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Abstract. The same isoform of ryanodine receptor Introduction
(RYR1) is expressed in both fast and slow mammalian

skeletal muscles. However, differences in contractile acgaycolemmal depolarization in skeletal muscle results in
tivation and calcium release kinetics in intact andsarcoplasmic reticulum (SR) &arelease into the myo-
skinned fibers have been reported. In this work, intra-p|asm_ The transduction of the sarcolemmal voltage sig-
cellular C&" transients were measuredsoleusandex-  na| into an intracellular calcium response is mediated by
tensor digitorum longu¢EDL) single muscle fibers us- the voltage-sensor/dihydropyridine receptor (DHPR)
ing mag-fura-2 Ky, for C&* = 49 pm) as C&" fluores-  which activates the SR Garelease channel/ryanodine
cent indicator. Fibers were voltage-clamped\V@t =  receptor (RYR) by a mechanism not well understood.
—90 mV and sarcoplasmic reticulum calcium release wagJltrastructural and ligand binding studies support a di-
measured at the peal)(and at the endo) of 200 msec  rect linkage of four DHPRs to some but not all RYRs.
pulses at +10 mV. Values @b andb were assumed to The existence of uncoupled receptors has suggested that
correspond to Cd-gated and voltage-gated €aelease, the skeletal muscle RYR is activated basically by two
respectively. Ratiosb{a-b) in soleusand EDL fibers mechanisms, (i) a voltage-dependent mechanism in
were 0.41 +0.05 and 1.01 £ 0.18 & 12), respectively. which DHPR transduces sarcolemmal voltage into SR
This result suggested that the proportion of dihydropyr-Ca* release through a hypothetical mechanical interac-
idine receptor (DHPR)-linked and unlinked RYRs is dif- tion or (ii) by a C&*-dependent process (Franzini-
ferent insoleusand EDL muscle. The number of DHPR Armstrong, 1994; Meissner, 1994; Schneider, 1994;
and RYR were determined by measuring high-affinity Melzer, Herrmann-Frank & ligau, 1995). The reup-
[*H]PN200-110 and®H]ryanodine binding irsoleusand  take of C&* by SR is mediated by a G&transporting
EDL rat muscle homogenates. TiBg,,, values corre- ATPase, which causes muscle to relax by restoring the
sponded to a PN200-110/ryanodine binding ratio of 0.34ntracellular C&* concentration froni110°~107° m to
+0.05 and 0.92 + 0.11 fasoleusand EDL musclesn = MO’ m (Inesi et al., 1990).
4-8), respectively. These data suggest thateus SR C&" release and myoplasmic €aremoval are
muscle has a larger calcium-gated calcium release coneonsiderably slower irsoleusthan EDL fibers. Differ-
ponent and a larger proportion of DHPR-unlinked RYRs.ences in muscle relaxation and calcium binding protein:
Ca* and SR calcium pump: Gakinetics between fast-
and slow-twitch muscles have been reported (Robertson,
Key words: Skeletal muscle — Sarcoplasmic reticu- Johnson & Potter, 1981; Gillis et al., 1982; Heizmann,
lum — Calcium release — Soleus — Slow-twitch Berchtold & Rowlerson, 1982; Leberer & Pette, 1986;
muscle — Dihydropyridine receptor — Ryanodine re- Klein et al., 1991).
ceptor SR C&" release in intact or cut muscle fibers has
been investigated mainly in amphibian (Melzer et al.,
1995) and much less in mammals. More recently, the
I regulation of SR calcium release in mammals was ex-
Correspondence tdD. Delbono plored in fast-twitch rat muscle fiberexXtensor digi-
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torum longusEDL) (Delbono & Stefani, 1993; Gaai& potential ) of -90 mV. Temperature was monitored with a therm-
Schneider, 1993: Delbono, 1995: Shirokova. Garciaistor probe positioned close to the fiber in the middle pool. For fluo-
Pizarro & Rios 1996) By Comparison information on rescent recordings, the fiber was epi-illuminated with a 75-W xenon

. . . . lamp. The UV beam passed through 340, 350 or 380 nm excitation
the kinetics of SR C¥ release in slow-twitch (type I) wavelength filters, with 10-nm bandwidth (Omega Optical, Brat-

fibers is sparse. Differences in intracellular“Caran- tleboro, VT) mounted in a filter-wheel (Ludl, Hawthorne, NY).
sients kinetics and sensitivity of SR Caelease to caf-  switching from one to another excitation filter was performed by com-
feine in soleusand EDL muscles have been reported puter control of the filter-wheel. The UV light was reflected downward
(Eusebi, Miledi & Takashi, 1985; Fryer & Neering' by a long pass dichroic mirror centered at 400 nm (DC 400 LP, Omega
1989). Differences in SR G4 kinetics in both skinned ©ptical, Brattleboro, VT) and at 45° angle. The light beam was fo-
fibers (Salviati & Volpe, 1988) and isolated membranecused onto the fiber with a 100x (N.A. 1.3) fluar objective (Zeiss).

f . L | 1991 | b d After illuminating the fiber, the upward emitted light beam was col-
ractions ( ee et al, ) Were also ObServed, evell .y by the objective and passed through a dichroic mirror and an

though it is known that the same isoform of the RYR emission filter centered at 510 nm with 40 nm bandwidth. Light in-
(RYR1) is expressed in both fast- and slow-twitch mam-tensity was determined with a photodiode (UDT-455UV, UDT Sen-
malian skeletal muscles. sors, Hawthorne, CA). The photodiode current was recorded with a
In this study, we analyzed intracellular TCaran- current-to-voltage converter with 1 gigaohm feedback resistance to
sients and measured the number of DHPR and RYF?gnprgvde the signall—tq—noiste_ ratio. The fiber Was”pzrior(]jically iIIumi—d
S . . nated during stimulation using a computer-controlled shutter mounte:
blndlng sites ,m mu,SCIe homernate$,0feusand EDL . in a filter wheel. All the records were corrected for photobleaching
muscles, to investigate the mechanism(s) involved Irhsing control records without fiber stimulation.
triggering intracellular C& release in mammalian
muscles. These results lead us to propose thatatis
muscle has a larger proportion of DHPR-unlinked RYRSSTIMULATION , RECORDING AND DATA ANALYSIS
and a larger SR calcium-gated Taelease component
than fast-twitch muscles. An IBM compatible personal computer was used. D-A and A-D con-
versions, were done by a Labmaster Computer Interface (Axon Instru-
ments, Foster City, CA). Stimulation protocols are detailed in Results
Materials and Methods for each group of experiments. Fluorescent signals were filtered at 0.3
of the sampling frequency (-3 Db point) with a 4-pole Butterworth
low-pass filter (Frequency Devices, Haverhill, MA). Fluorescence sig-
nals were normalized to basal dye fluorescence in resting conditions

Adult Wistar rats of an average weight of 200 g were usBdleusand and trans_formed into freec €4aconcentration. All the experiments
were carried out at 20-22°C. Values are mearsgm and number of

EDL muscles were dissected after sacrificing the rat in a carbon dioxide .
. . . . . observationsn).
chamber. For biochemical studies, muscles were immediately frozen
and stored at —135°C. For intracellular aneasurements, muscles
were placed in a modified Krebs solutioseg below Fibers were
isolated within 3 hr of muscle dissection. In most of the experiments,

fibers were stretched to 3.6-3i8n sarcomere length to avoid con- _ _ )
traction artifacts during fluorescent measurements. Intracellular C&" concentrations were calculated with the equation:

[Ca = Kp (R = Ryn)/(Rmax — R) (Grynkiewicz, Poenie & Tsien,

1985) whereKy, is the dissociation constant of the Talye reaction,
SOLUTIONS R = FasdFss0 Rmin IS theR value at 0% saturation of the dye byTa
andR,.,is theRvalue at 100% saturatiorR,,,was determined in the
fiber with the following procedure. Fibers were isolated in the dissect-
ing solution and placed in the recording chamber that contained the
mounting solution with 10 m glutaraldehyde grade Il (Sigma Chemi-
cal, St. Louis, MO) (Delbono & Stefani, 1993). After the Vaseline
seals were built, the solution in the central pool was replaced by the
external solution plus the same glutaraldehyde concentration, and the

FIBER PREPARATION

IN Vivo CALIBRATION

Modified Krebs solution (m): 145 NaCl, 5 KCI, 2.5 CaG| 1 MgSQ,,

10 HEPES-Na, 10 glucose. The external solution contained:(&50
TEA (tetraethylammonium)-MeSmethanesulphonic acid), 2 CaCl

2 MgCl,, 2 TEA-HEPES (N-[2-hydroxyethyl]piperazine:N2-
ethanesulfonic acid]) and 0.001 TTX (tetrodotoxin), 1 9 anthracenecar
boxylic acid, and 1 3-4 diaminopyridine. The internal solution con-
tained (mm): 98 K-glutamate; 0.1 KEGTA; 0.0082 CaGl 5 Na,ATP; solution in the lateral pools by the internal solution plus 400 mag-

5.5 MgCl; 5 glucose; 5 K-HEPES; 5 Negphosphocreatine. The 0S- 2 5 changes in basal fluorescence (350 and 380 nm) were deter-
molarity of the solutions was 300 mOsm and the pH was 7.2. Mag-yjeq every 5 min. After 40 min, when the dye reached about 80% of
fura-2 (Molecular Probes, Eugene, OR) was added fromsstock 6 concentration in the lateral pools, the external solution was substi-
solutions (in deionized water) to final concentrations of 400 Free tuted with modified Krebs solution plusjim ionomycin (Calbiochem,
Ca* concentration in solutions were calculated according to Fabi—l_a Jolla, CA) and 10 m glutaraldehyde. With this procedure, Ta
ato (1988) u+smg the following equation: [Free € = entered into the cell in sufficient quantity to saturate mag-fura-2 with-
KoEGTA: [Ca"EGTAJ/[EGTA]. The Ky, for mag-fura-2 was 4 out causing mechanical movement and/or disruption of the cellular
(Delbono et al., 1993). architecture. This resulted in a decrease of the basal fluorescence at
380 nm wavelength. The fluorescence measured at the isosbestic point
SETUP was not modified.R,, was calculated from the minimum fluores-
cence values after loading the cell withaR,,,,, was also determined
Fibers were voltage-clamped using the double Vaseline gap techniquafter metabolic poisoning of the muscle cell following procedures de-
(Kovacs, Ros & Schneider, 1983; Delbono et al., 1991) at a holding scribed (Delbono et al., 1993). Fivem carbonyl cyanide m-



0. Delbono and G. Meissner: Calcium Release in Rat Soleus Muscle Fiber 125

chlorophenylhydrazone (CCCP) (Sigma Chemical) apdvotenone  were incubated either with 4n(+)-[Methyl-*H]PN200-110 (Du Pont-
(Sigma Chemical) were used to avoid fiber movement. Both proce-New England Nuclear) for 1 hr at 23°C in 5awnTris.HCI, pH 7.5, 10
dures gave consistent results fgf,,, determinations (0.35 + 0.08, wm Ca&*, 1 mm diisopropyl fluorophosphate (DIFP) andui leupep-
n = 8). tin, or 50 v [*H]ryanodine (Du Pont-New England Nuclear) for 24-48
R..in Was determined in the presence of 1@ BGTA and 40Qum hrat 12°C in 20 mu Na piperazine-N,Nbis(2-ethanesulfonic acid), pH
mag-fura-2. In these conditions, neither the replacement of the externa.0, 1.0 NaCl, 10qum C&*, 5 mv AMP, 0.2 mv Pefabloc, and 2Qum
solution with a higher C& concentration, nor depolarizing pulses un- leupeptin. The radioligand concentrations used resulted in occupancy
der voltage clamp conditions further reduced the basal fluorescenceof >95% of the high-affinity binding sites (Anderson et al., 1994).
This indicates the adequacy of intracellular’Cahelation. TheR.,;, Membrane bound®H]PN200-110 and3H]ryanodine were determined
value from 8 determinations was 2.66 + 0.17. by filtration through Whatman GF/B filters. NonspecifitH]PN200-
110 and fH]ryanodine were assessed in the presenceuoi inlabeled
nifedipine (Sigma Chemical, St. Louis, MO) or PN200-110 (Sandoz
Pharmaceutical, East Hanover, NJ) and i@ unlabeled ryanodine
(Calbiochem, San Diego, CA), respectively (Anderson et al., 1994).

CALCULATION OF SR C&" RELEASE

SR C&* release throughout fiber stimulation was calculated according
to Melzer, Ros & Schneider (1987). The adequacy of the application
of this algorithm to rat skeletal muscle fibers has been discussed re-

cently (Delbono, O'Rourke & Ettinger, 1995; Shirokova et al., 1996). Results

This method obtains the rate of €aelease fromdCa*/df] = input-

output flux. The input flux corresponds to the SR*Ceelease, while  Voltage- and C&-gated SR C# release mechanisms
the output flux corresponds to the activity of the?Ceemoval system.  gre thought to supply G4 required for contractile pro-
As SR C&" release terminates shortly after the end of the pulse (Deltein activation. To assess the contribution of these two
bono et al., 1993), the Garemoval function can be obtained by fitting processes to SR @4arelease irsoleusand EDL muscles

the decaying phase of the €aransient to the following differential . . . .
equation: d[Ca?*]/dt = —(d[CaTN}/dt)~(d[CaPARV]d)—(MF?)— W€ measured the inactivable- and noninactivable SR

. ) -
(d[CaP)/d)—(d[CaD)/d)—(d[CAEGTAJK) + L), where TN is troponin; C& * release components in voltage-clamped single
PARV parvalbumin;M maximum SR C#% pump rate;F fractional ~ muscle fibers using a well established fluorescent tech-
occupancy of pump site®); D dye concentration and the C&* leak niqgue (Delbono, 1995). The extent of DHPR-RYR in-

from the SR. PARV equilibrates with [CaPARV] and [MgPARV] and teractions were assessed by determining their maximum

MF2 corresponds td1(CaP]/[Pt])? wherePt is the total concentration high affinity binding capacity$ X) in muscle homog—
H . ma
FFf, Ap;\r?]p ;'tiéagggs]ar;\:q 923?rSKWF&ZP[I"R(%H[C;TR]A’Q};?[FS\ZTT}' enates using two specific radioligands.
1 Nonl 1 » Nonl » Noff ’ ’ + . B .
Pt, [DYE], K, [CaDYE], K,,[CaDYE], [EGTA], K. [CAEGTA], and Intracellular C&" transients were monitored in EDL

K.¢[Ca-EGTA]. The rate constants were fitted with boundaries close@nd soleusfibers with the low affinity ca indic‘fﬂor
to the corresponding biochemical determinations. Biochemical meamag-fura-2 K, = 49 um) to prevent dye saturation at
surements of parvalbumin concentratiorsaleus(0.7 wm) and EDL (1 micromolar [Cé*] Figure 1 illustrates the voltage de-
mm) muscles were used (Heizmann et al., 1982). A least-square-fit topendence of SR CGarelease in &oleusfiber. Calcium
the C&" transient decaying phase 14 msec after fiber repolarlzatlontransiems were elicited by 50 msec pulses figm-90

was used. . . )
Corrections for SR calcium depletion were done by scaling themv to depOIa”ZIng pOtentlaIS ranging from —60 to +30

SR C&" release function at timeby C./(C, — R, df), whereC isthe ~ MV (Fig. 1A andC). A small C&" signal was detected
SR C&"* content before the pulse aff,, dt is the amount of C&  When the membrane potential was lowered to —-60 mV.
released from the start of the depolarization until timé=or these ~ The magnitude of this signal increased as increasing de-
calculations it is assumed that the rate ofOzlease reaches a steady polarizing pulses up to +30 mV. é’asigna|s reached a
state by the end of fiber depolari_zation (Schneider, Simon &Szu  maximum value at the end of the 50 msec pulse and
1987; Jacquemond, Kao & Schneider, 1991). slowly returned to prestimulation values with fiber repo-
larization. Mag-fura-2 reacts with Eawith 1:1 stoichi-
PREPARATION OF MUSCLE HOMOGENATES ometry, and it has been shown that the magnitude of the
- .. .
Muscle homogenates were prepared as described (Anderson, Cohn E]yOplasmlc Cé S|gnals measured by the dye a.re di-
Meissner, 1994; Anderson & Meissner, 1995). Briefly, whsdéeusor r_ectly rEIateq tO_ the am_our_]t of éamOblllzed durlng
EDL muscles were homogenized at 4°C in a Waring blender in 8 volfiD€r depolarization (Konishi et al., 1991; Delbono et al.,
of 0.1m NaCl, 5 mu tris((hydroxy-methyl)aminomethane (Tris) ma- 1993). Figure B shows the calculated rate of SRCa
leate, pH 6.8, 2 m EDTA, 0.2 mv ethylene glycol-bisg-aminoethyl  release. An initial fast rising and decaying phase is fol-
ether)-N,N,N,N’-tetracetic acid (EGTA), and varipus protease in_hibi- lowed by a slower decaying phase_ A fast decline in the
tors (0.2 rm PMSF, 100 m aprotinin, 1um leupeptin, lum pepstatin_— yate of C&* release followed by a slower decaying phase
A, and 1 ma benzamidine) and stored at ~135°C. Protein concentra- o ¢ oo ghserved in studies in frog (Melzer et al., 1987),
tions were determined by the Lowry method with bovine serum albu- . .
min as the protein calibration standard. rat (Delbono et al., 1993; Gaei& Schneider, 1993;
Delbono, 1995) and human fast- and slow-muscle fibers
(Delbono et al., 1995). It has been suggested that SR
Ca* release is rapidly inhibited by a €adependent
DHPR and RYR concentrations were determined using the radioli-mechanism in amphibian and mammalian muscle fibers
gands fH]PN200-110 and3H]ryanodine, respectively. Homogenates (Baylor, Chandler & Marshall, 1983; Delbono et al.,

RADIOLIGAND BINDING StupiEs To DHPR AND RYR
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Fig. 1. Voltage dependence of SR €aelease in rasoleusmuscle H i
fiber. C&* transients were elicited by 50-msec pulses f\gm-90 mV

to the potentials indicated close to the tracks Experimental records

are expressed in aconcentration ([C&]). Ca’* transients were in- 200 ms

terrupted by repolarization to -90 m\Z). SR C&* release (C&rg,)

calculations for pulses from -50 to +30 mV are showrBinFibers  Fig. 2. Time dependence of SR Eaelease in rasoleusmuscle fiber.
were stained with 40Q.m mag-fura-2 for 50 min and the records were Ceg?* transients &) were evoked with pulses of different duration (val-
obtained at room temperature (20-22°C). ues near traces) frov,, -90 mV to +10 mV D). SR C&* release is
shown in B). SR C&" release traces corrected for SR*Cdepletion
are shown inC).

1995; see alsaSchneider, 1994). In addition, there is a
voltage-dependent and €aindependent component that
slowly declines as a result of SR €alepletion (Melzer
et al., 1987; Delbono et al., 1993, 1995). shows the effect of correcting the calculated Qzlease
Figure 2 shows C4 transientsA) evoked by depo- waveform B) to SR C&"* depletion following methods
larizing pulses of different duration. This protocol was described above. As a result of this procedure a rapid
applied to better resolve the fast and slow phases of thand transient Cd release phase was followed by a
SR C&" release waveform inoleusmuscle (Fig. Band  steady-state voltage-dependenfCeelease phase. We
C). Depolarizing pulses to +10 mV of different duration used corrected traces to calculate the peak and steady-
(12.5 to 200 msec) are represented at the bottom of thstate rates of SR Garelease.
figure (D). Figure B shows a rapid rise and decay in the Table 1 lists the peaks) and steady-statd) rates
rates of SR C# release followed by a slower second of SR C&"* release irsoleusmuscle. Calculations df,
phase that rapidly declined when fibers were repolarizedin soleusand EDL fibers, were done at 200 msec after
A slow decrease in the rate of release with time over thehe beginning of fiber depolarization with 200 msec
second phase suggests SRZTdepletion. It is known pulses to +10 mV. As the values at-b) and ) corre-
that prolonged depolarizations induce a more accentuspond to C&'"- and voltage-gated SR €arelease, re-
ated decline in the second phase ofCeelease than spectively (Jacquemond et al., 1991), the ratita{b)
shorter pulses, as shown in frog and rat muscle fibersepresents the proportion of €sindependent SR Ga
(Melzer et al., 1987; Delbono et al., 1993). Figur@ 2 release during the peak of release. All three valaels,
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Table 1. Calcium release (CR) isoleusand EDL muscle fibers A
2+
Soleus g | Ca14.0 uM
_ _ _ ‘ 100 ms

Fiber CR peak CR amplitude Ratio

amplitude &) at the end (b/a - b)

of the pulse i)

t420405 9.0 29 0.42
t420417 10.4 34 0.49
t420703 8.6 2.5 0.41
t420714 11.2 3.0 0.37
1421803 13.1 34 0.35
432306 7.7 2.2 0.40 B
t432315 9.5 2.8 0.42 2+
1432326 12.1 3.3 0.38 SRCa ., ‘ 5 uM/ms
1441804 12.6 3.1 0.33 corrected for
1442013 10.3 35 0.52 depletion
t452503 9.9 2.9 0.41
t452716 10.6 3.3 0.45 \ \
Average (i = 12) 10.4 3.0 0.41

+1.6 +0.39 +0.05

C 10 mv

EDL
1440505 14.4 7.6 1.12 ‘ -90 mv
t440527 15.6 7.9 1.03 -
t441807 15.8 8.2 1.08 200 mSs
1441817 16.6 7.3 0.79
1442709 15.2 7.5 0.97 Fig. 3. Voltage dependence of SR Eaelease in EDL muscle fiber.
1451106 13.3 6.6 0.98 Ca* transients were elicited by 50-msec pulses f\gm+90 mV to the
1451115 14.4 7.8 1.18 potentials as indicateddj. Experimental records are expressed in cal-
1452612 15.7 8.3 112 cium concentration ([Cd]). SR C&" release (CiHxg,) traces cor-
1452633 16.8 8.5 1.02 rected for SR C# depletion are shown iB. Fibers were stained with
1461604 14.9 7 1.07 400 pm mag-fura-2 for 50 min. The experiments were carried out at
1461612 18.0 7.9 0.78 room temperature (20—22°C).
t463008 16.2 7.4 0.84
Average i = 12) 15.6 7.7 1.01

1.3 0.5 $0.13 nificant (P < 0.01). This comparison raised the possibil-

ity that a smaller proportion of RYRs isoleusthan in
EDL muscles are under the direct control of DHPR.
DHPR and RYR concentrations in rableusand
b and b/a-b) were significantly different from those in EDL muscles were determined in whole muscle homog-
EDL fibers (see beloy enates using two specific high-affinity radioli-
C&* transients irsoleusfibers were compared with gands. Three to fousoleusand EDL muscles were
those in EDL fibers (Fig. 3). Intracellular Eare- pooled to prepare muscle homogenatés]PN200-110
sponses in EDL fibers were evoked with a pulse protocobinding to transverse tubule DHPRs arfii]ryanodine
identical to that used fosoleusfibers (Fig. ). The  binding to SR RYR/C& release channels were mea-
maximally determined free [G4 during a 200-msec sured under conditions that resulted in >95% occupation
pulse was about 5 to @M higher in EDL than insoleus  of the respective high-affinity binding sites (Anderson et
muscle €9 pm and=16 um in Figs. 24 and 3, respec-  al., 1994). The ratio of th&,,,, values of fH]PN200-
tively). Despite an increased €alevel, we observed 110 binding and3H]ryanodine binding in EDL muscles
that, in agreement with previous studies, EDL musclegTable 2) did not differ from that determined for rabbit
removed faster myoplasmic €athan soleusmuscles.  white leg muscles and psoas. However, the binding ratio
Figure 3B shows the rates of C4release, corresponding for soleusmuscles was significantly lower than for EDL.
to the traces inA, corrected for SR Cd depletion. A smaller fH]JPN200-110/fH]ryanodine binding ratio
Values for C3" release at the peaka), steady-state supported the concept of fewer DHPR-linked RYR in
phase of C& releaself) and p/a-b) ratio for EDL fibers  soleusmuscle, thereby rendering the SR*Caelease
are shown in Table 1. Differences for the three paramprocess more dependent on released* @an in EDL
eters with respect teoleusfibers were statistically sig- fibers.

Calciumrelease (CR) is expresse@im/msec. Values are means + SEM.
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Table 2. [*H]PN200-110/fH]Ryanodine binding ratio reduce SR CH release are Ca-dependent inactivation

colous oL of the RYR (Meissner, 1994), SR &adepletion (Baylor

et al., 1983, 1988) and RYR adaptation (& et al.,

[*H]PN200-110 124417 62+60  1993)in skeletal muscle. A E&adependent inactivation
(pmol/mg protein) of RYR has been described in EDL fibers (Delbono et
[3H]Ryanodine 40.9+3.8 63+9.0 al, 1993; Gara et al., 1993; Delbono, 1995) but not in
(pmol/mg protein) soleusfibers. Double pulse experiments will clarify the
[*H]PN200-110/ 0.34+0.05 0.92+0.11

contribution of this mechanism to the kinetics of SRCa
release irsoleusmuscle. SR CH depletion was promi-
Values are mean $em of 4-8 experiments. nent in our records irsoleusmuscle. Therefore, all re-
cords were corrected for SR €adepletion. Adaptation
of slow-twitch RYR has not been studied yet.

Although there is consensus about & Gdependent
SR calcium release channel inactivation in frog (Baylor

. . N ) et al.,, 1983; Schneider & Simon, 1988; Simon &
This study shows that there exists S|gnn‘|cantd|fferences5¢hneider 1991) and rat (Delbono et al., 1993, 1994
in the mechanism of SR G4release irsoleusand EDL Garcéa et,al. 1993. 1994° Delbono 15’95) sl&eletal,

”.‘“SC'e fibers. Me?‘SUFeme”ts of intracellular*Caan- uscle fibers, the existence of a calcium-induced SR
sients and determination of the number of DHPRs ant{n

. . alcium release process is more controversial (Pape,
RYRs supported the idea that a smaller fraction of RYRs . -
are under the direct control of the DHPR in slow-twitch Jong & Chandler, 1995; Jong et al,, 1995). Some evi

than fast-twitch muscles. dence has been obtained in support of a calcium-gated

Previous studies in intact, skinned fibers and skelet echanism in amphibian and mammalian muscle fibers.

! . . h ncept of an inactivable SR calcium rel han-
muscle microsomes support differences in SR'Ga- € concept of an inactivable SR calcium release cha

lease in fast- and slow-twitch muscles. Intracellular.nel population corresponding to uncoupled RYR-DHPR

C&* in rat soleusmuscle was measured with aequorin. in skeletal muscle ha_s been proposed by Jacquemond et
Cé&” transients insoleusmuscle showed a smaller am- al. (1991) and confirmed subseq_uently by the same

plitude, slower half-rise, mean decay times, and a higheﬁcs?mOCh.’ Ja_cquemond & Sch.nelder, 1993) and other
sensitivity to caffeine compared with EDL (Eusebi et al., (reviewed in Pizarro & Rus, 1991; Delbono et al., 1994)

1985; Dulhunty & Gage, 1985; Fryer & Neering, 1989). 9roups. Despite some publications that contragjict the§e
Studies with aequorin have several disadvantages sudfSults (Pape etal., 1995; Jong et al., 1995), an increasing
as: (i) low signal/noise ratio, (ii) light emission that ap- Number of studies support the presence of & @egen-
pears to vary as [G4%® and (jii) the use of an indicator €rative process in skeletal muscle. These include: (i)
which does not react rapidly with myoplasmic®Céiime ~ RYR is directly activated by Cd ions in bilayers (for a
constant of about 10 msec at 20°C) (Baylor et al., 1982)'eview seeMeissner, 1994) with kinetic rate constants
In this work, we used the low-affinity fluorescent cal- conceivable for a physiological process (@ 1993;
cium indicator mag-fura-2 (furaptra). It has been dem-Valdivia et al., 1995); (ii) The finding of junctional and
onstrated that this indicator adequately traces changes @xtrajunctional uncoupled RYR1 to DHPRs determined
intracellular C&* in frog and rat skeletal muscle fibers, by other methodologies to those used in this study (Dul-
in the micromolar range (Konishi et al., 1991; Delbono ethunty et al. 1992; Franzini-Armstrong, Ferguson &
al., 1993; Delbono, 1995). Champ, 1988; Block et al., 1988); and (iii). Control of
Previous studies witf°Ca-loaded SR were inter- T-tubule depolarization-induced SR €arelease by
preted to show an initial rate of €arelease three times DHPR- and C&"-dependent mechanisms in cell homog-
slower in slow- than in fast-twitch muscles. The sensi-enates from rabbit skeletal muscle (Anderson & Meiss-
tivity to caffeine, doxorubicin, C&, Mg?*, ruthenium  ner, 1995).
red and tetracaine differed only slightly between both A large variation in the DHPR/RYR ratio has been
muscle types (Lee et al., 1991). In fibers, the kinetics ofreported in muscles from different animal species (Lamb,
SR C&" release is mainly determined by the number 0f1992; Margreth, Damiani & Tobaldin, 1993). The varia-
RYRs, DHPRs and the modulatory channel environmention in receptor coupling deduced from morphological
(C&*, Mg®*, ATP, among others). Our data support theand electrophysiological measurements is probably due
idea of a larger number of RYR uncoupled to DHPR into methodological differences and species-specific tri-
soleusthan in EDL muscle as the underlying mechanismadic arrangements. Tetrads, groups of four T-tubule par-
for the larger C&™-sensitive C&" release component in ticles, presumed to represent four DHPRs, have been
soleus The slower C&" release rate irsoleusmuscle located almost exactly opposite the four subunits of the
was consistent with a lower number of RYRs comparedRYR (Block et al., 1988; Franzini-Armstrong, Pincon-
to EDL (Table 2). Other mechanisms that may slow andRaymond & Rieger, 1991). If there is one high-affinity

[®H]Ryanodine ratio

Discussion
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ryanodine binding site and four DHPR per foot/RYR in mammalian fast and slow muscle fibeBiomed. Res6(3):

tetramer, the DHPR/RYR ratio is 4. This assertion is  129-138

valid as long as all DHPRs and RYRs are located in the-ranzini-Armstrong, C., Ferguson, D.G., Champ, C. 1988. Discrimi-

T-tubule-SR junction, tetrads interacts with only one nation between fast- and slow-fibres of guinea pig skeletal muscle

RYR and all DHPRs and RYRs bind their specific li- using the relative surface density of junctional transverse tubule

gands (Anderson et al., 1994). A binding ratio of 0.92 ~ MembraneJ. Muscle Res. Cell MoB:403-414

(Table 2) suggests that in EDL muscles every fourthFranzini-Armstrong, C., Jorgensen, A.O. 1994. Structure and develop-

RYR is linked to a group of four DHPRs. Isoleus ment of E-C coupling units in skeletal muschnnu. Rev. Physiol.

muscles a lower ratio of 0.34 suggests that only every 56_:5_09_534 _ _

twelfth RYR is coupled to a group of four DHPRs. Such Franzini-Armstrong, C., Pincon-Raymond, M., Rieger, F. 1991.

a low coupling ratio is consistent with our SR Cae- Muscle fibers from dysgenic mouse in vivo lack a surface com-
. R onent of peripheral coupling®ev. Biol. 146:364-376

lease measurements which showed a significantly larger P perip uplingsiev. Bl

Ca2+-dependent SR G4 release component igoleus Fryer, M.W.., Neering, I.R. 1989. Act|on_s of caffeine on fast- and
] . slow-twitch muscles of the rafl. Physiol.416:435-454
than in fast-twitch muscles.

Gardn, J., Schneider, M.F. 1993. Calcium transients and calcium re-
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