a potential difference (Ay) exists across a membrane, a permeable ion moves
across the membrane until electrochemical equilibrium is established. At equi-
librium,

Ay = -(RT/zF)ln(Ci/Co) ... Equation 1

where C, and C_ are the intravesicular and extravesicular concentrations of the
permeabie ion, respectively (review: ref. 6). 14

Then, general protocol of filtration assay of [~ C]SCN™ uptake was as fgllows.
The basic reaction mixture contained 0.15 M (K, Na) gluconate, 13.7 uM [~ C]KSCN
(56 mCi/mmol, Amersham), 5 mM MgSO,, 1.0 mM EGTA, 20 mM MES (pH 6.8), and
various vesicular fractions - triad (3.0 mg/ml), T-tubule (0.5 mg/ml), or SR
(3.0 mg/ml). To create various levels of membrane potentif%, the vesicles vere
further treated as outlined in Table I. After allowing [~ C]SCN to redistri-
bute to a stable level of C,/C_ for 2 min (t /2 for establishing Ci/C leading
to a stable potential was ~20 s), the reac%xon mixture was filtéred through
Whatman glass microfibre filter (Whatman type GF/F). The filter was immediately
washed with a 5 ml volume of washing solution (0.15 M K gluconate, 20 mM MES, pH
6.8), air—drfgd, aq§ the radioactivity retained on the filter was counted. The
amount of [~ C]ISCN wuptake was determined by subtracting non-specific radio-
ligand b;ﬂging (determined in the absence of vesﬁiles)_from the total count.

The ([~ C]SCN gﬁfake vithout ionophores)/([” ]SCN uptake with ionophore)
ratio (relative [~ 'C]SCN uptak.ell)4 vas then calculated. If there is no
potential-independent binding of ["'C]SCN to the membrane, the relative uptake
value = Ci/C , because in the presence of added ionophores (viz. at zero poten-
tial) the intravesicular concentration of SCN = the extravesicular concentra-
tion of SCN~. If there is non-specific binding, the relative uptake < Ci/Co.
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Table I. Procedures used to produce various levels of T-tubule membrane poten-
tial. Vesicles (triad, T-tubule, or SR) ihthe basic reaction mixture (0.15 M K
gluconate, 3 mM endogeneous Na+, 13.7 uM [TCJKSCN (56 mCi/mmol), 1.0 mM EGTA, 5
mM MgSO,, 20 mM MES, pH 6.8) were incubated at 22° for 3 min with various addi-
tions as indicated. One volume of the reaction mixturelzlas mixed with nine
volumes of dilution solution indicated. After allowing [ C]SCN to redistri-
bute for 2 min,Mthe r_eaction mixtures were filtered, and the amount of the
intravesicular [~ C]SCN was determined as described in Experimental Procedures.

Additions to Composition of
Intended states the basic reaction mixture Dilution solution
Zero potential 10 uM valinomycin, 10 uM monensin 0.15 M K gluconate
Background potential none 0.15 M K gluconate
Polarized 5 mM NazATP 0.15 M K gluconate
Depolarized 5 mM NaZATP 0.067 M K gluconate &
0.083 M choline Cl

RESULTS

To create various levels of membrane potential, different procedures outlined
in Table I were applied to each of three vesicular fractions (T-tubules, triads,
and SR vesicles). Table II lists the relative [14C]SCN_ uptake values (see
Experimental Procedures) corresponding to various levels of membrane potential
in these vesicles. As seen in Table II, upon incubation of T-tubules and triads
with ATP in a (K, Na) gluconate-containing solution, the value of relative
[MC]SCN_ uptake became significantly higher than that without ATP, indicating
that upon the incubation with ATP the membrane became polarized making the
lumenal side of the vesicle (= the extracellular side in an intact muscle cell)
more positive. Upon mixing with choline Cl-containing solution of the T-tubules
or triads, which had been incubated with ATP (polarized vesicles), the relative
uptake value decreased, indicating that the membrane became depolarized.
Neither incubation with ATP nor mixing with choline Cl produced any appreciable
effect on the IMC]SCN_ uptake by the SR. These results suggest that both
ATP-dependent membrane polarization and choline Cl-induced membrane depolari-

zation occur in the T-tubule moiety, but not in the SR moiety. Although the

_ *
Table II. Relative [14C]SCN uptake by T-tubules, triads and SR vesicles at
four potential levels (cf. Table I). *Relative value taking the uptake value at
zero potential = 1.0.

Intended states T-tubules Triads SR vesicles
Zero potential 1.0 1.0 1.0
Background potential 3.0 + 0.6 1.5 + 1.0 1.1 + 0.9
Polarized 8.9 + 1.5 6.1 + 1.3 1.3 + 0.5
Depolarized 1.9 + 0.8 2.0 + 1.1 1.4 + 0.8

The numbers: average + standard deviation (n=9, triads; n=7, T-tubules; n=6, SR
vesicles).

540



Vol. 184, No. 1, 1992 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

- 10
=z
S 5

o ~
E St B
< )

o g E
gfﬁ g L
Ex o~
o By —

[=p—=]
2% .

! o
|z -t
zZ 0 a
<< v7 o
©— 5
Qo —
2T
a3~ -
= — o
13 2
o > =y

=l -
ol L =]

Q < o
=2
B oo +
(== r o~
= <
(3 [ &3
= o}
= T T T T T T T T T T

o] 20 40 60 80 100 Na
- T T T T T T T 1 2+
150 130 1o 30 70 50 K TIME AFTER TRIGGERING QF CA™" RELEASE, s

[NA+] AND {K*] DURING POLARIZATION, mM

Fig. 1. The mﬁgPitudg_of T-tubule membrane polarization, as determined by thg
ATP-dependent [* C]SCN uptake by triads, increased with an increase of the Na
concentration during polarization (A), leading to activation of choline Cl-
induced Ca‘* release (B). For the assay of ATP-dependent polarization (&),
triads in the basic reaction mixture (see Experimental Procedures) were incubat-
ed with 5 mM K,ATP in the presence of various concentrations of Na* (added Na*
plus 3 mM endogeneous Na+) and K* for 3 min, The reaction mixture was diluted
ten times with 0.15 M K gluconate, 20 mM MES (pH 6.8). Immediately after dilu-
tion, one ml portion of the mixture was filq&;ed through Whatman glass micro-
fibre filter (VWhatman type GF/F), and the [~ C]SCN™ uptake w determined as
described in Experimental Procedures. For choline Cl-induced Ca“" release assay
(B) , triads were incubated ia Solution A containing various concentrations of
Na® and K* (see below), and Ca * release was induced by dilution with choline C1
and monitored. curve a: 4 mM Na‘, 149 mM K+; curve b: 54 mM Na+, 99 mM K'. The
potential data were obtained by averaging two experiments, and each stopped-flow
trace was obtained by signal-averaging a total of ~90 traces originating from
four triad preparations.

relative uptake value is virtually indistinguishable between the T-tubule and
the triad (Table II), the specific amount of [MC]SCN' uptake, in pmol/mg
protein, is much larger in purified T-tubules (e.g. 28.0, at C0=1.37 uM in the
polarized state) than in triads (viz. 3.0) under equivalent conditions. This
further supports the above notion that the potential-dependent movement of
[MC]SCN_ is localized in the T-tubule membrane.

Little information is available about the dependence of the T-tubule polari-
zation on [Na+] and [K+] during incubation with ATP. The [Na+] used for T-
tubule polarization in skinned fiber experiments ranges from several mM (7, 8)
to ~35 mM (9). In our previous Cal2+ release experiments with triad vesicles,
the [Na+] was not more than 4 mM even if the amount of endogeneous Na* (~ 3 mM,
see Experimental Procedures) is considered. In the experiments shown in Fig.
14, the [Na+]/[K+] ratio in the polarizing solution was varied while keeping the
sum of [Na+] and [K+] constant (153 mM). An appreciable level of membrane
polarization was achieved with several mM Na+, the magnitude of polarization
further increased with [Na®], and leveled off at approximately 30 mM. Fig. 1B

shows that the increase in the magnitude of polarization with [Na+] led to an
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Fig. 2, DigoLin prevented membrane polarization (A), and consequently choline
Cl-induced Ca release was inhibited (B). In both A and B, the treatment
for polarization (in the presence of 10 mM Na* and 143 mM K*) was performed with
or without addition of digoxin (80 uM added). Then, the magnitude of T-tubule
polarization and choline Cl-induced Ca release were investigated as described
in the legend to Fig. 1. The data (both potential and stlg‘pped—f_low) wvere ob-
tained by averaging four experiments; the bar in the [ 'C]JSCN uptake data
represents the standard deviation. Curve a: control (no digoxin added); curve
b: with 80 uM digoxin added.

increase of the choline Cl-induced Ca2+ release. Conversely, incubation with
ATP in the presence of 80 uM digoxin, a membrane-permeable analog of ouabain,
prevented membrane polarization (Fig. 2A), and consequenly choline Cl-induced

Ca2+ release was inhibited (Fig. 2B).

DISCUSSION

Two-step treatment of triads - (i) incubation of the vesicles with ATP in the
presence of (K, Na) gluconate and Ca2+, and (ii) dilution with choline Cl -
leads to rapid Ca2+ release from SR by mediation of the attached T-tubule (3,
4). The most important finding in this paper is that uptake of [14C]SCN_ used
as an indicator of membrane polarization increased upon incubation of T-tubules
or triads with ATP, while it decreased upon dilution with choline Cl. This
indicates that the membrane was polarized by treatment (i), and depolarized by
treatment (ii).

Importantly, the potential-dependent changes of the [1LC]SCN_ uptake occur in
T-tubules and triads, but not in the SR vesicles. Furthermore, the magnitude of
polarization increased with [Na+] and decreased with digoxin, which are specific
activator and inhibitor, respectively, of the (Na+, K+)—pump localized in the
T-tubule. Thus, the potential changes detected with the [1AC]SCN_ probe seem to
represent an event localized within the T-tubule moiety of the triad.

Since the relative uptake (the parameter used to express [1AC]SCN_ uptake in
this study) is equal to, or smaller than, the Ci/C0 ratio (see Experimental

Procedures), Ay can be tentatively calculated from the present data using
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Equation 1. For example, in the polarized T-tubule with relative uptake = 8.9
(Table II), Ci/co 2 8.9; then Ay < -55 mV. 1In order to verify this estimate,
however, we will have to perform appropriate calibration experiments. Although
the use of the radio-ligand as a potential probe permits very sensitive assays
of membrane potential at equilibrium as demonstrated here, the method will not
be suitable for the studies of the time course of rapid changes in the poten-
tial, because potential-dependent movement of the probe across the membrane is
rather slow.

In conclusion, the assay of potential-dependent movement of [1AC]SCN— has
provided evidence that choline Cl-induced Ca2+ release is in fact produced by
depolarization of the T-tubule moiety. Thus, the isolated triad vesicles retain
both of the features essential for physiological e-c coupling; (i) depolari-

zation of the T-tubule membrane, and {ii) resultant Ca2+ release from the SR.

ACKNOVLEDGMENT

Ve wish to thank Dr. John Gergely for his comments on the manuscript.

REFERENCES
1. Fleischer, S., and Inui, M. (1989) Ann. Rev. Biophys. Chem. 18, 333-364.
2. Rios, E., and Pizarro, G. (1991) Physiol. Rev. 71, 849-908.
3. TIkemoto, N., Antoniu, B., and Meszaros, L. G. (1984) J. Biol. Chem. 259,
13151-13158.
4. TIkemoto, N., Antoniu, B., and Meszaros, L. G. (1985) 260, 14096-14100.
5. TIkemoto, N., Kim, D. H., and Antoniu, B. (1988) Methods in Enzymology 157,
469-480.
6. Rottenberg, H. (1979) Methods in Enzymology 55, 547-569.
7. Donaldson, S. K. B. (1985) J. Gen. Physiol. 86, 501-525.
8. Stephenson, E. W. (1985) J. Gen. Physiol. 86, 813-832.
9. Lamb, G. D., and Stephenson, D. G. (1990) J. Physiol. 423, 495-517.

543



