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Abstract. The superficial (tonic) abdominal flexor low density. It is concluded that E&induced C&" re-
muscles ofAtya lanipesdo not generate Gaaction po-  lease in this crustacean muscle operates with an unusu
tentials when depolarized and have no detectable inwardlly high gain: C&" influx through the silent C& chan-
C&" current. These fibers, however, are strictly depen-nels is too low to generate a macroscopic inward current,
dent on C4" influx for contraction, suggesting that they but increases sufficiently the local concentration of Ca
depend on C&-induced C&" release for contractile ac- in the immediate vicinity of the sarcoplasmic reticulum
tivation. The nature of the communication betweeR'Ca C&" release channels to trigger the highly amplified re-
channels in the sarcolemmal/tubular membrane arfd Calease of C&' required for tension generation.

release channels in the sarcoplasmic reticulum in this

hydropyridines on tension generation and the passiv@e|s — Excitation-contraction coupling — Calcium-
electrical response were examined in current-clampe¢hquced calcium release

fibers: Bay K 8644 enhanced tension about 100% but

did not alter the passive electrical response; nifedipine

inhibited tension by about 70%. Brand B&" action  Introduction
potentials could be elicited in E&free solutions. The

spikes generated by these divalent cations were aboktudies of the electrical excitability of crustacean skel-
ished by nifedipine. As the SFor B&* concentrations  etal muscle led to the discovery of voltage-sensitiv'Ca
were increased, the amplitudes of the action potentialghannels (Fatt & Katz, 1953; Fatt & Ginsborg, 1958;
and their maximum rate of rise/,,, increased and Hagiwara & Naka, 1964). The voltage-dependent inflow
tended towards saturation. Three-microelectrode voltof Ca2* through C&* channels accounts entirely for the
age-clamp experiments showed that even at high (138xcitability of arthropod skeletal muscle, whose electri-
mm) extracellular C&' concentration the channels were cal responses range from weak, local depolarizations to
silent, i.e., no inward Cd current was detected. In overshooting’ propagating &aaction potentia|s (Crab;
Ca*-free solutions, inward currents carried by 138m Fatt & Katz, 1953; Fatt & Ginsborg, 1958; Mounier &
SI’2+ or Ba2+ were observed. The currents activated at\/assort, 1975; barnacle: Hagiwara & Naka, 1964; Key-
voltages above -40 mV and peaked at about 0 mV. Thiges et al., 1973; crayfish: Hencek & Zachar, 1977; insect:
voltage-activation profile and the sensitivity of the chan-washio, 1972; Ashcroft & Stanfield, 1982; scorpion:
nels to dihydropyridines indicate that they resemble L-Gilly & Scheuer, 1984, 1993; isopod: Erxleben & Rath-
type C&* channels. Peak inward current density valuesmayer, 1997). As in vertebrate cardiac muscle?*Ga-
were low,ca. -33 nAlcm? for SF* and ~14pAlcm®for  flux through voltage-dependent €achannels is re-
Ba®*, suggesting that Ca channels are present at a very quired for tension generation in skeletal muscle of crus-
taceans (Zacharova & Zachar, 1967; Gainer, 1968;
Ashley & Ridgway, 1970; Atwater, Rojas & Vergara,
. . 1974; Caputo & Di Polo, 1978) and other arthropods
Agf,lr[j‘gf‘Z’:@?ﬁf;ﬁﬁf‘ggfﬁs‘:Sc'ence and Technology, CUE, (Gilly & Scheuer, 1984). Although some studies suggest
that C&" influx is sufficient to account for tension de-
Correspondence toC. Zuazaga velopment in crustacean muscle (Atwater et al., 1974),
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others indicate that Gainflux mainly serves to trigger aquaria at room temperature (20-22°C). Mechanical and electrophysi-
the release of G from the sarcoplasmic reticulum (SR) ological experiments were performed on intact fibers from the first or
that activates contraction (Ashley & Lea. 1978 Caputosecond segment of the superficial abdominal flexor muscle, dissected in
& Di Polo. 1978: M ier & Goblet 1987, Th ' . control (van Harreveld, 1936) solution (solution A, Table). A detailed

I Folo, N ounier O_ el, )- . us, as in description of the preparation, the dissection and the arrangement of the
vertebrate cardiac mUSC!e (Fabiato, :!-983)1 In crustaceafscies has been published previously (Bonilla et al., 1992).
skeletal muscle calcium-induced calcium release (CICR)
has been proposed to be the mechanism of excitation-
contraction (E-C) coupling: a small entry of extracellular MECHANICAL RECORDINGS
C&" is considerably amplified by this mechanism to pro-
vide the C&" required for contraction (Vergara & Ver- Single muscle fibers or small monolayer bundles (4-7 fibers) were

dugo 1988: G'y[ke & Palade. 1992 1993. 1994 Paladedissected, leaving only a small segment of cuticle at both ends for
& Gy,drke i993) ! ! ! ' attachment to the bottom of the experimental chamber and to the level

=/ i i . of the transducer, respectively. A single fiber was impaled near its
The superficial (tonic) abdominal flexor muscle fi- migdie with two microelectrodes positioned with an intraelectrode dis-
bers of the crustaceaAtya lanipesare dependent on tance of 50-7qum, and current clamped as described below. Tension
extracellular C&' for the activation of contraction (Bo- was simultaneously measured using an isometric mechanoelectronic
nilla et al., 1992). These long-sarcomere striated fibergransducer (Cambridge Technology, Series 400A, MA), whose output
possess an ample and well-developed SR, with extensiyeas fiIt‘ered at 500 Hz (-3 dB, 8—p0|e_ Bessel) and samplgd at 12-bit
regions of transverse (T) tubule/SR dyad contacts: théesolutlon every 1-2 msec by a microcomputer. The fibers were

. L Stretched to about 1.25 resting length (sarcomere lecayth0.5 m),
SR releases Cain response to the appllcatlon of caf- where maximum tension occurs (Bonilla et al., 1992). In some experi-

feine (Bonilla et al., 1992). However, in sharp contrastments, the muscle fibers were stimulated extracellularly. Single me-
to other arthropod skeletal muscle fibers, these musclesanical responses were evoked from bundles of 2-5 fibers by supra-
are electrically inexcitable: they do not generate gradednaximal electrical stimuli applied longitudinally via two Pt wires in the
potentials or all-or-none céa spikes when depolarized bath. Square pulses of 300 msec duration and 8-15 V intensity were
(Zuazaga & del Castillo, 1985) and, under voltage-clamﬁ‘pp"?d using g Grass S11 ((_Brass Instruments, MA) stimulator. I:/Ie-
conditions, inward currents carried by Tan response chanical recordings were carried out at room temperature (20-22°C).
to depolarizing voltage steps are unmeasurably small,

even when all outward currents are suppressed (Lizard ecTROPHYSIOLOGICAL RECORDINGS

et al., 1992).

The present studies were carried out to suggest poSrhe current- and voltage-clamp techniques used in the present studies
sible explanations to the paradoxical requirement of exare described in detail elsewhere (Lizardi et al., 1992). Briefly, in
tracellular C&" for contractile activatiorvis-a-vis the current-clamp experiments, the fibers were impaled with two micro-
absence of measurable inward®Caurrent in this crus- electrodes positioned with an intraelectrode distance of 5Q#m0
tacean muscle. We found that €anflux is an absolute The microelectrode for membrane potential recording was filled with 3

. . . m KCl and its resistance was 15—-28). Constant current pulses were
requirement for tension genere}tlon' _The VOItage'deIivered via a 2« K-citrate-filled electrode, bevelled to a resistance of
dependent Cd channels that mediate this influx were 37 M, using an Axoclamp-2A (Axon Instruments, CA) amplifier in
unmasked, in the complete absence of extracelluldf,Ca the bridge-mode which compensates electrode voltage drop during cur-
using Sf* and B&" as current carriers. The voltage- rent passing. The internal command of the amplifier was triggered by
activation characteristics of the Brand B&* currents, a microcomputer with pPCLAMP software (Axon Instruments, CA), to
and the sensitivity of the channels to dihydropyridinesinje‘:t current pulses. Mer_nbranq potentigls were fiIte_red _at 5_00 Hz_ (-3
(DHPS) indicate that they resemble L-typeZCahanneIs dB, 8-pole Bessel) and differentiated using an RC circuit with a time

; . .. constant of 10 msec. The potentials and their time derivatives were
in vertebrate cardiac muscle. We have called them “si-

T sampled at 12-bit resolution every 1-2 msec. All experiments were
lent C&* channels” because, even when the driving forceperformed at room temperature (20-22°C).

for Ca* was increased tenfold, €acurrent density re- For voltage clamp experiments, the three-microelectrode tech-
mained unmeasurably low. Our findings suggest thatique developed by Adrian, Chandler and Hodgkin (1970) was used.
E-C coupling in this electrically inexcitable muscle is The three micr_o_electrode_s impaled a muscle fiper near its end. Two
mediated by a remarkably high gain CICR mechanism: éalectrodes positioned at distan¢emsd 2| from the fiber end were used

4 . to record the membrane potentidgandV,, respectively. They were
very small entry of C& through the silent C channels 4 i 3w Kcl. A third electrode filed with 21 K-citrate, inserted

results in the macroscopic release of Cirom the SR 4 distance 2+ I, was used to deliver current intracellularly. Elec-
required for contractile activation. Preliminary results of trode resistances ranged from 3 tox28. The Axoclamp-2A amplifier
portions of this work have been reported (Monterrubio,was used, in the two-electrode voltage-clamp mode, to display and
Lizardi & Zuazaga, 1997). recordV, and to measure current floug) through the third microelec-
trode. The membrane potential was, therefore, controlldd at

V, was measured by a unity gain voltage follower (W.P. Instru-
ments, Model 750) whose output was fed to a digital voltmeter and to
channel 1 of the dual-trace amplifier of an oscilloscope (Tektronix,
Model 5A18N). V, was fed to channel 2 of the dual-trace amplifier,
Adult specimens of the freshwater crustacédya lanipeswere col- allowing scaling and subtraction of the membrane potendaendV,.
lected in streams at El Yunque rain forest, Puerto Rico, and kept inThe output of the dual-trace amplifier, the amplifistd-V, voltage

Materials and Methods

PREPARATION
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signal, was filtered at 500 Hz (-3 dB, 8-pole Bessel) and sampled at CONTROL 0 ca”
12-bit resolution by the microcomputer every 1-2 msec. (13.6 mM Ca™)

To calculate membrane current denslty, (LA/cn?), Adrian et al.
(1970) have shown thadt, is approximately equal to:
= a(V, - Vy)
" 3I2R
wherea is the fiber radiusV, andV, are the membrane potentials
recorded at distancésand 2I, respectively, an®, is the resistivity of 2mg
the myoplasm.R was assumed to be 125 - cm at 25°C as in other
crustacean muscle fibers (Fatt & Katz, 1953; Fatt & Ginsborg, 1958),

and that it varied with temperature with a,Qof 1.4, as in other
arthropods (Ashcroft, 1980). varied from 60 to 10Qum andl’ from

20 to 30pm; they were directly measured with the microscope. The
fiber radius was calculated following the equations by Adrian et al.
(1970).

Linear membrane currents were subtracted digitally online by aog mv
P/4 procedure (Armstrong & Bezanilla, 1974) from a subholding po-

tential which was 15 mV more negative than the holding poterigl (

E,, was held at =75 mV which is close to the resting potential of these

fibers (Zuazaga & del Castillo, 1985). Pulse generation, data acquisi-

tion and analysis were done using the microcomputer and pCLAMP

software. om| R 1=
Voltage-clamp experiments in €acontaining solutions were _—

performed at room temperature (20-22°C). To slow the time course of 200 msec

the currents recorded in Brand B&*-containing solutions and im-

prove current control, voltage-clamp experiments in these solution

were performed at 5-10°C.

giig. 1. Depolarization-evoked tension and the electrical response in a
fiber bathed in control solution (solution A, left panel) or in“Géree
solution (solution M, right panel). Left panel: top traces show tension
measurements in response to a series of depolarizing current steps
(bottom traces); middle traces show the passive electrical responses of
the muscle fiber. Right panel: top traces show that tension fails in the
absence of extracellular €awhen depolarizing current steps (bottom
traces) are applied; middle traces show the electrical responses of the
fiber. Same experiment throughout; resting potential =75 mV (left
panel) and -60 mV (right panel).

SOLUTIONS AND DRUGS

The composition of the different solutions is shown in the Table?*Ca
free solutions (solutions C—M) contained .1rBEGTA. Solutions con-
taining a high concentration of €5 SP* or B&* were prepared by
replacing 3 N& with two divalent cations. In CHree solution (solu-

tion N), CI” was replaced with the impermeant anion methanesulfonate . . .
(CH, SO%): Na* was replaced with the Kchannel blocker TEA. So- in the extracellular medium (solution M), the fiber was

lutions were buffered with 3-(N-morpholino) propanesulfonic acid u.nabl_e to generate tension Wh?n depolarized. Contrac-
(MOPS, 4 nm) at pH 7.4. Nifedipine and S(-)- Bay K 8644 were lile failure was not due to depletion of &arom the SR
dissolved in ethanol, and diluted in the bath solution to the specifiedbecause, in Cd-free solution, caffeine releases Ca
concentration; the resulting solvent concentration was 0.1% or lessfrom the SR evoking contractures in these fibers (Bonilla
Similar concentrations of ethanol had no significant effept on the ex-gt g|., 1992). Thus, as in barnacle and scorpion skeletal
e o, et s o gt 4 1 nuscles (Caputo & Di Pol, 1978; Gy & Schever,
gnt P gma. 1984), the SR ofA. lanipesmuscle does not become
depleted of C& in the absence of extracellular €a
Results Therefore, these results suggest that in this muscle, con-
traction failed in C&*-free solution because there was no
Cé&* influx to trigger CICR.
Ca* INFLUX IS REQUIRED FORCONTRACTION The absolute requirement of €anflux for contrac-
tile activation is further supported by experiments where
Figure 1 shows that tension generatiominanipesskel-  Cd?*, an inorganic C& channel blocker, was used to
etal muscle fibers is absolutely dependent upon the pregrevent the influx of C&, as illustrated in Fig. 2. In
ence of C&" in the extracellular medium. The left panel these experiments, extracellular electrical stimulation
shows the contraction evoked by a series of increasingvas used to evoke the mechanical responses. The lef
depolarizing current steps when the fiber was bathed inrace in Fig. 2 shows the response to a single stimulus
control solution containing 13.6 mCa* (solution A,  evoked in control solution containing 13.6mCa" (so-
Table). Notice that the fiber did not generate an activelution A). In the presence of 4 mCd?*, tension gen-
response when depolarized, as previously reportedration was very rapidly (1-2 min) and completely abol-
(Zuazaga & del Castillo, 1985; Lizardi et al., 1992). In ished (middle trace); tension returned to control levels
contrast, $eeFig. 1, right panel), in the absence ofa upon washing out the Gachannel blocker (right trace).
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Table. Composition of solutions (in m)? 8644 (Fig. 3, bottom traces). The time course of the

NaCl kel CaC, MgCl, BaC, SIC, EGTA effect of the drug on pont_ractile activatiqn is_ shown in

2 Fig. 3B. Depolarization-induced tension increased

A 205.0 54 136 2.4 . o . within 10 min, following application of Bay K 8644, and
B 22.0 5.4 138.0 — _ _ was maximally enhanced after about 35 min. In three
C 206.1 5.4 — — — 13.6 5.0 different fibers, tension generation in response to depo-
D 196.5 54 — — — 20.0 5.0 larization was reversibly increased, with similar time
E 1665 54 - - - 400 50 course, by about 100 and 200%; changes in the passive
(F; 1fg-§ g-;‘ - - = 123-8 2-8 electrical response of the fibers were not observed in
H 206.1 54 L 136 — 50 these experiments.
| 1965 5.4 - 200 — 50 The L-type C&" channel blocker nifedipine, on the
J 166.5 5.4 — _ 400 — 5.0 other hand, inhibited the contractile responseAinia-
K 136.5 5.4 — — 600 — 50 nipesmuscle fibers in a reversible manner (Fid\,4o0p
L 19.5 5.4 — — 1380 — 5.0 traces). In the experiment shown, the tension generatec
M 2200 54 - = - — 50 by a depolarizing current step was reduced about 78% in

the presence of 1@um nifedipine. The electrical re-

Methanesulfonate solution sponse was not significantly changed by the drug (Fig.

TEACH,SQ, KCH,SQ, Ca(CH,;SQ,),

N 220 5.4 138.0 4A, bottom traces). The time course of the inhibitory
action of nifedipine on depolarization-evoked tension
2Solutions were buffered with 4 mMOPS (pH = 7.4). (Fig. 4B) was similar to that of the Bay K 8644-induced

enhancement of tension (FigBJ3

Caffeine contractures were evoked in control solu-MeasurREMENT OFlONIC CURRENTS THROUGH
tion and in Cd*-containing solution to provide further Ca* CHANNELS
support to our conclusion that contractile failure was not
due to depletion of G4 from the SR. Figure Rillus-  The abolition of contraction in Céafree solution, in
trates the results of experiments where the fibers wer&d *-containing solution, and the effects of the DHPs on
first exposed to 2 m caffeine in control solution (solu- E-C coupling suggest that €achannels are present in
tion A) for 30-35 seconds (left bar) and then to controlthe sarcolemmal/tubular membranefoflanipesmuscle
solution containing 2 m caffeine and 4 m Cd®* to  fibers. In an attempt to unmask the channels, we in-
block the electrically generated mechanical responsegreased the driving force for €atenfold (solution B),
(right bar). No statistical differences were observed inbut, although depolarization-evoked tension increased
the peak tension of the contractures evoked by caffeinéonsiderably, the electrical response remained com-
in control solution and in Cif-containing solution, pletely passivedata not showp
where the electrically generated mechanical response However, when 13.6 m C&* was isotonically sub-
was abolished. These results indicate that contractiltituted for Sf* or B&* in the presence of 5 mEGTA
failure was not due to alteration of the SR*C#oad. in the bathing solutions (solutions C and H, respec-

Sarcolemmal and tubular €achannels in crusta- tively), action potentials could be elicited by depolariz-
cean skeletal muscles have been found to be sensitive 189 current pulses (Fig. 5). Under these conditions, me-
DHPs (Hurnak et al., 1990; Erxleben & Rathmayer, chanical activation did not occur, and we therefore mea-
1997). For example, the graded electrical response elicsured action potential amplitudes and their time
ited by depolarization of twitch muscle fibers of the ma- derivatives. We found that in C&free, EGTA-
rine isopodldotea balticais converted into an action containing solutions, as the concentration of the current-
potential upon exposure to Bay K 8644, an agonist ofcarrying divalent cation was increased, the amplitudes of
L-type C&* channels; nifedipine, an L-type €achan- the action potentials and their maximum rate of rise,
nel antagonist, reduces the action potential back to &max iNCreased (Fig. A4 andB, top and bottom traces,
graded response (Erxleben & Rathmayer, 1997). Theskespectively).V,,,, was assumed to be proportional to
observations prompted us to test the effects of DPHs oithe maximal inward current (Hagiwara & Takahashi,
the electrical response and tension generatioA.ita-  1967) and is plotted as a function of’Sior B&* con-
nipesmuscle fibers. We found that in the presence of 10centration in Fig. &. V. tended towards saturation as
puM Bay K 8644, the tension evoked by a depolarizingthe divalent cation concentration was increased. The ex-
current step is markedly larger than that evoked in conperimental points were fitted assuming a Michaelis-
trol solution (Fig. 3\, top traces). Upon washing out the Menten type kinetics:
drug, tension returned to control levels. Interestingly, o4
the passive electrical response was not converted into &

[C* o+ Knm

V,
action potential during exposure of the fiber to Bay K (Vimaus

max
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A

CONTROL Cd* WASH

2mg| _/

5(5 msec

Contraction

N - v

13

Fig. 2. Mechanical responses evoked by
extracellular electrical stimulation are reversibly
abolished by C#. (A) Responses to a single
supramaximal electrical stimulus evoked in control
solution (left trace); tension fails to develop in the
presence of 4 m Cd?* (middle trace); upon
washing out C&", tension returns to control levels
(right trace). Same experiment throughois) (
Peak tension of the contractures evoked by
caffeine in control solution (left bar); peak tension
of caffeine contractures in Gtcontaining

solution (right bar). Each bar is means&m of 4

Caffeine-induced

experiments; the same bundle of fibers was used
for both control and test trials.

Control

where [G*], is the divalent cation concentration in the
external solutionV,,.,<is the saturate,,,, at an infi-

nite [C*"],, andK,,, is the Michaelis constant. The curves A
of Fig. 5C were drawn according to the values\9f ..
andK,, obtained which were 6.%/sec and 14.6 m for

SP* and 3.8V/sec and 9.8 m for Ba?", respectively.
The influx of these divalent cations is mediated by L-
type C&" channels because, as shown in Fig. 6,0
nifedipine reduces the Srspike and its derivative.

To unmask the Cd channels inA. lanipesmuscle
fibers using St and B&" as current carriers we had to
take extreme care to keep the fre€?Ceoncentration in
the bathing solution very low, because it appeared that
the influx of these divalent cations through the channels
was reduced by extracellular €a(data not shown
Thus, all C&*-free solutions contained 5MEGTA.

CONTROL BayK 8644

10 uM

Ve /\ e

7N N

200 msec

Wash

BayK 8644 (10 uM)

CONTROL WASH

BiorPHYSICAL CHARACTERIZATION OF THE SILENT
C&* CHANNELS 6

Voltage-clamp experiments with three microelectrodes
(Adrian et al., 1970seeMaterials and Methods) were
carried out to characterize some of the properties of the &
currents through the sarcolemmal/tubulafCehannels. e © @
To enhance inward current density, the divalent cation
concentration was increased tenfolseé¢ Table). The 2
ionic currents in solutions containing the different diva-

lent cations are shown in Fig. 7. Figurd #llustrates a

family of currents recorded at different potentials from aFig. 3. Effects of Bay K 8644 on tension and the electrical response.
fiber superfused with a Clfree solution containing TEA (A) Depolarization-evoked tensiqn (top traces) increases in the pres-
and 138 nw C&+ (solution N). 3, 4-Diaminopyridine ence of 10um Bay K 8644; tension reverses to control levels upon

. - - washing out the drug. The passive electrical response of the fiber
(0'5 rTM) was added to this recordlng solution. Inward (bottom traces) is not converted into an action potential in the presence

current+was n_Ot observed, even thoth the d'rl\{lng forc%f Bay K 8644. Same experiment throughout; injected current 400 nA,
for C&* was increased tenfold, Tturrents eliminated  resting potential ~76 mV.8) Time course of the effect of Bay K 8644
and K’ currents inhibitedrf = 5). Because inward cur- on depolarization-induced tension.

sion (mg)

| L | L | L |
40
time (min)

L
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also observed when the fibers were bathed if*@ae,
138 muv Ba?*-containing solution (solution L), as shown
in Fig. 7C. The current activated near —20 mV, was
maintained during the pulse and was maximal near +5
mV; outward current was not detected. In 8 fibers tested
under these ionic conditions, inward Baurrent ranged
from -3 to —30 wAlcm?, averaging —-14 + 4uA/cm?
(mean £sem) near 15 mV.

The results described above indicate that Passes
throughA. lanipessilent C&* channels more easily than
Ba?*. This is further supported by experiments per-
formed in the same fiber where the bathing solution was
changed from Si to B&*. Figure 8 shows current-
voltage relations from a fiber obtained in €dree 138
mm SP* (solution G) and C&-free 138 nv Ba?* (solu-
tion L). Peak inward current density decreased about

" fivefold when Sf* was replaced by B4, and the curve

shifted by about 15 mV to more positive potentials. A

similar reduction in peak current upon changing from

" . 138 mv SP* to 138 nm Ba?" was found in two other
" fibers thus studied.

Tension (mg)

-

e O N o © o

I Y R ST |
n

‘ ‘ Discussion
0 50 100 150 200

ime (min) The main finding of this work is that Ga channels are
Fig. 4. Nifedipine inhibits depolarization-evoked tensioA) Tension present '_n the sarcolemmal/tubular membrane of skeletal
(top traces) is inhibited in a reversible manner byud0nifedipine: the ~ Muscle f|b_er5 O_f the crustacedn Ian_lpe_s.These chan-
drug does not affect the electrical response (bottom traces). Same exels are silent, i.e., Gacurrent density is unmeasurably
periment throughout; injected current 100 nA, resting potential -52]ow, but inward current through them may be measured
mV. (B) Time course of the effect of nifedipine on depolarization- jn Ca*-free solutions using 2f and B&* as current
induced tension. carriers. The significance of the findings for the E-C
coupling process in this crustacean muscle will be dis-

rent density was unmeasurably low under these ioni€ussed below.

conditions, we have called the channels “silenCa

channels.” Notice that repolarization appears to elicit aEVIDENCE FOR THE PRESENCE OFC&’ " CHANNELS
slowly deactivating inward tail current, suggesting the
activation of the silent G4 channels.

The currents recorded from fibers bathed inGa
free (5 nu EGTA) SFP*- or Ba&'-containing solutions
differ markedly from those of fibers bathed in €a
containing solution. To slow the time course of the cur-
rents and improve current control, these recordings wer
performed at 5-10°C. FigureB7shows the membrane
currents recorded from a fiber superfused wittf Claee, containing other divalent cations, the abolition of the

138 mu Sr_z -containing solution (solution G). A slow g+ spikes by nifedipine provides additional evidence
transitory inward current through the silent<Cahan- \}hat these channels are similar to L-type?Cahannels
nels was .obslerved._'ghe \c/urregt dactwated dn_ear _2? ”:j (Fig. 6). These results indicate that the silent L-type
was maximal near —> mV and decreased in amplitudes 2+ cpannels mediate the influx of &arequired for
with depolarizations larger than 0 mV. With the com- contractile activation and the influx of &rand B&*

mand pulse driving the membrane potential to positive g jired for the generation of an active electrical re-
values, a small outward current was also observed. Thgponse

maximum peak St current ranged from -5 to —78A/
cn? in fibers with 30 to 65um radius, averaging —33 *
11 pA/cm? (mean +sem, n = 7) and was maximal near
0 mV. The inward current carried by €athrough the silent
Inward current through the silent €achannels was Ca* channels in this preparation is too small to be mea-

Under physiological conditions, the presence ofCa
channels in this muscle, and their role in E-C coupling is
revealed not only by the failure of contraction in the
absence of extracellular €zand in the presence of €d

but also by the enhancement of tension produced by the
L-type C&* channel agonist Bay K 8644 and its inhibi-
fion by nifedipine, an L-type C&d channel antagonist.
When the channels are unmasked irf Giaee solutions

CHARACTERISTICS OF THEINWARD CURRENTS
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A

B
[Sr %], mm) [Ba '], mw)
136 20 40 60 136 20 40 60

£ L hﬁl su’LF\f\
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C
2+
Sr
—~ 4}
3 Ba
£ .
>
2k a9
0 L L R N L )
o 10 20 30 40 50 60

Sr** or Ba**concentration (mM)

Fig. 5. Action potentials recorded in E&free, SF*- or Ba?*-containing solutions in current-clamp experiments. An action potential (top left
trace) was generated in response to depolarizing current in 18.6i-containing solution (solution C). The amplitude of the action potentials
and their derivatives (top and bottom traces, respectively) increased a$ tte&rentration in the bathing medium (shown above the traces) was
increased. Same experiment throughout; injected current 40 nA. Resting potential of the fiber was —B) B&#" ction potentials (top traces)
and their derivatives (bottom traces) evoked by a 30 nA depolarizing step from a different fiber bathed in solutions containirfg the B
concentrations shown above the traces. Resting potential —80 @\C(rent /,,.,)-concentration relationships in Brand B&* solutions. The
curves are the best nonlinear fit of the experimental data to the Michaelis-Menten equation. The valygs,ahdK,, were 6.2V/sec and 14.6

mm for SP* and 3.8V/sec and 9.8 m for Ba2*, respectively. Each point is meansem of 4 determinations.

sured, even when the driving force is increased tenfold,;

. . . . CONTROL NIFEDIPINE
however, inward currents carried by high concentrations (13.6 MM SF) 10 uM
of SP* and B&", in C&" -free solutions, may be mea-
sured and described (Figs. 7 and 8). Although th& Sr
and B&" currents were not isolated by either ionic sub-
stitutions (i.e., using the impermeant anion methanesul-
fonate instead of C) or pharmacological interventions
(blockage of K currents by TEA and 3,4-diaminopyri-
dine), our results show the following. First, theSand
Ba®* currents activate at potentials above —40 mV and
peak close to 0 mV, another indication that L-type’Ca
channels mediate the influx of these divalent cations.
Second, the peak inward current carried b§*$s larger
than that carried by B4, suggesting that the selectivity
profile of the silent C&" channels isg, > Ig,> |, This
profile is distinct from that of vertebrate L-type €a
channelslg, > |5, > l.). Third, B&* currents appear to
activate and inactivate much more slowly thad*Sur- 200 msec
rents. It is poss'ple that, as in other. arthropod mUS.C|e%ig. 6. Nifedipine reduces the spike recorded in?Geree 13.6 nm
(Ashcroft & Stanfield, 1982), Bd-carried currents acti- SP*-containing solution (solution C) (top traces) and its time derivative
vate more slowly than those carried by other divalent(bottom traces). Resting potential of the fiber —77 mV.

20 mV

2Vis
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oy)

ca** s C Ba*

-15mV e

Fig. 7. Membrane currents recorded in 13&m
divalent cation solutions in voltage-clamp
experiments.A) Records of membrane currents
during command pulses to different potentials
BSmV T e (numbers at left); fiber bathed in Gfree solution
w containing TEA and 138 m C&* (solution N);
0.5 nm 3,4-diaminopyridine was added. =
20-22°C. B) Total membrane currents during
command pulses to the potentials shown at left;
fiber bathed in C&-free, 138 nw Sr**-containing
solution (solution G)T = 5-10°C. C) Records
of total membrane currents during command
pulses to the potentials shown at left; fiber bathed
in Ca*-free, 138 nw BaZ*-containing solution
(solution L). T = 5-10°C. @), (B) and C) are
2swer | records from three different fibers. Note
soms differences in recording temperatures.

+5 mV M%

S

Stanfield, 1982; Gilly & Scheuer, 1993), current density
20 40 60 in A. lanipesis 4- to 10-fold lower, even though high
concentrations of permeant divalent cations were used to
increase inward membrane current. Unlike lanipes
Ba?* (138 mM) muscle, which is electrically inexcitable, the muscles in
these other arthropods generate either all-or-noré Ca
spikes or graded potentials. Assuming that the single
channel conductance of the €ahannels inA. lanipes
muscle is similar to that of G4 channels in other crus-
tacean muscles (Hurnak et al., 1990; Bishop, Krouse &
Wine, 1991, Erxleben & Rathmayer, 1997), these results
Sr 2+ (138 mM) suggest that irA. lanipesmuscle fibers C4 channels
occur in very low density. This would explain why, un-
der physiological conditions, G&influx is not enough
to generate a macroscopic inward current.

&

g<

Fig. 8. Current-voltage curves in Sk vs. Ba®*-containing solutions.
Peak currents were measured during pulses to different voltages in
solution containing 138 m Sr** (solution G). The solution was then
changed to one containing 138mBa*" (solution L) and voltage steps Recent work in our laboratory indicates that the silent
were repeated. Same experiment throughout. Ca* channels inA. lanipesskeletal muscle are mainly
located in the T-tubules (Monterrubio et al., 1999).
Thus, the silent C& channels are in close proximity to
cations. The slower apparent inactivation kinetics of thethe SR CA&" release channels in the dyad. In vertebrate
Ba®" currents is probably due to blockage of the outwardcardiac muscle, CICR depends on the ability of tubular
K* current by B&* but not by Sf*. Isolated B&" and  Ca&* channels to increase the local concentration df'Ca
SrP* currents must be carefully studied to resolve thesen its immediate vicinity; the close juxtaposition of tu-
issues. The silent G&channels reside in tubular mem- bular C&* channels and SR &arelease channels in the
branes ¢ee belowy this would limit voltage control and dyad results in a larger amount of €ao flow from the
explain the observed notches in the inward current reSR to activate contractiors¢eGomez et al., 1997 and
cords. references therein). There is evidence that CICR in crus-
The distinguishing characteristic of the inward tacean muscle is also mediated by a local control mecha-
membrane current in this muscle is its low density.nism (Gyake & Palade, 1992, 1993). Our results sug-
When compared to G&generated current in other ar- gest that CICR inA. lanipesmuscle operates with an
thropod muscles (Hencek & Zachar, 1977; Ashcroft & unusually high gain: microscopic €anflux through the

IMPLICATIONS FOR E-C CouPLING
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silent C&* channels is sufficient to increase the local Gilly, W.F., Scheuer, T. 1984. Contractile activation in scorpion stri-
concentration of C# in the immediate vicinity of the SR~ ated muscle fibersl. Gen. Physiolg4:321-345

ca* release channels in the dyad and trigger the highl)};'“y' W.F., Scheuer, T. 1993. Voltage-dependent calcium and potas-
amplified release of G4 required for contractile activa- sium conductances in striated muscle fibers from the scorpion,

. Th f he | | | hani f E-C Centuroides sculpturatus. J. Membrane Bib84:155-167
tion. erefore, the local-control mechanism o “~ Gomez, A.M., Valdivia, H.H., Cheng, H., Lederer, M.R., Santana, L.F.,

coupling might explain the paradoxical requirement of  cannell, M.B., Mc Cune, S.A., Altschuld, R.A., Lederer, W.J.

C&™ influx for the activation of contractiomis-a-visthe 1997. Defective excitation-contraction coupling in experimental
absence of measurable Taurrent in this crustacean cardiac hypertrophy and heart failui®cience276:800-806
muscle. Gyorke, S., Palade, P. 1992. Calcium- induced calcium release in cray-

fish skeletal muscleJ. Physiol.457:195-210

N 2 L S
We are grateful to Dr. A.l. Selverston for a careful reading of the Gytrke, S., Palade, P. 1993. Role of local’Cdomains in activation

manuscript and useful suggestions, and to Dr. L.F. Santana for valuable ©f Ca-induced C&" release in crayfish musclém. J. Physiol.
discussions and critical review of the revised version of the manuscript. 33:C1505-C1512
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