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Both T- and L-Type Ca®* Channels Can Contribute to Excitation-
Contraction Coupling in Cardiac Purkinje Cells

Zhengfeng Zhou and Craig T. January
Section of Cardiology, Department of Medicine, The University of Wisconsin, Madison, Wisconsin 53792 USA

ABSTRACT Although L-type Ca®* channels have been shown to play a central role in cardiac excitation-contraction (E-C)
coupling, little is known about the role of T-type Ca®* channels in this process. We used the amphotericin B perforated patch
method to study the possible role of T-type Ca®* current in E-C coupling in isolated canine Purkinje myocytes where both
Ca?" currents are large. T-type Ca®™" current was separated from L-type Ca®" current using protocols employing the different
voltage dependencies of the channel types and their different sensitivities to pharmacological blockade. We showed that
Ca®" admitted through either T- or L-type Ca®* channels is capable of initiating contraction and that the contractions
depended on Ca®"-induced Ca®" release from the sarcoplasmic reticulum (SR). The contractions, however, had different
properties. Those initiated by Ca?* entry through T-type Ca2™" channels had a longer delay to the onset of shortening, slower
rates of shortening and relaxation, lower peak shortening, and longer time to peak shortening. These differences were present
even when L-type Ca®* current amplitude, or charge entry, was less than that of T-type Ca®" current, suggesting that Ca®*
entry through the T-type Ca®* channel is a less effective signal transduction mechanism to the SR than is Ca®* entry through
the L-type Ca®* channel. We conclude that under our experimental conditions in cardiac Purkinje cells Ca®* entry through
the T-type Ca®* channel can activate cell contraction. However, Ca®* entry through the L-type Ca®* channel is a more
effective signal transduction mechanism. Our findings support the concept that different structural relationships exist
between these channel types and the SR Ca®* release mechanism.

INTRODUCTION

Most cardiac myocytes express two types of Cehannels, and in dedifferentiated cultured ventricular heart cells
the L- and T-types (Bean, 1985; Nilius et al., 1985; Mitra (Fares et al, 1996).
and Morad, 1986; Hirano et al., 1989a; Tseng and Boyden, In this report, we tested the postulate thaf Cantry via
1989; Zhou and Lipsius, 1994). The L-type Cachannel the T-type C&" channel could participate in E-C coupling
has been closely linked to electrogenic and excitation-conin some heart cells. We studied cardiac Purkinje cells,
traction (E-C) coupling processes in heart cells (for reviewwhere both T- and L-type G4 current densities are large,
see Bers, 1991; Callewaert, 1992; McDonald et al., 1994and we used the perforated patch-clamp technique to min-
Gomes et al, 1997). The T-type €achannel has been imize the effects of cell dialysis-induced current and con-
extensively characterized, yet its role in the heart remaingraction rundown. Under these experimental conditions,
poorly understood. The strongest evidence is that it particCa®" admitted through either T- or L-type €achannels
ipates in the electrogenesis of impulse generation in pacevas capable of initiating cell contraction; however, the
making cells (Hagiwara et al., 1988; Zhou and Lipsius,contractions had different properties. Our findings may
1994). It has been suggested that T-typeTahannels have implications for structural relationships of these chan-
might participate in E-C coupling (Mitra and Morad, 1986; nels and the sarcoplasmic reticulum (SR)?*Caelease
Le Grand et al., 1990), but evidence showing this directly ischannel.
lacking.

In cardiac cells, T-type Ca current density is largest in
Purkinje and atrial cell types, whereas in ventricular cells itsMATERIALS AND METHODS
density nqrmally is small. T-type Ga (?urrent Qensity, Single Purkinje cells
however, is reported to be increased in ventricular cells
isolated from chronically hypertensive animals (Nuss andbingle canine Purkinje gells_ were isolated _enzymatically (Sheets et al.,
Houser, 1993), in genetic models of cardiomyopathy (Ser}983).dCeI.Is were stu’\?fd mA?| heate_d mlcrochamberf mougtedﬁgoon an
and Smith, 1994), by the drug ouabain (Le Grand et al.fo\grte microscope (Nikon). All experiments were performed a
1990), in atrial postnatal development (Xu and Best, 1992),

Perforated patch-clamp recording technique
Received for publication 29 October 1997 and in final form 7 January . ) . .
lonic currents were recorded in whole-cell configuration using the ampho-

1998.
tericin B perforated patch method as described by Rae and co-workers (Rae

Address reprint requests to Dr. Cr_aig T. January, Cardiology Sectioq3t al., 1990; see also Horn and Marty, 1988; Zhou et al., 1995). Ampho-
H6/352, 600 Highland Avenue, l_\/ladl_son Wl_ 5_3792_'3248' Tel.: 608-262'tericin B (60 mg/ml; Sigma Chemical Co., St. Louis, MO) was first
5291; Fax: 608'2_63'0495; E-m:-.uI: ctj@medicine.wisc.edu. dissolved in dimethylsulfoxide and then added to the internal pipette
© 1998 by the Biophysical Society solution at a final concentration of 24@/ml. The internal pipette solution
0006-3495/98/04/1830/10 $2.00 contained (in mM) 100 cesium glutamate, 40 CsCl, 1.0 MgC0 EGTA,



Zhou and January T-Type Ca®* Current and E-C Coupling 1831

and 5 HEPES and was titrated with CsOH to pH 7.2. Because EGTA wasnitted the unambiguous separation of T-type?Caurrent from L-type
included in the pipette solution, inadvertent rupture of the cell membraneCa* current (Hirano et al., 1989a). Peak®Caurrents were measured as
within the pipette tip (creating a conventional ruptured patch whole-cellthe difference between the inward peak and the current remaining at the
configuration with cell dialysis) was evident as the rapid disappearance oénd of the voltage step. For L-type €acurrent, this method may result in
cell contraction and the gradual rundown of°Cacurrent amplitude. For — a small underestimate of current amplitude arising from non-inactivating
the formation of a gigaseal, the tip of the pipette was filled with ampho- current present at the end of a voltage step. The magnitude of error,
tericin-free pipette solution and the pipette was backfilled with the ampho-however, is small (Hirano et al., 1992), and measuring L-typ& Carrent
tericin-B-containing pipette solution. With the amphotericin B method, the as the Cd"- and N"-sensitive current (see Fig. 3) gives similar results.
access resistances usually were 4—8.Mfter electronic compensation, Data are shown without capacitance or leak correction. Where appropriate,
this is a suitable access resistance for voltage clamp, and voltage deviatiatata are given as mean SEM.
at peak ionic current in these experiments typically should not exceed 1-2 Cells meeting the following criteria were studied: 1) access resistance
mV. The junction potential was nulled to zero current before the pipette(before compensation) was8 MQ with small leak current, 2) L- and
was sealed to the cell. With insertion of amphotericin into the cell mem-T-type C&* currents did not rundown, 3) shortening amplitude was stable
brane after gigaseal formation, a small-amplitude diffusion potential of awithout contraction rundown, and 4) spontaneous contractions were absent
few millivolts through amphotericin channels appears (for discussion seeluring experiments.
Barry and Calc, 1994). Records were not corrected for these small-ampli-
tude voltage shifts.

In most experiments, the pipette was sealed to the cell membrane neﬁESULTS
the center of the cell and electrical access to the cell interior was obtained
ilnggl;*-Tcont:ining (|137 mméNaCt:; S(;etﬁhoul etF al., 1995; VOfIOedfiE” ?t ?'-vSeparation of T-type from L-type Ca?* current in

yrode’s solution. in the bath solution was removed by firs

switching to N& - and C&"-free solution (NaCl replaced with TEA-CI, perforated patch-clamped cells

nominally C&*-free) to minimize C&" loading (Bers et al., 1990). The The voltage protocol used to separate T- from L-typéta

bath solution was then switched to a Nand K*-free solution containing S N
(in mM) 140 TEA-CI. 2.4-aminopyridine, 1.8 Calor BaCl), 1 MgCl, currents by their different voltage-dependent properties is

10 glucose, 10 HEPES (pH adjusted to 7.4 with TEA-OH), and 0.01—0.023hOV_Vn in Fig. 1. I_n Fig. 1'A, voltage clamp steps were
tetrodotoxin (Calbiochem, La Jolla, CA). In this solution, N&*, and  applied that selectively activate T-type Cacurrent (hold-

Na-Ca exchange currents should be suppressed, permitting the recordingigfg potential of—80 mV with depolarizing steps to voltages
T- and L-type C4&" channel currents. When used,Cd10-200pM) was between—50 and—30 mV) or L-type C&" current (hold-

added as CdGJ Ni** (100—400uM) was added as NiGJ nifedipine . . - _ . .
(1-10 M) was added from a 10 mM ethanol stock solution, nitrendipine Ing potentlal 0f—40 or —50 mV with dEpOIa“ZIng steps to

(10 uM) was added from a 10 mM dimethylsulfoxide stock solution, and morf positive VOltageS) or th‘_at activate bOth_ T-and L-type
D-600 (1-10uM) was added from a 10 mM distilled water stock solution. C& " current (holding potential of-80 mV with steps to
Patch electrodes were fabricated as previously described (Hirano et avoltages positive to-30 mV). The difference current, ob-
1992; Vorperian et al., 1996). Voltage clamp was obtained using a patchtained by subtracting the currents elicited from the different
clamp amplifier (Axopatch 1D, Axon Instruments) under the control of . . _ .
DCLAMP software (Version 5.5.1, Axon Instruments). holding potentials, shows T-type €acurrent. Fig. 1B
shows the peakV plot for the currents shown above. The
I-V plots show that the threshold voltage for L-type*Ca
Cell shortening currentis betweeﬁ30+and—20 mV, whereas the threshold
voltage for T-type C&" current is close to-50 mV. For
Contraction was measured at one end of isotonically contracting cell%teps to positive voltages, L-type Tacurrent was the

monitored using a CCD video camera (Hamamatsu) mounted on th . ]
microscope sideport and a single raster-line scanning cell edge detectio ominant current. To confirm further the voltage-dependent

technique (Steadman et al., 1988). Shortening records were not correct&?paraﬂonpf T- _from L-type Ca& current in the perforated

for the small amplitude time delays found with this technique (Spurgeon epatch configuration, in four cells the protocol was repeated

al., 1990). after the bath solution charge carrier was changed from
Purkinje cells retain stable large-amplitude contractions when stimu-c2+ tg B+ (see Hirano et al, 1989a). Under these con-

lated from rest or at low frequencies (see January and Fozzard, 1990);... + . P .
which is different from ventricular cells. Therefore, voltage clamp stepsbltlons’ Cé dependent inactivation of L-type current is

were applied at 0.1 Hz. To examine SR loading at this rate, up to fivedPolished with slowing of the L-type €4 current decay,
conditioning pulses were applied (steps#@0 mV for 300 ms at 1 Hzto ~ Which facilitates the separation of T- and L-type’Ca
activate both L- and T-type G4 current) before applying the test step. currents. With Bﬁ*y the Voltage dependence of L- and
Conditioning steps in our Purkinje cells did not alter the contraction T-type C&" currents was similar to that found with €a

amplitude findings; therefore most experiments did not use conditioning, . . . .
steps. (data not shown), and this agrees with previous results in

Voltage clamp and cell shortening data were digitized on-line usingPUrkinje cells (Hirano et al., 1989a).
pCLAMP software and stored on a laboratory computer for subsequent
analysis. With the amphotericin B perforated patch clamp method, we have

shown that stable Ga current and cell contraction amplitudes may be Cell contraction with Ca2* entry through T- and
recorded for upd 1 h without rundown (Zhou et al., 1995). L-type channels

Fig. 2A shows examples of cell shortening records obtained
Experimental protocols using the voltage clamp protocol employed in Fig. 1. Volt-
T- and L-type C&" currents were separated by their different voltage- age clamp steps of 600 ms duration were applied to different

dependent and ion substitution properties and by different sensitivities ty0ltages in 10-mV increments from a holding pptential of
pharmacological agents that block®achannels. These approaches per- —80 or—50 mV at 0.1 Hz. From a holding potential 680
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mV, depolarizing steps te-50 mV or more negative volt- C&" current is elicited, the threshold voltage for initiating
ages did not initiate cell shortening, whereas steps40@  cell contraction was between30 and—20 mV, which is

mV or more positive voltages initiated cell shortening. close to the threshold voltage of L-type Tacurrent. The
From a holding potential of-50 mV, depolarizing steps to shortening difference record, obtained by subtracting the
—40 and—30 mV did not initiate cell shortening, whereas peak shortening records at both holding potentials, may
depolarizing steps te-20 mV or more positive voltages represent cell contraction associated with®Cantry as
initiated cell shortening. Fig. B showsl-V plots for the  T-type C&" current. The shortening difference record was
peak C&" currents at the different holding potentials and maximal for voltage steps te-30 mV, which is the same

for the difference current in the same cell. From a holdingvoltage at which peak T-type €& current amplitude was
potential of —80 mV, thel-V plot has a biphasic shape. reached. The peak shortening-voltage plot also shows that
T-type C&" current was activated with voltage steps to shortening was voltage dependent and that at more positive
between approximately-50 and —20 mV with the peak voltages peak cell shortening declined. Similar findings,
T-type C&" current amplitude at-30 mV. With steps to  showing the initiation of cell contraction with voltage steps
more positive voltages from both holding potentials, a largerthat selectively activate T-type €acurrent, were obtained
amplitude L-type C&" current was present with the current in a total of 21 cells.

amplitude maximal for voltage steps #10 mV. Fig. 2C

shows peak shortening-voltage plots for the same cell. From

gholgjlng potentl'al of-80 mV, the threshold voltage for Effect of Ca2* channel blockade
initiating contraction was between50 and—40 mV, close

to the threshold voltage of T-type €acurrent. In contrast, The dependence of cell shortening on surface membrane
from a holding potential oF~50 mV, where only L-type Ca& " channel activation was shown several ways. IA'Ga
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containing bath solution, cell shortening could be blockedhaving greater selectivity for block of L-type €achan-
by the addition of both Ni* (400 uM) and C&* (200 uM), nels, also have complex voltage- and use-dependent block-
which at these concentrations block nearly completely T-4ng properties (Bean, 1984; McDonald et al., 1984; Sangui-
and L-type C&" currents (Hirano et al., 1989a). Example netti and Kass, 1984; Hirano et al., 1989a; Kamp et al.,
records are shown in Fig. 3. Voltage steps-t40 and+20  1998). At the more negative holding potentials required in
mV were applied to elicit T- or mostly L-type & current  these experiments to activate T-type?Caurrent, L-type
and cell shortening (left panels). The subsequent record8a" channel block by these compounds is incomplete. We
were obtained 10 min later after the addition ofNiand  therefore studied combinations of €achannel blockers.
Cd?" to the bath and show block of T- and L-type®a When a low concentration of Gd (10 uM) was added to
current and cell shortening. Similarly, eliminating <Ca  a solution containing nifedipine (1@M), nearly complete
from the bath solution (e.g., nominally €afree, data not suppression of L-type Ga current with minimal effects on
shown) abolished T- and L-type €acurrents and cell T-type C&" current was obtained. Example records are
shortening, and the replacement of?Caby Ba&* also  shown in Fig. 4. In Fig. 4, cell shortening and membrane
abolished cell shortening (data not shown). current records are shown from one cell for voltage steps to
We studied the separation of T- from L-type®Caurrent  —30 mV (activates T-type Ca current) and to+30 mV
using several blockers of L-type €a channels. lonic (activates mostly L-type Ga current). The records on the
blockers, such as Gd or Ni**, in moderate concentrations left show control data, whereas the records on the right
(10—100uM), lack high selectivity in our cells (see Hirano show the effects of 1M nifedipine plus 10uM Cd**.
et al., 1989a), which we confirmed in the present experi-With this combination, T-type Ca current amplitude was
ments. Organic Ca channel blockers, including the dihy- minimally decreased, whereas L-type “Cacurrent was
dropyridines nifedipine (1-1Q:M) and nitrendipine (10 nearly completely abolished. Fig.Blshows averaged peak
M) and the phenylalkylamine D-600 (1-10M), while  1-V plots obtained from four cells studied under control
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conditions and after exposure to the combination of nifedvoltage steps from-80 to —30 mV to selectively activate
ipine and Cd* (holding potential of-80 mV). The control ~ T-type C&" channels. The larger amplitude current trace
I-V plot shows the biphasic shape expected with T- andvas recorded for control conditions and the other current
L-type C&" currents (see Fig. 1). TheV plot in the trace was recorded after the addition to the bath oful0
presence of nifedipine plus €t shows block of L-type nifedipine plus 10uM Cd?*. For both current traces, the
Ca* current with minimal suppression of the T-type com- semilogarithmic plot of the current decay is linear with
ponent. At the most positive voltages, little inward®Ca  similar time constants, consistent with previously reported
current remained consistent with nearly complete block ofindings (see Hirano et al., 1989b). The data also show that
L-type C&" channels. Thus, the remaining current shouldthe combination of nifedipine and €t caused only a small
represent nearly pure, unblocked T-type?Caurrent (see decrease in T-type Ga current amplitude. Fig. B shows
below). Fig. 4C shows peak shortening-voltage plots for thetwo current traces obtained for voltage steps fro80 to 0
same cells for control conditions and after exposure tanV, which activates both T- and L-type €acurrents. The
nifedipine and C&". Under both conditions, the threshold larger amplitude current trace was recorded for control
voltage for initiating contraction was close #6560 mV, near  conditions whereas the smaller amplitude current trace was
that of the T-type C&" current. The major differences were recorded after the addition to the bath of AW nifedipine
that, in the presence of nifedipine and<Cdpeak shorten- plus 10uM Cd**. Several effects occurred. 1) Peak current
ing amplitude was less, with the greatest shortening occuramplitude was markedly reduced by the combination. 2)
ring at more negative voltages, and at more positive volt-The multiexponential current decay recorded for control
ages, cell shortening was abolished. Data from Fi@ dnd  conditions was converted to a single exponential decay as
C, are replotted in Fig. 4D, where thel-V and peak would be expected with block of L-type €a channels
shortening-voltage plots obtained in the presence of théeaving T-type C&" channels unblocked. 3) The single
nifedipine and C&" combination were superimposed. The exponential decay is more rapid at 0 mV when compared
voltage dependence of the/ plot, which represents nearly with that present at-30 mV (see Hirano et al, 1989b).
pure T-type C&" current, and the shape of the peak short-Although activation of a small number of L-type €a
ening-voltage plot are nearly identical. channels cannot be excluded, the data support the conclu-
Additional evidence of selective suppression of L-typesion that block of L-type C& current by the combination
C&" current with the combination of 1@M nifedipine  of 10 uM nifedipine and 10uM Cd*" is nearly complete
plus 10uM Cd?* is shown in Fig. 5. Current decays from and that the effects on T-type €acurrent are small. These
one cell are shown inverted and plotted as the logarithmicesults provide further support for the findings shown in Fig.
transform. Fig. 5A shows two current decay records for 4 that the C&" current and cell shortening remaining after
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the addition of the combination of nifedipine and d
resulted from C&" entry through T-type Cd channels.

through the L-type channel is a more effective trigger for
cell shortening than is € entry through the T-type channel.
We then calculated the amount of charge entering the cell
during C&" current transients for five cells having large-
amplitude T-type C& currents. The voltage clamp proto-
We studied the amount of charge entering the cell & Ca col shown in Fig. 6 was used, and current traces for voltage
via T- or L-type channels and its ability to initiate cell steps from—80 mV to —30 mV (to elicit T-type C&"
contraction. Fig. 6 shows data from one cell. The cell wascurrent) or to+40 mV (to elicit mostly L-type C&" cur-
voltage clamped from the holding potential 680 mV to  rent) were analyzed. Charge was calculated by drawing a
—30 mV to elicit T-type CA" current or to+40 mV to  horizontal line through the current trace after decay of the
elicit mostly L-type C&" current, and the records were inward C&" current transient, and the area defined by that
superimposed. Despite the smaller amplitude of the L-typdine and the C&" current trace was integrated to provide an
C&" current transient (compared with the T-type®?Ca estimate of charge entry. Simultaneously recorded shorten-
current transient), the cell contractions elicited by L-typeing records were analyzed for the delay to the onset of
C&" current were of larger amplitude. In addition, the contraction, peak shortening, time to peak shortening, and
contraction was initiated after a shorter delay, had a morenaximal rate of shortening. These data are shown in Table
rapid rate of shortening and relaxation, and reached peak. They indicate that, for voltage steps+®0 mV or +40
shortening earlier (see also Figs. 2 and 3). These findingsV, the peak C&" current amplitude and total charge were
suggest that, although €a entry by either T- or L-type greater for the voltage step te30 mV, whereas peak
channels is capable of initiating cell shortening?Cantry  shortening was greater and was reached earlier for the

Charge entry and cell shortening
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FIGURE 5 Effect of 10uM nifedipine plus 10uM Cd?* on the amplitude and decay characteristics of T- and L-tye @arrent. Each panel shows

two current traces plotted as logarithmic transforn#s. The depolarizing voltage steps were +80 mV to activate T-type Cd current. B) The
depolarizing voltage steps were to 0 mV to activate both T-type and L-typé Qarent. In each panel, the larger amplitude current was recorded under
control conditions and the smaller amplitude current was recorded after exposure to nifedipiné &mmb@eining bath solutiorA shows that the current

decays were linear and the drug combination had no effect on T-type carent except to reduce slightly the amplitueshows that the addition of
nifedipine and C8" markedly reduced the current amplitude and converted the current decay to a single exponential process, consistent with block of
L-type C&* current leaving T-type Ga channels unblocked.

voltage step to+40 mV (p < 0.05 for each comparison). C&" entry through the T-type channel in initiating a
The reduced time to peak shortening was the result of aontraction.

decrease in the delay to the onset of contraction as well as

an increased rate of shortening. These data provide quanti- . -

tative support for the postulate thatCaentry through the Source of activator Ca

L-type channel, even when small, is more effective thanye studied the role of the SR €arelease using ryanodine
to deplete SR Cd stores (see Bers, 1991). An example
record of the effect of ryanodine is shown in Fig. 7. From a
holding potential of—=80 mV, clamp steps were applied to
—40 or+10 mV to elicit T- or mostly L-type C&" current,
-30 mv respectively, and cell shortening. After the addition of ry-
anodine (5uM) to the bath, cell shortening was rapidly

+40 mV

80— abolished, suggesting dependence on SR Gelease. Ry-
anodine had no effect on the underlying T-type’Caur-
o taomv rent whereas L-type Ga current amplitude was slightly
increased and the current decay was slowed (for discussion,
_-30mV see Balke and Weir, 1991). Similar results were observed in
211[ four cells exposed to 1-pM ryanodine. We also studied
0 the effect of the membrane permeant 2Cachelator
_ +4omv BAPTA-AM to buffer cell C&* (Tsien, 1981).
0 BAPTA-AM (100 uM) exposure also resulted in the disap-
pA [ pearance of cell shortening with little effect on the*Ca
-200 30 mv currents (data not shown). These findings support the con-

clusion that C&" entry by T- or L-type C&" channels leads
to the initiation of contraction by the release of additional
ca* from the SR.

FIGURE 6 Charge entry and cell shortening. Voltage clamp steps were
applied to—30 mV to elicit T-type C&" current or to+40 mV to elicit
mostly L-type C&" current, and cell shortening was recorded simulta- DISCUSSION

neously. Records are superimposed. Despite the larger T-typecrent | the mammalian heart, the initiation of each contraction is
amplitude and charge entry, cell contraction elicited by T-typé'Ca c’:zaL infl h h vol d
current had a longer delay to onset, slower rate of shortening and reIa)I—hOUght to result from Influx throug V(_) tage-gated,
ation, lower peak shortening, and longer time to peak shortening. Thé&arcolemmal L-type Cd channels, and possibly the Na-Ca

holding potential was-80 mV. exchange mechanism, to initiate the release of additional
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TABLE 1 Characteristics of T- and L-type Ca®* currents and cell shortening

Voltage step Peak C&" Total charge Peak shortening Time to peak Delay to onset of

amplitude current (pA) (fC) (um) shortening (ms) shortening (ms)
-30 mV 568+ 70 6642+ 1120 3.7 04 355+ 50 116+ 13
+40 mV 300+ 56* 4267+ 371* 4.9+ 0.6* 233+ 10* 68 = 5*

Steps to—30 mV elicited T-type C&" current. Steps te-40 mV elicited mostly L-type C& current. The onset of shortening was defined as the point

of initiation of continuously increasing sampled digital values. Delay to onset of shortening and time to peak shortening were measured froaf the time
application of the voltage clamp step.

*P < 0.05 when compared at the two voltages (Student’s t-test). Data are presented as BE&

C&" from the SR. An important finding in the present work contractions are different. Eaentry via L-type C&" chan-
is that under our experimental conditions “Caentry  nels consistently produced larger amplitude and faster con-
through T-type C&' channels also can induce cell contrac- tractions. In contrast, Ga entry through T-type Ca chan-
tion, and these are the first experiments to show this directlynels activated cell shortening after a longer delay, the rates
Our findings show that Gd entry via T-type C&" of shortening and relaxation were reduced, peak shortening
channels, as with L-type €& channels, does not induce amplitude was less, and time to peak shortening amplitude
cell shortening by interacting directly with myofilaments. was increased. Even when pealkéCeurrent amplitude and
Rather, the initiation of contraction by T-type €achan-  charge entry were greater through T-type?Cahannels,
nels depends on €& release from the SR. This conclusion the cell shortening differences persisted. Taken together,
is supported most strongly by the experiments employinghese observations suggest that>Caentry through the
ryanodine to deplete SR €a Despite the persistence of T-type CZ* channel is a less effective signal transduction
robust T-type C&" currents under these conditions, cell mechanism for SR G4 release and cell shortening than is
shortening was abolished, and similar findings were ob-C&* entry through the L-type G4 channel.
tained with BAPTA-AM. Comparable findings were ob- |t is important to understand the distribution and physical
tained for L-type C&" current with ryanodine and BAPTA-  properties of T- and L-type G4 channels, and their rela-
AM. We conclude that the mechanism of Canduced  tionships to SR C4 release channels, in considering mod-
Ca" release from the SR underlies the contraction induce@ls of E-C coupling that may explain our results. In ven-
by C&* entry through both T- and L-type €achannels. tricular muscle, where most E-C coupling experimental
Although C&" entry through T- and L-type C& chan-  work has been performed, contraction results from the open-
nels can initiate contraction, the properties measured for thizg of sarcolemmal (mostly in t-tubules) L-type €achan-
nels, which causes localized €aaccumulation and acti-
vation of associated SR €arelease channel(s). This local

Control 5 uM Ryanodine control of intracellular C&" and SR C&" release is facil-
itated by the close physical proximity of L-type €achan-
-40 mV nels and SR Cd release channels in dyads, and®*Ca
2u __/\_ release is then controlled by the L-type*Cachannel uni-
0[ e tary current (for discussion, see Wibo et al., 1990; Clee-
0 mann and Morad, 1991; Stern, 1992; Weir et al., 1994; Carl
pA[ v r—'—' Jr—r—_— et al., 1995; Sham et al., 1995; @es et al., 1997). Ex-
500 tending these observations to cardiac Purkinje cells must be
done with care. In Purkinje cells, where only a rudimentary
t-tubule network exists, Ga channels are located on the
+10mv cell surface. Single-channel studies of T- and L-typéCa
Zﬂ[ channels in Purkinje cells have shown that many patches
0 E— contain both channel types; hence marked spatial segrega-
0 tion seems not to occur (Shorofsky and January, 1992). The
PA unitary conductances for €4 of these T- and L-type Ca
-500 channels is similar, although differences existed in channel

gating properties. If Cd entering by T- and L-type G4
channels had equal access to the SR'Qalease channel,
200 ms then C&" entering the cell by the T-type &4 channel
might be expected to be equally effective in initiating cell
FIGURE 7 Effect of ryanodine. T- and L-type Cacurrents and cell  cqniraction. Our experimental results do not show this.

shortening were elicited by clamp steps-td0 or +10 mV, respectively. . o
Ryanodine (5uM, 11 min of exposure) abolished cell contractions, sug- Rather, our fmdmgs show that it is €a entry throth

" . : 2o
gesting dependence on SRCaelease. The holding potential wasgo  L-type C§ channels that IS more eﬁeC“V? at initiating cell
mvV. contraction. One explanation for our data is thaf Cantry
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through the L-type C& channel in cardiac Purkinje cells, C&* entry as L-type C& current, however, initiated larger
compared with the T-type G& channel, has preferential amplitude and more rapid contractions tharf Cantry as
access to the SR &arelease mechanism. One possibility is T-type C&" current. Hence, we conclude that the L-type
that L-type C&" channels are in close proximity to SR C&* channel is a more effective signal transduction mech-
C&" release channels, whereas T-type& Cahannels are anism to the SR Cd release channel in our experiments.
located at a greater or more variable distance from SR Ca What is the role of T-type Cad channels in E-C coupling in
release channels, and the decreased effectiveness aris#her heart cell types? In a normal ventricular cell, under
from longer and more variable €adiffusion distances as physiological conditions, where T-type €acurrent ampli-
well as increased intracellular €abuffering. Our experi- tude is small, our results suggest thatCantry through
ments, however, do not address the molecular mechanisifrtype C&* channels is likely to play little direct role in
linking L-type C&" channels to the SR €4 release pro- E-C coupling. Our findings may have greater significance,
cess in Purkinje cells, and whether this is similar to the locahowever, for the regulation of contraction in cardiac cell
control mechanism postulated for ventricular muscle. types with larger T-type Cd channel densities such as
Several limitations exist with our experiments. 1) Our atrial cells, and potentially in postnatal or pathological set-
results were obtained in cardiac Purkinje cells. These cellings where T-type C& current expression is enhanced, or
differ structurally and functionally from ventricular cells, in heart diseases where the L-type?Cachannel local
which are the most commonly studied cell model for cardiaccontrol mechanism becomes impaired (@s et al, 1997).
E-C coupling; thus, extrapolation of our findings to ventric-
ular cells must be performed cautiously. 2) These experi-
ments were performed under Ndree conditions (with We thank Drs. Timothy Kamp and Hector Valdivia for careful review of
tetrodotoxin present), which is essential for Studying T-typethe manuscr_ipt. We also thank Dr. Harry Fozzard for his enthusiastic
+ R support of this work.
Ca'" current. Although efforts were made to minimize the This study was supported in part by National Heart, Lung, and Blood
potential of cell C&" loading, we cannot exclude an effect nstitute grant HL 38927 and by the Oscar Rennebohm Foundation at the
from this. 3) A role has been suggested in cardiac cell E-Qniversity of Wisconsin. Dr. Zhou received partial support by a Fellowship
Coup”ng for the reverse mode of the e|ectrogenic Na-Cdkwal’d from the Metropolitan Chicago American Heart Association.
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