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Abstract L-Type Ca?* current (I, ) €licited during the
action potential (AP) of guinea-pig ventricular myocytes
exhibits an early and a late component. The whole-cell
patch-clamp technique was used to characterize the pro-
cess regulating the late I,; component and to assess its
contribution to excitation-contraction coupling. A step-
wise decrease in repolarization rate of AP-like voltage-
clamp pulses led to an exponential increase in Ca2*
charge carried by I, . This saturation behaviour was
significantly reduced or absent when BaZ+ or monovalent
cations were used as charge carriers, which suggests that
the late component of 1, is controlled mainly by Ca?*-
dependent processes. Simultaneously recording I, and
zero-load shortening or the internal Ca2+ concentration
(fura-2) revealed that Ca2* carried by the late component
of I, markedly contributes to the Ca?* content of the
sarcoplasmic reticulum (SR). Reducing the charge trans-
fer by late I, during a series of AP-like conditioning
clamp pulses by 48% reduced the shortening amplitude
during a subsequent test stimulation by 56%. This rela-
tionship was absent during long rectangular depolarizing
conditioning clamps, during which Na*/Ca2* exchange
increased its influence on SR Ca2* loading. The late
component of I, developed only a minor direct influ-
ence on the simultaneous cell shortening. Thus, the main
contribution of the late |, component is to supply Ca?*
for SR loading.
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Introduction

Excitation-contraction coupling in cardiac myocytes is
initiated by an influx of Ca2*, mainly through L-type
Ca?*channels [7], or by a combination of I, and re-
verse Nat/Ca2* exchange [26]. During the upstroke and
the early part of the action potential (AP), Ca2* influx in-
duces Ca?* release from the sarcoplasmic reticulum (SR)
[16]. The resulting rise of the internal Ca2* concentration
([C&a2*];), which controls the contraction of the myocyte,
is directly related to the size of Ca2* influx [32] and the
amount of SR Ca?* load [6, 41]. In a regularly beating
myocyte, Ca2* entering the cell during the AP plateau is
removed before the subsequent contraction by Nat/Ca2*
exchange [2, 42]. The extrusion of Ca2* begins during
the early plateau phase [15]. A change in the balance of
inward and outward Ca2* fluxes affects the Ca2* content
of the SR. It has been shown that prolongation of the AP
leads to a net Ca2* influx, which increases the SR Ca2*
loading thereby producing positive inotropic effects [6,
41]. This Ca2* influx may pass through L-type Ca?*
channels [38], may be the result of reduced extrusion by
Na*/Ca2* exchange [5, 32], or may be a combination of
both [6, 12, 41].

Measurements by means of the AP clamp technique
[13] have revealed that the time course of the L-type
Ce?* current (I, ) during an AP differs from that elicit-
ed by rectangular voltage-clamp steps [1, 6, 13, 18].
During an AP, I, inactivates much more slowly in a
complex time course, depending on the species-specific
AP, In guinea-pig ventricular myocytes, afast early com-
ponent can be distinguished from a slow late component
lasting throughout the plateau phase [1, 13, 18].

The function of this late component of I, in excita-
tion-contraction coupling in the heart has yet to be dem-
onstrated. We therefore analysed the mechanism regulat-
ing this component of I, during an AP and quantified
its contribution to SR Ca“* loading and release. It could
be shown that the amount of Ca2* entering the cell dur-
ing the late I, is correlated to the Ca?* content of the
SR, revealing its contribution to SR Ca?* loading.
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Materials and methods

Cedll isolation

Ventricular myocytes from male guinea-pigs, weighing 250-400 g,
were isolated enzymatically as previously described [30, 40]. Iso-
lated cells were kept in oxygenated Tyrode's solution at 4°C for up
to 8 h until use. Care and treatment of the animals was in accor-
dance with the guidelines for care and use of laboratory animalsin
the Deutsches Tierschutzgesetz.

Electrophysiological recordings

Membrane currents were recorded at 35+1°C using the whole-cell
mode of the patch-clamp technique [21]. Patch pipettes were
pulled from borosilicate glass with a filament (Hilgenberg, Mals-
feld, Germany). These had tip resistances of 2-4 MQ when filled
with the standard internal solution composed of (mM): KCl, 130;
HEPES, 10 (pH 7.2 was obtained by addition of approximately
5 mM NaOH). A single-electrode continuous-voltage-clamp am-
plifier (L/M EPC?7; List Medical Electronic, Darmstadt, Germany)
was used. Cell capacitance, series resistance, and junction poten-
tials were compensated by using the circuitry of the amplifier.

Membrane currents were elicited by rectangular voltage puls-
es, digitized APs (“AP clamp”), and combinations of rectangular
voltage pulses and fast repolarizing voltage ramps (“AP-like
clamps’). As command voltage for the AP clamp, digitized APs
with overshoot amplitudes of 50 mV or 47 mV, and APD5y/APDg,
of 350/380 ms or 375/450 ms, respectively, were used. These
waveforms were characteristic for APs recorded in current-clamp
mode under control conditions (overshoot amplitude: 45.4-52.1
mV, mean: 48.3+0.7 mV; APDg,: 193.3-446.5 ms, mean: 348.2+
47.5 ms; APDg,: 213.8-496.4 ms, mean: 377.8+52.3 ms; n=15).
AP-like clamps were composed of a 50-mV square pulse of 50 ms
duration followed by a descending ramp to -50 mV with variable
slope (between —0.77 and —0.1 mV/ms). To achieve conditions fa-
vouring reverse-mode Na*/Ca2* exchange, in some experiments
the square-pulse duration was increased from 50 to 365 ms. Stim-
ulation frequency was set at 0.2 Hz or 1 Hz in the case of simulta-
neous shortening or [Ca2*]; recordings. The holding potential was
aways —-80 mV. Voltage-clamp pulses were designed to separate
the L-type current from other current systems as follows:

1. The fast Na* current and the T-type Ca2* current were inacti-
vated by a 200-ms pre-clamp into the range of —40 to —35 mV.
In some recordings the Na*/Ca2* exchange was blocked by
substituting Li* for Na* in the external and internal solutions
[14, 17, 23].

2. The L-type current was determined as that sensitive to 100 pM
Cd2* or 1 uM dihydropyridine (PN200-110) (see[12]).

K+ currents were not blocked by substitution of K+ for imperme-
able cations in the recording solutions, since this has been shown
to reduce the L-type current significantly [30] and to influence ex-
citation-contraction coupling [29, 43]. The method of difference-
current recording is sensitive to changes in outward currents,
which lead to a difference current that is not equal to the Cd2+-sen-
sitive current. Therefore, current records exhibiting difference cur-
rents at potentials at which the L-type current is not activated, e.g.
at the end of the pre-clamp or at the holding potential, were dis-
carded.

Cell capacitance was calculated routinely for every cell prior to
capacitance compensation from the capacitive current elicited by a
fast ramp clamp from —40 to =50 mV (slope: 5.5 mV/ms).

Optical shortening recordings

The phasic contraction of single cells was recorded optically as
unloaded shortening [36]. With this method relative changes in

cell length could be measured while electrophysiological record-
ings were being made.

Recordings of [Ca?*];

Intracellular Ca2* transients were measured in voltage-clamped
cells pre-incubated for 20 min at 35°C in Tyrode's solution con-
taining 1 uM fura-2/AM (Molecular Probes, Eugene, Ore., USA).
To prevent loss of dye by cell dialysis via the patch-clamp elec-
trode, 75 UM fura-2 pentapotassium-salt (Molecular Probes) was
added to the internal solution. Following fura-2 incubation cells
were kept in normal Tyrode's solution at 35°C for 30 min to allow
dye conversion. Fura-2 fluorescence [19] was recorded by means
of a fast fluorescence microphotometry system (Zeiss FFP at-
tached to a Zeiss IM 35 microscope with Zeiss Ultrafluar 100x ob-
jective; Carl Zeiss, Jena, Germany) synchronized to the patch-
clamp setup. Fura-2 excitation (340 and 380 nm) was performed
with 16 ms time resolution. Fluorescence emission (420-560 nm)
of the patch-clamped cell was recorded by a photomultiplier tube
(1.6 mm aperture covering 10 um in the object plane). Changesin
[Ca2*]; were determined as the ratio of the emitted fluorescence.

Rapid perfusion system

For rapid changes of the superfusate around the investigated cell, a
custom-made heated solution-switcher was used. This system was
constructed following the description of Levi et al. [28]. The aver-
age time for compl ete change of solution, estimated from open pi-
pette experiments, was 60 ms.

Data analysis and statistics

Voltage-clamp protocols, data acquisition and data storage were
accomplished using pClamp 6.0 (Axon Instruments, Foster City,
Calif., USA).

IcaL PeAK-current/voltage (1/V) relations obtained from mea-
surements with rectangular voltage-clamp pulses were fitted as
published elsewhere [30]. For averaging data from different cells,
membrane currents were normalized to the cell capacitance. In the
case of shortening, data recordings were normalized to the ampli-
tude measured under control conditions. All values are reported as
means + SD; n is the number of cells. Error bars in figures repres-
ent SD. The statistical significance of relative changes was tested
using unpaired Student’s t-test or one-way ANOVA. Differences
with P<0.05 were regarded as significant.

Solutions

The external solutions for patch-clamp measurements were based
on Tyrode's solution which was composed of (mM): NaCl, 135;
KCl, 4; CaCl,, 1.8; MgCl,, 1; glucose, 11; HEPES, 2 (pH 7.2 with
NaOH). For measurements of Ba?* carried L-type current (Iz,,)
BaCl, was substituted for an eguimolar amount of CaCl,. To
record non-selective cation currents through the L-type channels
(Ihs1) 2.5 mM EGTA was added to a Ca?*-free Tyrode's solution
[21, 22, 33]. To prevent changes in surface potential Mg2+ was
substituted for Ca2+ in the external solution. Since the presence of
divalent cations markedly reduces I, 1 PM isoprenaline (N-iso-
propyl-pL-noradrenaline-hydrochloride; Fluka, Buchs, Switzer-
land) was added to the external solution to compensate for this
[33]. In control recordings Li* was substituted for Na* (“Li+-Ty-
rode”) to block Nat/Ca2* exchange [14, 17, 23]. To block the L-
type current for determination of difference current 100 uM Cd2*
or 1 pM PN200-100 (Isradipine; Research Biochemicals Interna-
tional, Natick, Mass., USA) was added to the Tyrode's solution.
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Fig. 1A-D Recordings of L-type Ca?* current (I, ) using rectan-
gular clamps, digitized action potentials (AP clamps), and combi-
nations of rectangular voltage pulses and fast repolarizing voltage
ramps (AP-like clamps) as command voltage. All recordings were
obtained from the same cell. The results are typical for measure-
ments made from ten other cells. A Origina recordings of Cd2*-
sensitive current (lower panels) obtained using the voltage clamp
protocols plotted in the upper panels. All clamp pulses were pre-
ceded by a pre-clamp to —=35 mV (not shown). The amplitude of
the rectangular clamp pulse was 25 mV, corresponding to the po-
tential range in the middle of the AP plateau. The AP-like clamp
consisted of a rectangular clamp to 50 mV (duration: 50 ms) fol-
lowed by a repolarizing ramp to -50 mV (slope: 0.77 mV/ms).
B-D Current/voltage (1/V) relationships determined from the re-
cordings shown in A. B Peak |/V relation of I, €licited by rect-
angular clamps graded in 5-mV steps. C Continuous 1/V relation
of I, during the AP clamp. D Continuous I/V relation of I,
during the AP-like clamp

Results

Time course of L-type Ca2+ current during rectangular,
AP-shaped, and AP-like clamps

To characterize the I, in our preparation we performed
voltage-clamp measurements using rectangular, AP-
shaped, and AP-like clamp protocols on the same cells.
Figure 1 shows an example of such an experiment. Dur-
ing arectangular voltage-clamp pulsg, the I, exhibited
the classic time course, with rapid activation followed by
bi-exponentia inactivation (Fig. 1A, left panel). The
peak current values followed the typical U-shape when
plotted against membrane potential (Fig. 1B), with a
maximum inward current of —11.97+0.13 pA/pF (n=11)
at 10 mV. Fitting of the 1/V relationships revealed a re-
versal potential of 59.8+0.5 mV (n=11).

In contrast to rectangular voltage clamps, the I,
during an AP clamp showed a complex time course with
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a characteristic separation into a fast early and a sus-
tained late component (Fig. 1A, middle panel). In order
to distinguish the early from the late component of I,
in a defined way, the current traces were differentiated
and the time when di/dt reaches its first local minimum
was determined. The early component activated within
4.3+0.4 ms (n=11) and decayed again after 12.4+1.4 ms
(n=11). This partial inactivation was followed by the late
component of I, which lasted throughout the AP pla-
teau. In some cells the I, slightly increased again dur-
ing this time (as is the case in Fig. 1A) while in others it
stayed nearly constant or decayed very slowly (see Fig.
4A). At the beginning of the repolarization phase I,
ceased completely. A comparison of the charge carried
by the early and by the late component demonstrated that
5.9+1.4% (n=11) of the total charge entering the cell
through L-type channels during an AP is carried by the
early I, -

A more distinct separation of early and late compo-
nents was achieved by means of AP-like voltage-clamp
pulses comprising a short rectangular clamp to 50 mv
and a fast repolarizing ramp to -50 mV (Fig. 1A, right
panel). During the square pulse the I ,, became partially
activated, showing characteristics analogous to the early
component during an AP clamp. The subsequent ramp
clamp activated an even greater amount of 1, leading
to a second maximum of inward current. This late com-
ponent decreased to zero during ongoing repolarization
to—-50 mV.

By plotting the current values of the late component
continuously as a function of clamp potentia, I/V rela-
tionships for the late component could be constructed
(Fig. 1C, D). In the case of AP-like clamps, these curves
were U-shaped. For AP clamps, U-shaped to linear 1/V
relationships were observed. In contrast to the peak 1/V
curves obtained by rectangular clamp protocols, the maxi-
mum value was shifted to more positive potentials and the
current amplitude was significantly smaller. During an AP
clamp a maximum late current of —1.68+0.24 pA/pF was
reached at 41.3+6.9 mV (n=11). However, the potentia
of maximum late current varied over a relatively wide
range depending on whether |, increased a second
time during the late component (see above). During appli-
cation of an AP-like clamp with a dope of 0.77 mV/ms,
the maximum late I,, was -3.77+0.07 pA/pF at 19.5+
24 mV (n=11).

Determination of L-type Ca2* current as Cd2*-
or PN200-110-sensitive current

The I, was routinely determined as difference current.
Therefore, each measurement consisted of two succes-
sive recordings, the first one under control conditions
and the second after block of L-type channels by appli-
cation of 100 uM Cd?* or 1 uM PN200-110. The current
recorded in the presence of the blocking agent was sub-
tracted from the total membrane current recorded in the
absence of blocking agents (Fig. 2A). Usually Cd2+ was
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Fig. 2A, B Recordings of difference current during AP-like
clamps. A Determination of Cd2*-sensitive difference current. Top
panel: voltage-clamp protocol consisting of a rectangular clamp to
50 mV (duration: 50 ms) followed by fast repolarizing ramp to
-50 mV (slope: 0.77 mV/ms). Second panel: example of total
membrane current recorded in the absence of channel blockers.
Third panel: membrane current recorded in the presence of 100
UM Cd?*. Recording is from the same cell as in the second panel.
Bottom panel: Cd?*-sensitive difference current calculated by sub-
tracting the trace shown in the third panel from the trace shown in
the second panel. B Normalized 100 uM Cd?*-sensitive current re-
corded under control conditions (m) and after inhibition of
Na/Caz* exchange by complete substitution of Li* for Na* (O).
The traces represent the average of recordings from 8 cells. Com-
mand voltage was the same as shownin A

used to block the L-type channels, since the dihydropyri-
dine showed significant use dependence, leading to an
underestimation of L-type current. The difference cur-
rent might be contaminated by currents other than I, .
In particular, current carried by Nat/Ca2* exchange
(Inaca) could contribute to the difference current, when
I naca Markedly changes due to the change in the intracel -
lular Ca?* transient after block of I, . In control experi-
ments this possible source of artefacts was investigated.
Figure 2B shows a comparison of AP-like clamp record-
ings of the 100 uM Cd?*-sensitive current under standard
conditions and after block of Na/Ca2* exchange by sub-
gtituting Li+ for Na* in the external and internal solutions
[14, 17, 23]. In the absence of Iy, the difference cur-
rent was dlightly increased. These experiments demon-
strate that the Cd?*-sensitive current is carried mainly via
L-type channels and that the Na*/Ca2* exchanger does
not contribute appreciably to this current (see also Fig.
3F). In the case of active Na*/Ca2* exchange, the differ-

ence current was only dlightly smaller than after Li+
block. Thus, I, determined as Cd?*-sensitive current
might be slightly underestimated. Even during very long
depolarizing rectangular voltage-clamp pulses (50 mV,
365 ms), which strongly favour reverse Na/Cazt ex-
change, the difference current determined after Li+ block
of Inacq differed only slightly from that under control
conditions (see Fig. 7A and discussion in the text).

Control of the late component of I,

The use of AP-like clamps offers the possibility to simu-
late changes in the AP course in a defined way. In addi-
tion, this clamp protocol permits a clear separation of the
early and late components of I, . The following set of
experiments was designed to analyse and explain the
time course of the late I, component during the AP-
like clamps. We used a clamp protocol in which the re-
polarization rate was systematically reduced from 0.77 to
0.1 mV/ms by increasing the duration of the repolarizing
ramp (Fig. 3A). With increasing ramp duration the course
of the late current changed significantly (Fig. 3B). Dur-
ing the shortest ramp, the I, rapidly increased, reach-
ing a peak value which was higher than the peak of the
early component, and thereafter decreased rapidly (see
Fig. 1A). Prolonging the ramp duration reduced the am-
plitude of the late I, component. Moreover, the latter
became less pronounced. During the two longest ramps
the late current decreased almost linearly. By integrating
the original current records over time, the charge carried
by I, could be calculated (Fig. 3F). During the shortest
ramp the net charge carried by I, was 178.8+5.9 fC/pF
(n=34). With increasing ramp duration the amount of
charge flow increased exponentialy. The maximum
charge transfer as calculated by a monoexponential fit
was 2.6+0.1 times the value measured during the steep-
est ramp. Since the driving force for Ca2* increases lin-
early with progressing repolarization during the ramp
clamp, the saturation behaviour of late I, points to-
wards a control of this current component by inactivation
and/or deactivation of L-type channels. Similar results
were also obtained when Naf/Ca?* exchange was
blocked by substituting Li* for Na* (Fig. 3C). However,
comparable to the results shown in Fig. 2B, current am-
plitude and charge transfer were slightly increased in the
absence of Nat/Caz* exchange. In Na*-free solutions the
net charge carried during the steepest ramp was 195.4+
21.1 fC/pF (n=8). With rising ramp duration it increased
exponentially to an upper limit of 2.9£0.1 (n=8) times
the starting value.

It is known from previous experiments with rectangu-
lar voltage-clamp protocols that the process of L-type
channel inactivation is dependent on voltage and Ca2* [3,
10, 20, 24, 25]. To distinguish between the voltage- and
Caz+-dependent processes, we substituted Ca2+ as charge
carrier with Baz* or monovalent cations; it has previous-
ly been shown that Ba2* current through L-type channels
(g ) exhibits a markedly reduced, though not complete-
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Fig. 3A-F Recordings of L-type current elicited by AP-like
clamps using different charge carriers. A Voltage-clamp protocol
consisting of arectangular clamp to 50 mV (duration: 50 ms) fol-
lowed by fast repolarizing ramps to -50 mV (slope decreasing
from 0.77 to 0.1 mV/ms). B-E Original recordings of L-type cur-
rent elicited by the protocol shown in A. As charge carriers, Ca2*
(Icars B, C), Ba&* (Ig,; D), and monovalent cations (I, ; E)
were used. For the record ngsin B, D, and E, Na*-based Tyrode's
solutions were used. For the record ng shown in C the Tyrode was
Na*-free (“Li-Tyrode”). Recordings are from different cells. F
Normalized charge flow through L-type channels as a function of
ramp duration. Data points were calculated by integrating the orig-
inal current traces over time. In the case of Ig, and Iy, the
charge flow equals the sum of charge carried in tl the outward and
inward directions. The datafor I, and I, were fitted by means
of monoexponential functions. The data for charge carried by I, |
were fitted by linear regression

ly absent, charge-dependent inactivation [9, 34], whereas
monovalent cation current through L-type channels (1)
exhibits only voltage-dependent inactivation [20]. In the
present experiments, using rectangular voltage-clamp
pulses the inactivation time course of I5,, was markedly
slowed, while I, exhibited only small time-dependent
inactivation (data not shown). The reversal potential for
the peak lg, and l,s was 44.9+0.3 mV (n=20) and
145+0.7 mV (n=18), respectively. Using AP-like
clamps, an early and a late component of L-type current
could be separated into lg, and I, , as in the case of
lcar (Fig. 3D, E). With both charge carriers the early
component was outwardly directed due to the reversal
potentials. Moreover, the late component was more pro-
nounced, as in the case of I, . The decrease in peak
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amplitude of the late component of |, due to reduction
in repolarization rate was less obvious when using Ba2*
as a charge carrier and absent for I, . The tota charge
fluxes carried through the L-type channels were calculat-
ed asfor the I, (Fig. 3F). During the steepest ramp the
total charges carried by Ig,; and I, were 202.8+6.5
fC/pF (n=10) and 393. 1+32 7 fCIpF (n=8), respectively.
The relationship between Ba2+ charge flow and the dura-
tion of the repolarizing ramps followed an exponential
course, reaching an upper limit which was 5.4+0.3 times
higher than the starting value. In contrast, the flux of
monovalent cations did not saturate but increased linear-
ly with increasing ramp duration. These results correlate
with the different abilities of the substitute charge carri-
ers to induce charge-dependent inactivation of L-type
channels, and lead to the conclusion that the charge flow
of the late component of I,, during AP-like clamps is
controlled mainly by a Ca2*-dependent process. How-
ever, the measurements of I, showed that, in the ab-
sence of Ca2+-dependent inactivation, an additional volt-
age-dependent process (presumably deactivation of L-
type channels, i.e. voltage-dependent closing of their ac-
tivation gates) decreased the L-type current during repo-
larization (Fig. 3E).

Influence of the late component of I,
on phasic contraction

To investigate the influence of the late I, component
on excitation-contraction coupling we performed mea-
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Fig. 4A—C Influence of the late I, component on sarcoplasmic
reticulum (SR) Ca2* loading. Cell shortening recordings. Voltage-
clamp protocols (upper panel) consisting of ten consecutive AP-
like conditioning clamps (only the first and the tenth are shown)
and an AP-shaped test-clamp (stimulation frequency: 1 Hz) were
used. Three different AP-like clamp patterns were applied subse-
quently to the same cell. A A 50-ms square pulse followed by a
long repolarizing ramp (repolarization rate: 0.2 mV/ms). B A 50-
ms square pulse combined with a short repolarizing ramp (0.77
mV/ms). C Combination of a 365-ms square pulse and a short re-
polarizing ramp (0.77 mV/ms). Middle panels: original traces of
I cqL. During the AP clamp a clear separation of early and late I,
can be seen. The slower decrease in late inward current during the
test clamp shown in B was regularly observed. These differences
can be also expressed by the charges carried by I, which were
276.4+48.9 fC/pF, 386.1+64.7 fC/pF, and 282.0+56.7 fC/pF
(n=17) for the conditions shown in A, B, and C, respectively. This
might reflect less Ca?*-dependent inactivation of |, dueto are-
duced intracellular Ca2+ transient. Bottom panels: recordings of
cell shortening. The traces are displayed as relative signals nor-
malized to the shortening amplitude obtained during the test clamp
following the long AP-like clamp. Similar recordings were made
from 16 other cells

surements of cell shortening during AP-shaped and AP-
like clamps. In the first set of experiments the influence
of the late current on SR Ca2+ content was investigated.
Myocytes were conditioned by a train of ten identical
AP-like clamps to obtain a steady-state in SR Ca?* |oad-
ing. For each cell the effects of conditioning pulses with
long ramps (repolarization rate: 0.2 mV/ms; Fig. 4A) and
short ramps (0.77 mV/ms; Fig. 4B) were compared. The
charge carried by I, during these clamp protocols dif-
fered by a factor of 0.48, or by 0.47 when Na*/Ca2* ex-
change was blocked by Na*-free solutions (Fig. 7A; see
also Fig. 3F). In the case of the short and the long ramps,
the conditioning train was followed by the same AP-

shaped test clamp. Cell shortening elicited during this
clamp was used as an approximation of the SR Ca2* con-
tent built up by the conditioning clamps. Recordings in
the lower panels of Fig. 4 show that the shape of the con-
ditioning pulses influenced the charge carried, as well as
the shortening amplitude during the AP-shaped test
clamp. By decreasing the ramp duration of the condition-
ing AP-like clamps, the cell shortening was reduced to
56% which is within the same range as the reduction of
Caz+ charge flow (P=0.1 tested by Student’s t-test; Fig.
7A). This correlation points towards a marked influence
of the CaZ* entering the cell through L-type channels
during the AP plateau on the Ca2* content of the SR. In
contrast to the amplitude, the rise time of the shortening
signal was not significantly influenced by the shape of
the conditioning pulses. Increasing the repolarization rate
changed the time to peak values from 107.7+27.3 ms to
120.1+32.9 ms (n=17; P=0.2).

In order to investigate the influence of the Na*/Caz*
exchange on SR Ca?* loading, conditioning clamps fa-
vouring Ca2* influx via reverse-mode Na/Ca2+ exchange
were created by combining a long-lasting square pulse
(duration: 365 ms) with the short repolarizing ramp
(slope: 0.77 mV/ms; Fig. 4C). The I, €licited by this
clamp pattern was characterized by a marked delay be-
tween the fast and late current components, which led to
double-peak contractions. An amost identical time
course of I, was obtained when the difference current
was recorded after block of Na*/Ca2* exchange by sub-
gtituting Li+ for Na+ (n=8). This indicates that the late in-
ward hump of difference current is due to I, and not
an artefact due to changes in Iy.c, The prolongation of
the depolarizing square pulse led to a reduction of charge
carried by I, to 75% (73% in Na*-free solutions) com-
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Fig. 5A—C Influence of the late I,) component on SR Ca?* load-
ing. Recordings of [Ca%*];. As in the experiments of Fig. 4, ten
consecutive AP-like clamp pulses were used for cell conditioning
(upper panels). Instead of a test clamp, the membrane potential
was held at =80 mV during the subsequent period and the cells
were exposed to a pulse of 10 mM caffeine for the time indicated
by the black bar (5 s duration after 1 s delay) in order to discharge
the SR. Three different conditioning-clamp patterns were applied
subsequently to the same cell. A A 50-ms square pulse followed
by a slow repolarizing ramp (0.2 mV/ms). B A 50-ms square pulse
combined with a fast repolarizing ramp (0.77 mV/ms). C Combi-
nation of a 365-ms sguare pulse and a slow repolarizing ramp
(0.77 mV/ms). Middle panels: original traces of total membrane
current after subtraction of leak current. In order to assess the
Nat/Ca2* exchange-carried compensation current of caffeine dis-
charge, the total membrane current, but not the Cd2*-sensitive cur-
rent, was analysed. For technical reasons the current during caf-
feine discharge was sampled with lower time resolution. The high
inward peak current amplitude observed in each case during the
first AP-like clamp was due to activation of fast Iy, Bottom pan-
els: recordings of changes in [Ca?*]; using fura2. The ratio
340/380 nm is displayed. Similar recordings were made from eight
other cells

pared to the conditioning clamp with the long repolariz-
ing ramp (Fig. 7A). In contrast, the shortening amplitude
measured during the AP-shaped test clamp had increased
to 110%. Thus, under conditions favouring the reverse-
mode of the Na*/Ca2* exchange, the relationship be-
tween charge carried by I, and SR Ca?* content is not
proportional.

In addition to the cell-shortening measurements, we
tried to assess the degree of SR loading also using a more
direct approach. Myocytes were voltage clamped with the
same conditioning clamp protocols that were used for the
shortening recordings. However, instead of the AP-
shaped test clamp, the cells were clamped to -80 mV and
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after an interval of 1 s10 mM caffeine was applied for 5's
by means of a rapid solution switcher in order to com-
pletely discharge the SR [39]. Changes in [Ca2*]; were
monitored using fura-2. As can be seen from Fig. 5, both
the [Ca2*]; transient and the compensation current (total
membrane current after leak subtraction) during caffeine
discharge strongly depend on the course of the condi-
tioning clamps. The time integral of the [Ca2]; transient
elicited by caffeine was related to the conditioning clamp
in the same way as the shortening amplitude (Fig. 7A).
Thus, under our experimental conditions SR loading and
shortening amplitude elicited by the test clamp are di-
rectly correlated.

In a second approach possible effects of the late com-
ponent of I, on triggering and time course of the cell
shortening were tested. The voltage-clamp protocol con-
sisted of ten identical AP clamps as conditioning pulses
to achieve a constant SR loading, and the two AP-like
clamps, which had been used for cell conditioning in the
experiments shown in Fig. 3A, B, were used as test
clamps (Fig. 6). In contrast to the noticeable changes in
shortening amplitude observed when the AP-like clamps
were used to adjust the SR Ca2* content, the cell contrac-
tion was not significantly influenced by the course of the
late 1, component during the test clamp (Fig. 6, bottom
traces, and Fig. 7B). Likewise, the rise time of cell short-
ening had only dlightly increased when the duration of
the repolarizing ramp was decreased. The time for 10% to
90% decay of the shortening signal became significantly
less when the repolarization rate of the AP-like clamp
was reduced. However, from these experiments it is not
possible to distinguish whether this is due to the in-
creased Ca?* influx viathe late I, , an increased reverse
(or reduced forward) Nat/Ca2* exchange during the lon-
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Fig. 6A, B Influence of the
late |-, component on trigger-
ing and time course of contrac- 50
tion. The voltage clamp proto-

cols (upper panels) consisted

of ten consecutive AP-shaped mv
conditioning clamps (only the
first and the tenth are shown)
and an AP-like test clamp =
(stimulation frequency: 1 Hz). 1s
AP-like clamps with a50-ms -
square pulse and repolarization

rates of 0.2 mV/ms (A) and

0.77 mV/ms (B) were applied. 0

In the middle panels the origi-
nal traces of 1,, andinthe
bottom panels ?he relative cell -300
shortening, from the same cell,

are shown. The signals were

normalized as described in Fig.

4. Similar results were obtained

from 14 cells

-50

o 1Y

ger ramp, or both. In summary, the late component of
lcq. did not influence the triggering and the rising phase
of the actual cell contraction but might have had some in-
fluence on the time course of relaxation.

Discussion
Control of the late |, component during an AP

AP clamp studies of guinea-pig [1, 13, 18, 41] and rat
ventricular myocytes [6, 12] have revealed that the I,
during an AP differs substantially from that during a
rectangular voltage-clamp pulse. During a guinea-pig
AP, the I, exhibits a fast early and a sustained late
component (see Fig. 1A). The course of the late I,
during the AP plateau is thought to be determined by the
balance of increasing driving force for Ca2* on the one
hand and progressive inactivation of L-type channels on
the other [1]. Inactivation of I, isavoltage- and Ca?*-
dependent process [10, 20, 24, 25]. However, the relative
contribution of these two components to channel inacti-
vation during an AP remains uncertain [8, 35]. The time
course of the late component of the I, during the AP-
like clamps in this investigation varied, depending on the
steepness of the repolarizing ramps. We tried to find an
explanation for this behaviour by the use of different
charge carriers. The slowing of the repolarization rate,
which resembles an increase in AP duration, led to a sat-
uration of Ca?* influx by I, (Fig. 3). This saturation
behaviour of L-type current could be completely elimi-
nated by replacing Ca2* with monovalent cations as the
charge carrier, which abolished the Ca?*-dependent, or
more exactly the charge-dependent, component of L-type

50

mV

-50

MW”‘

channel inactivation. It thus seems that the Ca2+-depen-
dent component of L-type channel inactivation is the
fundamental parameter that counterbalances the increas-
ing driving force for Ca2* during repolarization. Ca2+-de-
pendent L-type channel inactivation increases with pro-
gressing repolarization and thereby determines the I,
during an AP-like clamp. Moreover, the CaZ+-dependent
component of inactivation represents a negative feed-
back mechanism that limits the Ca2* influx during the
AP-like clamp to a maximum value, even when repolar-
ization is greatly delayed (Fig. 3F).

1

0

Influence of the late component of I,, on SR Ca?*
load and phasic contraction

AP clamp measurements made from rat [6, 12] and guin-
ea-pig [41] ventricular myocytes have demonstrated that
an increase in AP duration has a strong positive inotropic
effect. In contrast to a prolongation of rectangular volt-
age-clamp steps, increasing the AP duration will lead to
an additional charge transfer carried by the late compo-
nent of I, (seeFig. 3F). Nevertheless, longer APs may
also lead to diminished Ca2* outward transfer or increased
Ca?* inward transfer by the Na*/Ca2* exchanger. Both
mechanisms, the late component of 1, and the Na*/Ca?*
exchange, may thus contribute to SR Ca?* load. We
could demonstrate that in guinea-pig the SR Ca2* content
correlates with Ca?* influx through L-type channels.
Halving the Ca2+ entry through L-type channels during a
train of conditioning clamps reduced cell shortening dur-
ing the test clamp by nearly 50% and the intracellular
Caz+ transient following caffeine discharge by more than
40% (Fig. 7A). Thus, besides variations in Nat/Ca2* ex-
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Fig. 7. A Influence of the late I,; component on SR Ca?* load-
ing. Quantitative analysis of shortening measurements and [Ca?*];
recordings of the types shown in Figs. 4, 5. The relative shorten-
ing amplitude during the test clamp (n=17), the integral of the in-
tracellular transient elicited by caffeine discharge of the SR (n=9),
and the amount of Ca?* carried by |, during the conditioning
clampsin normal (“Na-Tyrode”’; n=17) and Na-free Tyrode's solu-
tion (“Li-Tyrode”; n=8) are displayed. All values were normalized
to the respective values measured when AP-like clamps with are-
polarizing ramp of 0.2 mV/ms (“long ramp”; see Figs. 4A, 5A)
were used as conditioning clamps. “Short ramp”: repolarization
rate: 0.77 mV/ms (see Figs. 4B, 5B). “Long depol.”: combination
of a 365-ms square pulse and a ramp clamp with a repolarization
rate of 0.77 mV/ms (see Figs. 4C, 5C). Stimulation frequency was
1 Hz, except for the experiments with Na*-free Tyrode's solution.
Since Na+/Ca?* exchange was blocked under these conditions,
stimulation frequency was reduced to 0.2 Hz to avoid Ca2* over-
load of the cells. **P<0.0001 (one-way ANOVA). B Influence of
the late I, component on triggering and time course of contrac-
tion. Shortening measurements of the type shown in Fig. 6 were
analysed. The effect of varying the late component of I, during
the test clamp on relative cell shortening amplitude (left axis), rise
time, and 10% to 90% decay time of the shortening signal (right
axis) was investigated. n=14. ** P<0.0001 (Student’s t-test)

change [5, 32], changes in the late I, component in-
duced by changesin AP duration are another mechanism
affecting inotropism. In rat ventricular myocytes Clark
and coworkers [12] demonstrated that doubling the
charge carried by I, increased the shortening ampli-
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tude by approximately 200%. The differences between
the guinea-pig and rat might result from the significantly
different AP courses in both species. In addition, Caz*
loading of the SR in guinea-pig ventricular cells depends
more on Ca2* entry from the extracellular space than that
of rat cells [11, 37]. This might explain why the amount
of Ca?* influx vialg,, ishigher in the guinea-pig than in
therat [1, 6, 13]. Nevertheless, changes in Nat/CaZ* ex-
change aso influence the SR Ca2* content in guinea-pig
ventricular myocytes at least under conditions that slow
the forward mode or favour reverse-mode Na*/Ca?+ ex-
change, as, for example, during delayed repolarization.
This was shown by means of AP-like clamp pulses
which depolarized the cells for 365 ms to 50 mV (Fig.
4C). Under these conditions Ca?*-charge flow and SR
Ca?* load were not proportional (see Fig. 7A), which
suggests that the Nat/Ca2* exchange influences the SR
Caz* content in guinea-pig ventricular myocytes.

In contrast to its indirect function in influencing con-
traction via changes in SR Ca* content, the late I,
component had only a minor direct influence on the
course of the accompanied cell shortening. Changes in
the amount of Ca?* influx carried by late I, did not af-
fect the rising phase and the amplitude of the simulta-
neous shortening, although it might change the time
course of relaxation. Comparable results were obtained
by Beuckelmann and Wier [4] using rectangular voltage-
clamp pulses. They found that an increase in depolarizing
rectangular voltage-clamp pulses to more than 10-20 ms
did not lead to a further increase in the amplitude of
[Ca2*]; transients but only to its prolongation. However,
under artificial conditions, when the late component of
lcq. is €elicited after the cell has been depolarized for a
longer period (see conditioning clamps in Fig. 4C), the
late component was capable of triggering a contraction.

Conclusion

The slow late component of I, , which carries more
than 90% of the total amount of CaZ* entering the cell
through L-type channels during an AP, is mainly deter-
mined by Ca2*-dependent processes. Our observations
directly demonstrate that the main function of this cur-
rent component is to supply Ca?* for SR loading. It is
not, however, the only process controlling the SR Ca2*
content, which represents the balance of all Ca2* current
and Caz* transport systems. In contrast to its contribution
to Ca?* loading, the late I -,; component does not appear
to be involved in the triggering of contraction under
physiological conditions. This function may be linked to
the fast early component of 1, [16, 18, 38] or to Ca?*
entry by to reverse-mode Nat/Ca2+ exchange [26, 27, 31].
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