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1 The e�ects of 10 mM ca�eine (CAF) on intramembrane charge movements (ICM) were studied
in isolated guinea-pig ventricular heart cells with the whole-cell patch-clamp technique.

2 In the presence of CAF, the properties (voltage dependence, maximum QON [Qmax], availability
with voltage) of QON charge activated from 7110 mV were barely a�ected. Following a 100 ms
prepulse to 750 mV to decrease the participation of charges originating from Na channels, the
voltage dependence of QON was shifted by 5 mV (negative component) and by 10 mV (positive
component) towards negative potentials, and Qmax was depressed by 16.5%.

3 CAF drastically reduced in a time- and voltage-dependent manner QOFF on repolarization to
750 mV, the e�ects being greater at positive potentials.

4 CAF-induced QOFF immobilization could be almost entirely removed by repolarization to
voltages as negative as 7170 mV. In these conditions, the voltage-dependence of QOFF

(repolarization to +30 to 7170 mV) was shifted by 17 mV (negative component) and 30 mV
(positive component) towards negative potentials, suggesting an interconversion into charge 2.

5 Most of CAF e�ects were suppressed when the sarcoplasmic reticulum (SR) was not functional
or when the cells were loaded with BAPTA-AM.

6 We conclude that CAF e�ects on ICM are likely due to Ca2+ ions released from the SR, and
which accumulate in the subsarcolemmal fuzzy spaces in the vicinity of the Ca channels. Because
CAF e�ects were more pronounced on QOFF than on QON the channels have likely to open before
Ca2+ ions could a�ect their gating properties. It is speculated that such an e�ect on gating charges
might contribute to the Ca-induced inactivation of the Ca current.
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Introduction

The methylxanthine ca�eine has been widely used in the

studies of excitation ± contraction coupling mostly because of
its sarcoplasmic reticulum (SR) Ca2+ releasing properties
(e.g., Weber, 1968; Weber & Herz, 1968; Blayney et al., 1978;

Meissner & Henderson, 1987). It has also other properties
such as phosphodiesterase inhibition (Beavo et al., 1970),
increase of the Ca-sensitivity of the myo®laments (Wendt &

Stephenson, 1983), and non-selective adenosine antagonist
(e.g., Evoniuk et al., 1987). Depending on the tissue studied,
ca�eine has been shown to either increase (e.g., Yatani et al.,

1984; Qu & Campbell, 1998) or decrease (e.g., Hess & Wier,
1984) the L-type Ca2+ current and to modulate its kinetics of
inactivation (e.g., Qu & Campbell, 1998).
By its Ca2+ releasing properties, ca�eine might a�ect ionic

channels activities. Indeed, it is well recognized that
intracellular calcium modulates several cardiac ionic currents,
the best known e�ect being the inactivation of the calcium

current (ICa; e.g., Mentrard et al., 1984; for review, see Eckert

& Chad, 1984 and Pelzer et al., 1990; Yue et al., 1990; Haack
& Rosenberg, 1994), but, apart from some studies in skeletal
muscle (e.g. KovaÂ cs & SzuÂ cs, 1983; Shirokova & RõÂ os, 1996;

Huang, 1998; Csernoch et al., 1999), little is known about its
potential e�ects on intramembrane charge movements (ICM)
associated with activation of voltage-dependent channels in

the heart. ICM, ®rst recorded in squid giant axon
(Armstrong & Bezanilla, 1973; Keynes & Rojas, 1974) and
in skeletal muscle (Schneider & Chandler, 1973; for review,

see RõÂ os & Pizarro, 1991) have since been identi®ed as the
displacement of charged particles, corresponding to the S4
segments of voltage-gated channels, across the cell membrane
during voltage steps (Catterall, 1988; Mannuzzu et al., 1996;

Larsson et al., 1996; for review, see Papazian & Bezanilla,
1997). Several laboratories have found that intracellular
calcium in¯uence ICM in skeletal muscle (e.g., Pizarro et

al., 1991; Jong et al., 1995a, b; Pape et al., 1996; Shirokova &
RõÂ os, 1996; Stro�ekova & Heiny, 1997a, b) by modulating a
fraction of the total charge called Qg or by promoting charge
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1 ± charge 2 interconversion. Charge 1 has been described as
the movement of intramembranous charges between 7100
and +40 mV in normally polarized muscle ®bres, whereas

charge 2 has been observed in depolarized ®bres, with a
di�erent voltage sensitivity, moving at hyperpolarized
potentials (at least 50 to 60 mV more negative than charge
1 (Adrian & Almers, 1976; Brum & RõÂ os, 1987; Caputo &

BolanÄ os, 1989; for review, see Huang, 1988; RõÂ os & Pizzaro,
1991; Dulhunty, 1992). It has been proposed that during
prolonged depolarization charge 1 is transformed into charge

2 (charge interconversion; Brum & RõÂ os, 1987). Such a
mechanism has also been described in heart muscle (Shirokov
et al., 1992; 1993).

We have tested in our study whether ca�eine could also
a�ect ICM in enzymatically isolated guinea-pig ventricular
heart cells, using the whole-cell patch-clamp technique. We

show here for the ®rst time, to our knowledge, that ca�eine
modulates ICM in ventricular heart cells by promoting
charge 1 ± charge 2 interconversion. This e�ect of ca�eine,
strongly reduced in conditions of increased intracellular Ca2+

bu�ering or SR-Ca2+ depletion, might be due to a ca�eine-
induced SR calcium release near the membrane. The fact that
ca�eine mostly a�ects the OFF charges (i.e., charges

activated on repolarization) with very little e�ects on the
ON charges (i.e., charges activated upon depolarization)
strongly suggests that the Ca2+ released might bind to an

intracytoplasmic site of the Ca channel which is only
accessible once the channel has opened. A preliminary note
on these experiments has been published (Leroy et al., 1998).

Methods

Cell isolation

Guinea-pig heart cells were enzymatically isolated from the

left ventricle as described elsewhere (Le Guennec et al., 1993).
The experimental procedure was performed in accordance
with French guidelines (authorization no 7741 to C.O.M.;

animals killed by cervical dislocation). Dissociated cells were
placed in a small chamber, on the stage of an inverted
microscope (electrophysiological recordings: Olympus IX70,
Tokyo, Japan; sarcomere length and [Ca2+]i measurements:

Nikon Diaphot 300, Tokyo, Japan), continuously superfused
by gravity with normal Tyrode solution containing (in mM):
NaCl 140, KCl 5.4, MgCl2 1, CaCl2 1.8, NaH2PO4 0.33,

HEPES bu�er 10, glucose 11, pH adjusted to 7.3 with
NaOH.

Solutions

The cells were locally superfused by gravity (small capillaries

positioned within 50 mm of the cell and allowing fast solution
changes). To record the gating currents, all ionic currents
were blocked with a solution (`gating solution') containing (in
mM): TEACl 140, MgCl2 1, HEPES bu�er 10, CaCl2 1,

CdCl2 2, GdCl3 0.1, Tetrodotoxin (TTX) 0.001 and Glucose
11 (pH 7.3 with TEAOH). The pipette solution contained (in
mM): CsCl 110, TEACl 30, HEPES bu�er 10, EGTA 10,

Mg2+-ATP 5 (pH 7.3 with CsOH). In some of the
experiments (BAPTA-AM loaded cells), the pipette solution
contained 10 mM BAPTA instead of EGTA. Ca�eine

(10 mM) was directly added to the gating solution.
Ryanodine (1072 M stock solution in distilled water) was
used at a ®nal concentration of 100 mM. To deplete the

sarcoplasmic reticulum Ca2+ content, cells were preincubated
for 15 min in the presence of 1 mM thapsigargin (1073 M

stock solution in bidistilled water plus DMSO at the ®nal
concentration of 26%) in normal Tyrode solution (thus the

®nal DMSO concentration during these experiments reached
0.026% ± a similar ®nal concentration of DMSO was
present in all solutions used for this set of experiments). All

drugs used were from Sigma Chemicals (St. Quentin
Fallavier, France), except ca�eine (Merck-CleÂ venot, Nogent
sur Marne, France).

Sarcomere length and [Ca]i measurements

Contraction was monitored by following the sarcomere
length (SL) as described by Gannier et al. (1993). Brie¯y, the
periodicity of the cell striation pattern (A and I bands) was
analysed with a Fast Fourier Transform (FFT) of a video

image of the cell during the course of the experiment. A
longitudinal fraction of the cell image was recorded with a
commercial CCD camera (Micam VS 500, Digital Vision

Technology, or Hamamatsu C3077, Hamamatsu Photonics,
Japan), digitized at 50 Hz (temporal resolution of 20 ms),
then transiently stored on a computer (Pentium 75 or 486

DX2 66) and used to calculate the spectrum corresponding
to the distribution of the sarcomere lengths. The spectrum
fundamental, continuously detected by a routine, enables on

line visualization of SL during cell contraction. To have a
better time resolution (2 ms) of fast events in some of the
experiments, SL was also calculated by a FFT performed at
500 Hz of a video image of the cell recorded with a non-

standard 2186145 pixel array two-stage CCD camera, as
described by Gannier et al. (1998), set in parallel with the
®rst camera. Cells were selected on the basis of the diastolic

SL (between 1.8 and 2.0 mm) during ®eld stimulation at
0.5 Hz.

For [Ca2+]i measurements during ca�eine contracture,

myocytes were ®rst loaded with the cell permeant ¯uorescent
Ca2+i indicator Indo-1 AM (Molecular Probes, Leiden, The
Netherlands ± 10 mM ®nal concentration in normal Tyrode
solution) for 20 min, and then superfused for at least 30 min

with Indo-1 free Tyrode solution before the start of the
experiment to allow de-esteri®cation of the acetoxy-methyl-
ester probe. An excitation wavelength of 360+5 nm was

delivered to the cells with the use of a 75 W Xenon lamp
and Indo-1 emitted ¯uorescence was recorded by two
photomultipliers (Hamamatsu R1104, Hamamatsu Photo-

nics, Japan) at 405+40 nm (Ca2+-bound form) and
485+40 nm (Ca2+-free form). A shutter (Uniblitz D122
shutter driver, U.S.A.) was placed between the Xenon lamp

and the objective of the microscope to control exposure of
the cells to the excitation lamp, and thus to reduce
photobleaching of Indo-1 during long recordings. This was
also achieved by the use of a neutral divider (ND 64). In the

present experiments, the shutter was opened for 2 s every
4 s. Fluorescence signals were ®ltered at 400 Hz and
acquired at 1 kHz with pClamp 6.0.4 software (Axon

Instruments Inc, Foster City, CA, U.S.A.) through a
Labmaster TL-1 interface. The ¯uorescence ratio F405/F485

was calculated on-line during the acquisition. Due to the
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uncertainty of the exact dissociation constant of Indo-1 for
Ca2+ (Hove-Madsen & Bers, 1992), no attempt was made to
convert the ¯uorescence ratio in Ca2+ concentration. The

average of 300 acquired data points is given as the F405/F485

ratio in the ®gure.

Electrophysiological recordings and analysis

The whole-cell patch-clamp technique was used to study the
gating currents at room temperature (22 ± 258C). Patch

pipettes (1 to 2.5 MO) were pulled from thick wall
borosilicate glass capillaries (Clark Electromedical Instru-
ments, Reading, U.K.) with a Narishighe PB7 puller

(Narishige, Tokyo, Japan) and were coated with dental wax
to decrease their capacitances. An Axopatch 200A ampli®er
(Axon Instruments Inc.), connected to a Pentium 75

computer equipped with pClamp 6.0.4. software (Axon
Instruments), through a Digidata 1200A interface (Axon
Instruments), was used to control voltage and record
currents. Data were analysed with Clamp®t. The pipette

and cell capacitances were compensated and the liquid
junction potential between the pipette and bath solutions
was corrected. In order to have an adequate control of the

membrane voltage and to improve the clamp speed, care was
taken to select relatively small cells (membrane capacitance
Cm=75.0+4.1 pF, mean+s.e.mean, n=39) to carry out the

experiments. Cells for which the membrane capacitance
varied by more than 2% during the time course of the
experiments were discarded and not included in the analysis.

The series resistance was also compensated by 80%: this
value was chosen to avoid saturation of the electronical
circuit of the Axopatch 200A with the large voltage
commands used. The residual series resistance after compen-

sation amounted to 1.03+0.08 MO (n=39). The mean time
constant of the clamp speed, determined from the residual
series resistance after compensation and the mean cell

capacitance was estimated to 77.2 ms. Thus, in most of the
cells, more than 98% of the command voltage was seen by
the membrane in less than 310 ms. The data were acquired at

25 kHz and ®ltered with the 4-pole lowpass Bessel ®lter of
the Axopatch at 1 kHz: these recording conditions have been
successfully used in heart cells by others (e.g., Shirokov et al.,
1992) and us (MaleÂ cot & Argibay, 1999) to record gating

currents. Because of the linearity of the residual leak current
between 7140 mV and +20 mV in the presence of the
blockers of ionic currents used to record the gating currents

(not shown), a P/5 subtraction protocol (Bezanilla &
Armstrong, 1977), used to remove leak and linear capacitive
currents, was applied before the test pulse or before the

conditioning pulse from a sub-holding potential of 7120 mV
(regular holding potential of 7110 mV). Control pulses were
of the same polarity as the test pulses. Considering the mean

time constant of recovery from inactivation of the charges at
7120 mV, following a 500 ms inactivating pulse, a 100 ms
settling time (more than 99.9% of recovery) was used. The
stimulation frequency was 0.1 Hz. These recording conditions

have been shown by Shirokov and co-workers (Shirokov et
al., 1992) to avoid contamination of the control recordings by
non linear charge movements of the charge 2 type.

Mobile charges were measured by integrating the ®rst
20 ms of gating currents during depolarization (QON) or
repolarization (QOFF), after de®ning the steady-state current

level for at least 5 ms as baseline. The voltage dependence of
charge movements was quanti®ed according to a two-state
system, as discussed in details by RõÂ os & Pizarro (1991) and

used by several authors to describe charge movements in
heart cells (e.g., Bean & RõÂ os, 1989; Hadley & Lederer, 1989;
1991a, b; Hanck et al., 1990; Shirokov et al., 1992; 1993).
Activation curves were obtained by ®tting the data with the

following double Boltzman equation:

QON � Qmax;1=�1� expf�Vÿ V1=2;1�=K1g��
Qmax;2=�1� expf�Vÿ V1=2;2�=K2g�

�1�

where Qmax,1 and Qmax,2 are the maximal charge of the two
components of charges (with no assumption regarding their
origin) displaced by strong depolarization and are propor-

tional to the number (n) of mobile electron charges (e7) and
to the apparent valence of the charge moved (z'):
Qmax=nz'e7. Subscripts 1 and 2 refer to voltage-dependent

components activating ®rstly (1 or `negative' or `low voltage')
and secondly (2 or `positive' or `high voltage') with increasing
the voltage. z' is related to the real charge z by the relation
z'=zd, with d (04d41) representing the distance over which

the charge moves within the membrane. The slope factors K1

and K2 are inversely proportional to z' (K=kT/z'e7 where k
is the Boltzman constant and T the absolute temperature).

V1/2,1 and V1/2,2 are the voltages for the half maximal
activation of the negative and positive (i.e., less negative)
components, respectively. A similar equation was used to

describe the inactivation of the charge with voltage. QON and
QOFF were normalized to the cell capacitance Cm and are
expressed in nC mF71 when quanti®ed. More details are given
in the text when appropriate.

Statistics

Data are presented as mean values+standard errors, with the
number of experiments indicated as n. Statistical signi®cance
was assessed with the paired Student's t-test or one-way

analysis of variance (ANOVA). A P value less than 0.05 was
considered as statistically signi®cant.

Results

General aspects of gating currents in heart cells

Figure 1A inset shows a typical recording of gating currents
in a guinea-pig ventricular heart cell depolarized from 7110

to +20 mV during 20 ms. The current in response to
depolarization consisted of a transient outward current Ig,ON

(the amount of charges moved has been previously described

by numerous authors as the QON, see Introduction for
references) corresponding to the displacement of intramem-
brane charges across the transmembrane electric ®eld. On

repolarization to 7110 mV, all the charges that have moved
during the depolarization returned to their initial position,
giving rise to a transient inward current Ig,OFF (amount of
charges displaced: QOFF). Both Ig,ON and Ig,OFF increased

with increasing the test potential, as shown in Figure 2A left,
but QON and QOFF reached saturation at positive potentials
(see Figures 1A and 2B), as expected from charges

displacements, as opposed to charging of the membrane
capacitance (which does not saturate with potential).
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Effects of caffeine on ICM activation

Two di�erent protocols were used to test the e�ects of
ca�eine on ICM activation. First, 20 ms depolarizing pulses
(range 7100 mV to +60 mV) were applied from 7110 mV
to activate all channels: QON during depolarization and QOFF

on repolarization to 7110 mV were calculated at each
potential by integrating during 20 ms Ig,ON and Ig,OFF.
Second, a 100 ms inactivating prepulse to 750 mV (IPP50)

applied from 7110 mV was used before applying 30 ms
depolarizing pulses (range 750 to +60 mV). In this case,
QOFF was calculated by integration of Ig,OFF at 750 mV

during 30 ms. This second protocol allows to decrease the

participation of Na channels to the total ICM (i.e., MaleÂ cot
& Argibay, 1999), and thus to better evaluate the potential
e�ect of ca�eine on ICM mostly originating from Ca

channels.
Figure 1 shows the average charge-voltage (Q-V) relation-

ships in control conditions and in the presence of 10 mM

ca�eine, when gating currents were elicited by depolarizing

the cells from a holding potential of 7110 mV. Ca�eine did
not a�ect the total amount of ON charges displaced with
strong depolarizations (Figure 1A). The only e�ect was a

small but not statistically signi®cant negative shift (74 mV)
of the mid activation potential of the ®rst negative
component of charge movement. OFF charges seen on

repolarization to 7110 mV (Figure 1B) were also barely
a�ected except a statistically not signi®cant decrease at
activating potentials more positive than +20 mV. However,

when the participation of ICM arising from Na channels was
decreased by a 100 ms inactivating prepulse to 750 mV
(IPP50), ca�eine signi®cantly a�ected the gating currents, as
shown in Figure 2. Figure 2A shows typical recordings of a

family of gating currents recorded at di�erent potentials
applied after a 100 ms IPP50, using the protocol shown in
Figure 2Ba inset. Both Ig,ON and Ig,OFF increased with

increasing the test potential, as shown in Figure 2A left, and
QON and QOFF reached saturation at positive potentials (see
Figure 2B). In the presence of 10 mM ca�eine (Figure 2A

right), only the Ig,OFF amplitudes appeared to be decreased,
especially for the more positive test potentials. Thus, ca�eine
apparently decreased in these conditions the gating currents

with voltage. Average Q-V relationships for the ON and the
OFF components of ICM are respectively given in Figure
2Ba,Bb, in control conditions (open circles), and in the
presence of 10 mM ca�eine (®lled circles). In the presence of

ca�eine, the maximum ON charges displaced by strong
depolarizations was decreased by 1.6 nC mF71. Moreover, the
application of ca�eine induced a consistent negative shift (5

to 10 mV) of the voltage dependence of QON recorded from
750 mV: both components of charge activation with voltage
were a�ected as their half-activation potentials were shifted

from 725+2 mV to 730+10 mV for the ®rst negative one,
and from 14+3 mV to 4.4+10.0 mV for the second one.
Although more pronounced than at 7110 mV, ca�eine
e�ects on QON following a 100 ms IPP50 were not

statistically signi®cant. The most important e�ect of ca�eine
was on the OFF component recorded on repolarization to
750 mV. Because of the relatively `noisy' Q-V relationship of

the OFF component, ca�eine e�ect on QOFF was arbitrarily
quanti®ed by two parameters: the percentage of block
induced at +40 mV, and VB, the apparent voltage at which

QOFF decreased in the presence of ca�eine. When available
QOFF charges moved at +40 mV were compared, ca�eine
signi®cantly decreased QOFF by 46.5+20.3% on average

(n=7; from 75.49+1.20 nC mF71 in control conditions to
72.65+0.85 nC mF71 in the presence of ca�eine), and
apparent blockade appeared at VB=714+5 mV (n=7).

Effects of caffeine on ICM immobilization

The voltage dependence of QON availability, or immobiliza-

tion, was assessed as described in the legend of Figure 3, i.e.,
using a 1 ms return to the holding potential between the
500 ms conditioning pulse and the test pulse to +20 mV (see

Figure 1 Ca�eine e�ects on ICM activation from 7110 mV. ICM
were recorded during application of a 20 ms depolarizing pulse
applied from 7110 mV to voltage 7100 to +60 mV in 5 mV steps.
An example of gating currents elicited by a 20 ms depolarizing pulse
applied from 7110 mV to +20 mV is shown in inset. Upwards and
downwards de¯ections correspond to the QON and to the QOFF

components of gating currents. The graphs show the mean charge-
voltage relationships of QON (A) and of QOFF (B) activation in
control conditions (open circles) and in the presence of 10 mM

ca�eine (®lled circles). Data points are mean values obtained in
seven cells and vertical bars represent s.e.mean. The smooth lines are
best ®ts to the mean data points with equation (1) in A and with a
single Boltzman relationship in B. (A) Control: Qmax,1=4.6 nC mF71,
V1/2,1=723 mV, K1=6.2 mV; Qmax,2=9.8 nC mF71,
V1/2,2=0.97 mV, K2=16 mV; ca�eine: Qmax,1=4.7 nC mF71,
V1/2,1=727 mV, K1=5.5 mV; Qmax,2=9.4 nC mF71,
V1/2,2=1.1 mV, K2=20 mV. (B) Control: Qmax=715 nC mF71,
V1/2=721.5 mV, K=17.9 mV; ca�eine: Qmax=713 nC mF71,
V1/2=721.5 mV, K=15.5 mV.
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also Figure 3A inset). Complete immobilization of QON

occurred in these conditions (Figure 3A), was biphasic and
well described by a double Boltzman function as previously

reported (MaleÂ cot & Argibay, 1999). In control conditions,
the mean V1/2 and slope factors K calculated for seven cells
were 769+1 mV and 76.3+0.8 mV for the ®rst (negative)

component of immobilization, and 719+1 mV and
78.0+0.8 mV for the second (positive) one, respectively. In
the presence of 10 mM ca�eine, only the amplitude of the

second (positive) component was decreased from 6.7+0.3 nC
mF71 to 5.4+0.4 nC mF71. This decrease corresponds to the
one occurring during QON activation with voltage in the
presence of ca�eine (see Figure 1A). Neither the V1/2 nor

slope factors K were a�ected in the presence of ca�eine.
Figure 3B shows the e�ect of a progressive increase of the

pulse length on OFF gating currents in control conditions

and in the presence of 10 mM ca�eine for two test potentials.
In control conditions, when the cell was depolarized by
applying a voltage pulse from 7110 mV to 75 or to

+10 mV and the pulse duration increased from 2 to 38 ms,
there was little variation in the amplitudes of Ig,ON and of
Ig,OFF seen on repolarization to 7110 mV (Figure 3Ba,Bc).

However, in the presence of ca�eine, although Ig,ON

amplitude remained the same from pulse to pulse (like in
control conditions), Ig,OFF amplitude markedly decreased
with increasing the pulse length (Figure 3Bb,Bd). This e�ect

was signi®cant for potentials more positive than &710 mV,
i.e. in the voltage range of calcium channels activation, and
was more pronounced when the pulse amplitude was larger

(compare Figure 3Bb,Bd). Thus, ca�eine e�ect on Ig,OFF

depends on the pulse duration (i.e., on the channel opening)
and voltage. It should be noted that on repolarization to

7110 mV, the total QOFF charge was only slightly a�ected
when the pulse length was increased, as could be expected
from the results presented Figure 1B. Analysis of the decay of

Ig,OFF in every cell with a double exponential revealed that
both components were a�ected in their amplitude and
kinetics. For example, in the case of Figure 3B for the 19th

pulse (38 ms duration), the amplitude of the fast component
was decreased from 7805 to 7583 pA at +10 mV (only
from 7699 to 7688 pA at 75 mV) and that of the slow one
increased from 746 to 7145 pA (74 to 747 pA at

75 mV). At +10 mV, the fast time constant was slightly
increased (from 218 to 271 ms) whereas that of the slow one
was markedly increased from 3.8 to 52.3 ms (at 75 mV: the

values of the fast and slow time constants were slightly
increased from 241 to 273 ms and from 3.2 to 5.8 ms,
respectively). Thus, ca�eine slows the return of the gating

charges to their initial position on repolarization to
7110 mV, and this e�ect is more pronounced at positive
activating potentials.

The experiments described in the remaining part of the
paper were carried out to test whether the decreases of QOFF

on repolarization to 750 mV and of Ig,OFF amplitude
together with the slowing of its kinetics of decay with

increasing the pulse length were due to a direct e�ect of
ca�eine on the channels proteins or to a ca�eine-induced
increase of Ca2+ content in the vicinity of the inner mouth of

Figure 2 Ca�eine e�ects on ICM activation following a 100 ms inactivating prepulse to 750 mV applied from 7110 mV. (A)
Typical recording of gating currents under control conditions (left) and after application of 10 mM ca�eine (right). The currents
were elicited by depolarizing the membrane for 30 ms to the potentials 740 to +60 mV (protocol shown in Ba, inset). (B) Mean
charge-voltage relationships of QON (panel Ba) and of QOFF (panel Bb) activation in control conditions (open circles) and in the
presence of 10 mM ca�eine (®lled circles). Data points are mean values obtained in seven cells and vertical bars represent s.e.mean.
The smooth lines in Ba are best ®ts to the mean data points with equation (1) Control: Qmax,1=4.8 nC mF71, V1/2,1=725 mV,
K1=7.8 mV; Qmax,2=4.9 nC mF71, V1/2,2=14 mV, K2=9.7 mV; ca�eine: Qmax,1=2.4 nC mF71, V1/2,1=730 mV, K1=8.3 mV;
Qmax,2=5.7 nC mF71, V1/2,2=4.4 mV, K2=13 mV.
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the ionic channels. It should be noted that all the ca�eine
e�ects described so far were mostly reversed after 5 min

washout of ca�eine with the `gating' solution.

Assessment of Sr Ca2+ content in rested myocytes

In our gating currents recordings conditions, all ionic
conductances are blocked, including the Na/Ca exchange

both by the absence of external sodium and the use of cations
known to a�ect the exchanger (Trosper & Philipson, 1983;
Zhang & Hancox, 2000). The cardiomyocytes used for the
experiments are in a rested state and SR Ca2+ content

should, in theory, be low. Thus, the ®rst point that needed to

be veri®ed was whether the SR still contained some Ca2+ that
could be released by ca�eine application. This was assessed
by the study of ca�eine-induced contracture (evaluated by the

measurement of sarcomere length, SL) and associated rise in
[Ca2+]i (measured with Indo-1 ¯uorescence) in intact rested
cells superfused with the same extracellular solutions as those
used for ICM recordings. In rested cells bathed in normal

Tyrode solution, the simultaneous measurements of SL and
of the Indo-1 ¯uorescence ratio F405/F485 (R) yielded
respective mean values of SL=1.88+0.01 mm and

R=0.74+0.01 (n=32 cells). During a twitch elicited at
0.25 Hz, the cells shortened to a mean SL of 1.82+0.01 mm
and the ¯uorescence ratio R increased to 0.94+0.02 (n=30

cells).
Figure 4B shows a typical recording of the e�ects of 10 mM

ca�eine in a rested cell bathed in the `gating' solution. In the

example shown, the cell has been kept at rest for 12 min in
normal Tyrode solution before superfusion of the `gating'
solution. This produced either no changes of the sarcomere
length, or a very small not statistically signi®cant increase of

SL (50.01 mm, n=19) corresponding to a slight decrease of
resting tension (Figure 4B, bottom panel). In the mean time,
the ¯uorescence ratio slowly increased from 0.75 (Figure 4B,

top panel; on average: 0.74+0.01, n=19) to a new steady-
state of 1.09 (on average: 1.29+0.08, n=19). This was due to
a slow decrease of the ¯uorescence signal at 485 nm (not

shown) induced by the presence of Cd2+ in the gating
solution. Indeed, control experiments carried out with a
Cd2+-free `gating' solution showed no increase of the

¯uorescence ratio, as shown in Figure 4A.
Upon application of 10 mM ca�eine, a relatively large

instantaneous fast initial contracture developed and partially
relaxed after a few oscillations. It was immediately followed

by a secondary important maintained contracture, which
slowly increased throughout ca�eine exposure, as shown in
Figure 4B, bottom panel. In the mean time, ca�eine induced

a marked transient increase of the ¯uorescence ratio which,
however, remained high (and even slightly increased) during
the whole ca�eine application. It should be noted that these

transient responses to ca�eine likely result from Ca2+ uptake
by intracellular Ca bu�ers (mostly mitochondria in our
experimental conditions). Upon ca�eine removal, the cell
partially relaxed and the ¯uorescence ratio decreased.

However, SL and ¯uorescence ratio usually never completely
returned to their pre-ca�eine values and most of the time
waving of the cell, associated to a secondary increase of the

¯uorescence ratio, occurred, leading to cell death on
washout of the `gating' solution with normal Tyrode
solution. It should be noted that longer exposure to ca�eine

(up to 12 min) gave qualitatively the same results, i.e., a
maintained contracture associated with a maintained in-
crease of Indo-1 ¯uorescence (not shown). The decrease of

SL and concomitant maintained increase of the ¯uorescence
ratio during the whole ca�eine application testify of a
ca�eine-induced increase of [Ca2+]i, since 10 mM ca�eine has
been shown not to a�ect the Indo-1 ¯uorescence ratio

(O'Neill et al., 1990; McKemy et al., 2000). Moreover, the
lack of development of a contracture associated with the
increase of the ¯uorescence ratio during application of the

`gating' solution alone argue against an increase of [Ca2+]i
induced by this solution: the best explanation for the
observed increase in ¯uorescence is likely a modi®cation of

Figure 3 E�ects of ca�eine on ICM inactivation. (A) Mean voltage
dependencies of inactivation of the QON component of ICM in
control conditions (open circles) and in the presence of 10 mM

ca�eine (®lled circles). The cells were polarized from 7100 mV to
between 7120 and +30 mV for 500 ms (5 mV steps) to inactivate
the charges, and brie¯y repolarized to 7100 mV for 1 ms before
applying a test pulse to +20 mV (see inset). Data points are mean
values obtained in seven cells and vertical bars represent s.e.mean.
The smooth lines are best ®ts to the mean data points with equation
(1). Control: Qmax,1=6.1 nC mF71, V1/2,1=769 mV, K1=76.3 mV;
Qmax,2=6.7 nC mF71, V1/2,2=719 mV, K2=78 mV; ca�eine:
Qmax,1=6.4 nC mF71, V1/2,1=768 mV, K1=8.1 mV; Qmax,2=5.4 nC
mF71, V1/2,2=722 mV, K2=77.6 mV. (B) Superimposed gating
currents elicited by depolarizing the cell from 7110 to +20 mV and
increasing the pulse duration from 2 to 38 ms in 2 ms steps in control
conditions (Ba) and in the presence of 10 mM ca�eine (Bb). Upwards
and downwards de¯ections correspond to the QON and to the QOFF

components of gating currents seen on depolarization and on
repolarization, respectively. Note the progressive decrease in the
OFF current amplitude as the pulse length is increased in the
presence of ca�eine.
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the Indo-1 ¯uorescence emission spectrum by the high
concentration of Cd2+ used (Owen & Dever, 1995).
It should be mentioned that gating currents were usually

recorded 2 ± 5 min after ca�eine application, i.e., during the
maintained contracture associated with an elevation of
[Ca2+]i. Thus, at least in intact rested cells, the SR still

contains some calcium that could be released by the
ca�eine solution used in our experiments. Because of the
very close contact between the sarcolemmal membrane and
SR in cardiac cells, we can thus expect that even in the

presence of EGTA in the pipette solution which will chelate
the bulk Ca2+ concentration (with the existence of a
decreasing e�cacy from the tip of the pipette towards the

extremities of the cell, due to the gradient of di�usion of
EGTA from the pipette into the cell), ca�eine could
nevertheless increase the Ca2+ concentration in the fuzzy-

spaces (Lederer et al., 1990), i.e., in the very limited
restricted space lying just beneath the sarcolemmal
membrane and the SR (see Discussion).

Caffeine effects on ICM in BAPTA-AM loaded cells

To test whether the ca�eine e�ect we observed so far on

QOFF could likely be due to an increase of the
subsarcolemmal calcium concentration, we have recorded
gatings currents in BAPTA-AM loaded cells (15 min of

incubation in normal Tyrode solution containing 10 mM
BAPTA-AM) and used 10 mM BAPTA instead of 10 mM

EGTA in the pipette solution. In these conditions,

subsarcolemmal Ca2+ in the fuzzy-spaces should be better
chelated, as BAPTA-AM was allowed to di�use from the
outside to the inside of the cell. Figure 5A shows the typical
e�ect of 10 mM ca�eine in these cells, when the pulse length

was increased at +20 mV from 2 to 38 ms. When compared
to the control conditions (Figure 5Aa), ca�eine had no
further e�ect: Ig,OFF amplitude remained constant as the

pulse length was increased (Figure 5Ab), like in control
conditions (compare with Figure 3B).
Average Q-V relationships in BAPTA-AM loaded cells

(n=5) have been established using a 100 ms IPP50 to
decrease the participation of ICM originating from Na
channels, especially because we noticed that ca�eine had
much less e�ect when the depolarizing pulses were directly

applied from the holding potential of 7110 mV. When
compared to the control cells studied in the presence of
EGTA, the voltage dependence of QON activation in

BAPTA-AM loaded control cells (not shown) presented the
same characteristics, as to the mid-activation potentials of
both components and slope factors K of the Boltzman

relationships. On the contrary to control (EGTA) cells,
ca�eine application in BAPTA-AM loaded cells did not
induce any signi®cant shift of the mid-activation potentials:
from 728.0+0.8 mV to 734.0+3.0 mV for the ®rst

negative component, and from +7.6+2.0 mV to
+5.8+3.0 mV for the second positive one (not shown).
Ca�eine decreased also the total amount of charges displaced

by strong depolarizations by 2.3+0.6 nC mF71, like in
control EGTA cells. However, OFF charges measured on
repolarization to 750 mV were much less depressed in

BAPTA-AM loaded cells (Figure 5B): although the blockade
of OFF charges at +40 mV (16.6+5.5%, from
77.06+0.22 nC mF71 in control to 75.84+0.25 nC mF71

in the presence of 10 mM ca�eine; n=7) was not statistically
signi®cant, an apparent blockade appeared at
VB=15+5 mV, a potential signi®cantly more positive than
in control EGTA cells (VB=714+5 mV).

Figure 4 Ca�eine-induced contracture and rise in Indo-1 ¯uorescence ratio in a representative intact rested cell superfused with the
`gating solution'. (A) Typical control experiment showing the absence of modi®cation of the Indo-1 ¯uorescence ratio F405/F485 in a
rested cell superfused with a Cd2+-free gating solution. (B) The top panel shows the evolution of Indo-1 ¯uorescence ratio F405/F485

during application of the Cd2+-containing gating solution and further application of 10 mM ca�eine. The bottom panel shows in the
same cell the concomitant evolution of the sarcomere length (SL). The cell has been rested for 12 min in normal Tyrode, and for an
additional 4 min in the `gating solution' before addition of 10 mM ca�eine. Cell contracture is visualized as the decrease of the SL
shown in ordinate. An initial fast contracture is followed by a secondary large maintained contracture, slightly increasing
throughout ca�eine application. Note the concomitant maintained increase in ¯uorescence during ca�eine application. Ca�eine
e�ects are partially reversed upon washout with the gating solution.
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Contribution of SR Ca2+ to the caffeine effects

To assess the participation of SR Ca2+ to the observed e�ects

of ca�eine when the IPP50 protocol was used, experiments
were carried out either in the presence of a very high
concentration of ryanodine (100 mM) to block SR Ca

channels (and thus ca�eine-induced Ca2+ release), or in SR
Ca2+ depleted cells with the use of thapsigargin (1 mM).
When ca�eine was applied in the presence of 100 mM

ryanodine, QON elicited with the 100 ms IPP50 protocol
was only slightly decreased by about 0.9+0.6 nC mF71

(n=5). Half-activation potentials were shifted to more

negative potentials, from 723+2 mV to 734+2 mV for
the ®rst negative component and from +14+3 mV to
+7.8+3.0 mV for the second positive one (not shown).
These di�erences are statistically signi®cant only for the

second component. Figure 6A shows that there was always a
block of QOFF when ca�eine was applied, in spite of the
presence of ryanodine in the solution. The available charges

moved at +40 mV in the presence of 10 mM ca�eine were
signi®cantly decreased by 37.9+5.9% (control ryanodine:
75.4+0.4 nC mF71; ca�eine+ryanodine: 73.4+0.4 nC

mF71; n=6). The apparent voltage VB at which blockade of
OFF charges appeared (+5+5 mV) was also signi®cantly
more positive than when ca�eine alone is applied
(714+5 mV).

To deplete SR Ca2+ content, we have pre-incubated the
myocytes in normal Tyrode solution containing 1 mM
thapsigargin for 15 min. Depletion was achieved in these

resting non voltage-clamped cells by applying a short pulse of
1 mM ca�eine in the same solution, to allow the Ca2+

released by the SR to be extruded from the cell by the Na/

Ca exchange and the sarcolemmal Ca-ATPase. No electrical
stimulation was used to avoid Ca2+ entry into the cells.
Thereafter, these treated cells were superfused with the

`gating' solution in the continuous presence of 1 mM
thapsigargin and gating currents were recorded after
establishment of the whole-cell recording. In thapsigargin

treated cells, the voltage dependence of QON (100 ms IPP50
protocol) was shifted to more positive potentials, as
compared to control cells. In the presence of thapsigargin,

half activation potentials were shifted from 725+2 mV to
79.5+6.0 mV for the ®rst negative component and from
+14+3 mV to +45+9 mV for the second positive compo-

nent (n=5). In these SR depleted cells, application of 10 mM

ca�eine did not signi®cantly a�ect the voltage dependence of
QON. Half-activation potentials were shifted from

79.5+6 mV to +14+10 mV for the ®rst negative compo-
nent and from +45+9 mV to +41+5 mV for the second
positive one (not shown). The QOFF-voltage relationship of
these cells is shown in Figure 6B. Apparent block of QOFF in

the presence of ca�eine appeared at VB=+28+9 mV, a
potential signi®cantly more positive than that in control
conditions (714+5 mV; see Figure 2Bb). However, the

ca�eine-induced decrease of QOFF at +40 mV (from
75.0+0.7 nC mF71 to 74.2+0.9 nC mF71) was no longer
signi®cant (mean decrease of 15.4+20.2%, n=5) when the

SR Ca2+ content has been previously depleted by thapsi-
gargin pretreatment. It should be noted that like in BAPTA-
AM loaded cells (Figure 5A), when the SR Ca channels were
blocked by ryanodine or when the SR was depleted with the

use of thapsigargin, ca�eine did not decrease Ig,OFF

amplitude as the pulse length was increased from 2 to
38 ms from a holding potential of 7110 mV (not shown).

Mechanism of action of caffeine

The results presented so far show that when ca�eine is
applied to myocytes, some of the charges moved by
depolarizing the cell from 750 mV to positive potentials

Figure 5 E�ects of ca�eine on ICM in cells incubated in the presence of BAPTA-AM. (A) Superimposed gating currents elicited
by depolarizing the cell from 7110 to +20 mV and increasing the pulse duration from 2 to 38 ms in 2 ms steps in control
conditions (Aa) and in the presence of 10 mM ca�eine (Ab). Upwards and downwards de¯ections correspond to the QON and to the
QOFF components of gating currents seen on depolarization and on repolarization, respectively. Note that in these conditions, the
OFF current amplitude does not decrease as the pulse length is increased in the presence of ca�eine (compare with Figure 3B). The
pipette solution contained BAPTA instead of EGTA. (B) Ca�eine e�ects on charge-voltage relationship. ICM were recorded after a
100 ms IPP50 with the protocol described in Figure 2. The graphs show the mean charge-voltage relationship QOFF (recorded
during repolarization to 750 mV) in control conditions (open circles) and in the presence of 10 mM ca�eine. Data points are mean
values obtained in ®ve cells and vertical bars represent s.e.mean.
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(100 ms IPP50 protocol) do not come back to their initial

state when cells are repolarized to 750 mV: QOFF is
depressed, especially at positive potentials. This apparent
immobilization during depolarization could be due either to a

ca�eine-induced voltage-dependent block likely mediated by
Ca2+ ions, or to a shift to more negative potentials of the
voltage dependence of the return of the charges to their initial

positions (known as the interconversion of charge 1 into
charge 2, see Introduction for references). To test this
hypothesis, we have used a protocol in which the cells were
repolarized to potentials +30 to 7170 mV, after a 30 ms

depolarization to +40 mV was applied from 750 mV (see
protocol in Figure 7A right inset) to induce charges
inactivation. Figure 7A shows the mean (n=9) voltage

dependence of QOFF recorded with this protocol in control
conditions and in the presence of 10 mM ca�eine. As can be
seen, ca�eine markedly a�ected the return of the OFF

charges, by inducing a negative shift of their voltage
dependence: mid activation potentials of QOFF were shifted

from 793+4 mV to 7110+10 mV for the ®rst negative
component, and from 728+7 mV to 758+10 mV for the
second positive one. However, in both control conditions and

in the presence of ca�eine, the maximum QOFF charges
remained the same at 7150 mV (713.3+0.7 nC mF71 and
712.7+1.1 nC mF71, respectively). It should be noted that
ca�eine completely blocked the return of the OFF charges for

potentials between +30 mV and 740 mV. The left inset in
Figure 7A shows that ca�eine signi®cantly reduced the OFF
charges evoked on repolarization from +40 mV to 780 mV:

on average, OFF charges at 780 mV amounted to
77.65+0.52 nC mF71 in control conditions and to
75.05+0.54 nC mF71 in the presence of 10 mM ca�eine.

Thus, ca�eine did not really block the return of the OFF
charges on repolarization, but induced a shift towards
negative potentials of the voltage dependence of their return:

this shift is the manifestation of a ca�eine-induced inter-
conversion between charge 1 and charge 2.
We have tested the potential role of the Ca2+ released by

the SR in the decrease of OFF charges (and thus in the

charge interconversion) using the same protocol in three
experimental conditions: cells loaded with BAPTA-AM to
improve subsarcolemmal Ca2+ chelation, cells with SR Ca

channels blocked by ryanodine and cells whose SR has been
previously depleted with thapsigargin. Q-V relationships of
QOFF realized in these conditions show that when intracel-

lular calcium chelation was more e�cient with BAPTA,
ca�eine had much less e�ect on the voltage dependence of
QOFF (Figure 7B), especially for positive potentials. However,

half-activation potentials of QOFF were still signi®cantly
shifted from 787.0+3.8 mV to 7102.9+5.8 mV for the ®rst
negative component and from 77.7+4.2 mV to
718.5+2.8 mV for the second positive one (n=7). Apparent

block of the charges recorded on repolarization was only
obtained between +40 mV and +20 mV. An example of
OFF charges at 780 mV is shown in Figure 7B inset: in the

presence of BAPTA, ca�eine has little e�ect on the OFF
charges recorded at 780 mV.
When the SR Ca channels were blocked with 100 mM

ryanodine, ca�eine did not induce a negative shift of the
voltage dependence of OFF charges (Figure 7C): in ®ve cells,
half-activation potentials were not signi®cantly shifted from
798+6 mV to 790+3 mV for the ®rst negative component

and from 724+10 mV to 719+6 mV for the second positive
component. Apparent block of the charges recorded on
repolarization was only obtained between +40 mV and

0 mV. An example of OFF charges at 780 mV is shown in
Figure 7C inset. The total charge measured at 7170 mV was
slightly depressed by 1.1 nC mF71 in the presence of ca�eine.

Similar results were obtained in cells whose SR has been
previously depleted with thapsigargin: ca�eine did not induce
any statistically signi®cant modi®cations of the QOFF voltage

dependence, as illustrated in Figure 7D. Mid activation
potentials of QOFF were shifted from 797+10 mV to
783+10 mV for the ®rst negative component, and from
730+20 mV to 715+20 mV for the second positive one

(n=7). Like in control cells (i.e., non pretreated with
thapsigargin), in both control conditions and in the presence
of ca�eine, the maximum QOFF charges remained the same at

7150 mV (715.01+0.97 nC mF71 and 713.7+1.3 nC mF71,
respectively). Apparent block of the charges recorded on
repolarization was only obtained between +40 mV and

Figure 6 E�ects of ca�eine on charge-voltage relationships in the
presence of agents a�ecting the sarcoplasmic reticulum (SR). ICM
were recorded after a 100 ms IPP50 with the protocol described in
Figure 2. The graphs show the mean charge-voltage relationships of
QOFF (recorded during repolarization to 750 mV) in control
conditions (open circles) and in the presence of 10 mM ca�eine. (A)
Cells preincubated with 100 mM ryanodine and continuously super-
fused with ryanodine for the control conditions. (B) Cells in which
the SR has been depleted by preincubation with 1 mM thapsigargin
and continuously superfused with thapsigargin for the control
conditions. Data points are mean values obtained in ®ve (A,B) cells
and vertical bars represent s.e.mean.
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+5 mV (Figure 7D). Figure 7D inset shows a typical example

of OFF charges recorded at 780 mV in thapsigargin-treated
cells: ca�eine barely a�ected QOFF at 780 mV (79.1+0.7 nC
mF71 in control thapsigargin and 77.9+1.1 nC mF71 in the

presence of both thapsigargin and ca�eine, n=7).

Discussion

The main result of our study is that, in freshly isolated
guinea-pig ventricular heart cells, under our experimental

conditions, ca�eine markedly depressed OFF charges on
repolarization to 750 mV with little e�ect on the ON
charges on depolarization from 750 mV. This inhibitory

e�ect can be explained by charge 1 ± charge 2 interconversion
likely mediated via the Ca2+ released from the SR which

accumulate in the fuzzy spaces to produce an increase of

subsarcolemmal calcium concentration.
The e�ects of ca�eine we observed on OFF charges could

be due either to a direct e�ect of the molecule on the

channels proteins, or to an indirect e�ect via its two well-
known cellular actions. First, like other methylxanthines,
ca�eine is a phosphodiesterase inhibitor (Beavo et al., 1970)

and thus increases the cyclic AMP-dependent phosphoryla-
tion processes. Second, ca�eine induces the release of Ca2+

from the SR (e.g., Weber, 1968; Wier, 1990). The suppression
of most ca�eine e�ects in BAPTA-AM loaded cells and in

cells whose SR has been depleted with thapsigargin argue
against a direct e�ect of ca�eine on the channels proteins, as
well as against an e�ect mediated via an increased cyclic

AMP level. On the contrary, they are more likely in favour of
a potential e�ect of the ca�eine-induced Ca2+-release by the

Figure 7 E�ects of ca�eine on the voltage-dependence of OFF charges activation following a depolarization to +40 mV according
to the protocol shown in bottom right inset in A (see text for details). In each panel, data points are mean values obtained in nine
(A), six (B), ®ve (C) and seven (D) cells and vertical bars represent s.e.mean. The smooth lines are best ®ts to the data points with
equation (1) The top left inset in A or bottom right insets in B, C and D show superimposed typical recordings of OFF gating
currents at 780 mV in corresponding control conditions (thin line) and in the presence of 10 mM ca�eine (thick line). (A) Mean
charge-voltage relationships of QOFF in control conditions (open circles) and in the presence of 10 mM ca�eine. The pipette solution
contained EGTA. Control EGTA: Qmax,1=78.6 nC mF71, V1/2,1=793 mV, K1=716 mV; Qmax,2=75.2 nC mF71,
V1/2,2=728 mV, K2=716 mV; ca�eine: Qmax,1=710 nC mF71, V1/2,1=7110 mV, K1=720 mV; Qmax,2=73.8 nC mF71,
V1/2,2=758 mV, K2=712 mV. (B) Same representation as in A, for cells preincubated in the presence of 5 mM BAPTA-AM and
patched with BAPTA-containing pipette solution. Control BAPTA: Qmax,1=713 nC mF71, V1/2,1=770 mV, K1=719 mV;
Qmax,2=1.7 nC mF71, V1/2,2=78.2 mV, K2=75.2 mV; ca�eine: Qmax,1=713 nC mF71, V1/2,1=776 mV, K1=715 mV;
Qmax,2=71.5 nC mF71, V1/2,2=725 mV, K2=75.4 mV. (C,D) E�ects of ca�eine in the presence of agents a�ecting the SR on
the voltage-dependence of OFF charges activation following a depolarization to +40 mV. Same representation as in A. (C) In the
presence of 100 mM ryanodine (RYA). Control RYA: Qmax,1=79.4 nC mF71, V1/2,1=798 mV, K1=721 mV; Qmax,2=76 nC
mF71, V1/2,2=724 mV, K2=723 mV; ca�eine: Qmax,1=713 nC mF71, V1/2,1=790 mV, K1=723 mV; Qmax,2=71.3 nC mF71,
V1/2,2=719 mV, K2=76.6 mV. (D) In the presence of 1 mM thapsigargin (TG) in SR Ca-depleted cells. Control TG:
Qmax,1=76.9 nC mF71, V1/2,1=797 mV, K1=719 mV; Qmax,2=77.9 nC mF71, V1/2,2=730 mV, K2=724 mV; ca�eine:
Qmax,1=712 nC mF71, V1/2,1=783 mV, K1=721 mV; Qmax,2=72.3 nC mF71, V1/2,2=715 mV, K2=711 mV.
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SR, and thus of an e�ect mediated by the elevation of
intracellular Ca2+ concentration. Indeed, preliminary experi-
ments carried out in guinea-pig ventricular heart cells have

revealed that OFF charges were not decreased by phosphor-
ylation induced by 1 mM isoprenaline or 10 mM forskolin
(authors' unpublished results). A screening of surface charges
by the calcium released from the SR is also unlikely to

explain our results since ON and OFF charges are di�erently
a�ected.

SR Ca2+ content in rested cells bathed in gating solution

An important question raised is whether there is still some

Ca2+ in the SR that could be released by ca�eine in our
experimental conditions, as SR Ca2+ is well known to
decrease in rested cells. We show in our study (Figure 4)

that in intact ventricular cells rested for 12 min in normal
Tyrode before application of our `gating solution' for an
additional 3 ± 4 min, the subsequent application of 10 mM

ca�eine produces a marked contracture (assessed by the

sarcomere length shortening) associated with a maintained
rise in Indo-1 ¯uorescence ratio (F405/F485). This observation
demonstrates that although the myocytes are quiescent, there

remains a substantial fraction of Ca2+ in the SR that can be
released by application of ca�eine in our experimental
conditions. This result is in agreement with the ®ndings of

Terracciano et al. (1995) who have reported that the SR-Ca2+

content of guinea-pig ventricular myocytes exponentially
decreases when a cell is kept at rest (rate constant of

0.029 s71) and that, thereafter, there remained a portion
(56%) of ca�eine-releasable Ca2+ that leaves the SR more
slowly.

Does caffeine efficiently increase the subsarcolemmal
Ca2+ concentration?

In our experimental conditions, several factors will interact to
control the intracellular Ca2+ concentration. First, the
blockade of the Na/Ca exchange by the absence of Na+ in

the gating solution and the presence of cations known to a�ect
the exchange current (Gd3+, Cd2+; Trosper & Philipson, 1983;
Zhang & Hancox, 2000) should contribute to keep the
intracellular Ca2+ concentration high during ca�eine applica-

tion (as indeed observed, see Figure 4B). Second, the
sarcolemmal Ca2+-ATPase, although more e�cient when the
Na/Ca exchange is blocked, has likely a too small Ca2+

transport capacity to properly extrude the Ca2+ (e.g., Bassani
et al., 1995). Moreover, it has been shown that Cd2+ is an
e�ective blocker of the sarcolemmal Ca2+-ATPase at a

concentration of 20 nM (Verbost et al., 1988), i.e., at a
concentration much lower than that used in the present study
(2 mM). On the other hand, cell Ca2+ content should be

noticeably decreased as part of the Ca2+ released from the SR
in the presence of ca�eine will be chelated by the EGTA (or
BAPTA) present in the pipette solution and di�using into the
cell: bulk Ca2+ concentration will therefore be kept to a very

low level, not su�cient to induce contractures like that
presented in Figure 4B. However, although found in the rat,
it has been reported that even in ventricular cells in which the

myoplasmic Ca2+ concentration was bu�ered with 10 mM

EGTA (as in our experiments), Ca channels were inactivated
by the Ca2+ released from the SR (e.g., Sham et al., 1995;

Adachi-Akahane et al., 1996), because of the existence of a
functional coupling of Ca channels and ryanodine receptors in
these cardiac myocytes. Such a coupling might also exist in the

guinea-pig heart as suggested by the results of an ultra-
structural study combining confocal microscopy and label-
fracture electron microscopy (Takagishi et al., 1997). Ca
channels of the sarcolemmal membrane and of the T-tubules

appeared to be organized in cluster, each cluster lying adjacent
to junctional SR, thus permitting the close coupling of in¯ux
of calcium through plasma membrane Ca channels to trigger

SR Ca2+ release. Other studies have also suggested the
existence of micro-domains (`fuzzy-spaces': e.g., Leblanc &
Hume, 1990; Lederer et al., 1990; Bielen et al., 1991; see also

for review RõÂ os & Stern, 1997) lying just beneath the inner
lea¯et of the sarcolemmal membrane and the SR membrane
and in which di�usion of ions and molecules is limited (e.g.,

Stern, 1992; Adachi-Akahane et al., 1996; Naraghi & Neher,
1997; Neher, 1998). In particular, large molecules such as
EGTA and BAPTA will not have free access to the micro-
domains to rapidly chelate Ca2+ ions, and will therefore

control only the bulk cytoplasmic Ca2+ concentration, and not
the subsarcolemmal one. However, it appears that Ca2+

leaving the SR can accumulate in these subsarcolemmal

micro-domains from which it will be extruded, in normal
conditions, mostly by the Na-Ca exchange (see Callewaert,
1992). During ca�eine application in our experiments, part of

the Ca2+ released from the SR will therefore mostly remain
trapped in these subsarcolemmal micro-domains, because of
the blockades of the Na/Ca exchange (Gd3+, Cd2+, lack of

external Na+; Trosper & Philipson, 1983; Zhang & Hancox,
2000) and of the sarcolemmal Ca2+-ATPase by Cd2+ (Verbost
et al., 1988). Unfortunately, to our knowledge, there are no
convenient techniques available for the quanti®cation of

subsarcolemmal Ca2+ concentration in these subsarcolemmal
micro-domains. Moreover, in the presence of ca�eine and
internal EGTA or BAPTA, ¯uorescence measurement of bulk

intracellular Ca2+ or measurement of sarcomere length will
not give any information on the Ca2+ concentration in these
restricted domains.

Mode of action of subsarcolemmal Ca2+

As shown in Figure 7A, prolonged depolarization in the

presence of ca�eine shifted the OFF charge distribution to
negative voltages, without signi®cantly a�ecting the total
amount of charges displaced. These observations are

consistent with the known property of charge interconversion
®rst described in detail in skeletal muscle (see Introduction
for references), and later on in heart cells by Shirokov et al.

(1992; 1993). Charge 1 has been described as the movement
of intramembranous charges between 7100 and +40 mV in
normally polarized cells, whereas charge 2 has been observed

in depolarized ®bres, with a di�erent voltage sensitivity,
moving at hyperpolarized potentials. It has been proposed
that during prolonged depolarization charge 1 is transformed
into charge 2 (charge interconversion; Brum & RõÂ os, 1987).

Thus, the e�ect of Ca2+ is to promote this charge
interconversion, i.e., to increase the proportion of charges
in the immobilized state (or charge 2). This is also seen when

the duration of the depolarizing pulse is increased (as in
Figure 3B): only OFF gating current amplitude is decreased.
This observation, together with the fact that only OFF
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charges appear to be a�ected with voltage, strongly suggest
that ionic channels likely have to open before Ca2+ ions
could a�ect their gating properties.

In contrast to our present observations, no e�ect of
increased intracellular Ca2+ concentration has been pre-
viously found in native cardiac cells (Hadley & Lederer,
1991b; Shirokov et al., 1993). Hadley & Lederer (1991b) have

shown using ¯ash photolysis of DM-nitrophen that an
increase of intracellular Ca2+ concentration induced an
inactivation of L-type Ca2+ current, but without any e�ect

on ON charges (they did not study the OFF charges). Our
®ndings do not contradict their results, at least for one point,
as we also found almost no e�ect on ON charges. In their

study, Shirokov and co-workers (1993) have measured in the
same cell calcium in¯ux through Ca channels and ICM at
7150 mV (a potential at which charge 2 is already

maximum) to determine if Ca2+ in¯ux was promoting charge
1 ± charge 2 interconversion, i.e., charge immobilization. As
the amount of charge measured at 7150 mV was not
increased when Ca2+ was entering the cell, these authors

concluded that the Ca2+-dependent inactivation of L-type Ca
channels does not a�ect their voltage sensor. However, we
have also found that the total charge displaced at 7150 mV

was not increased in the presence of ca�eine: this is because
at this potential, all charges that have moved during
depolarization have already returned to their initial positions.

Thus, charge interconversion can be seen only at more
positive potentials, where they are in `intermediate' positions.
This is shown by the negative shift of the QOFF-voltage

relationship in the presence of ca�eine (Figure 7A).
Our results in native cells are in agreement with those of

Ferreira et al. (1998) on CHO cells co-expressing a mostly
cardiac a1(CSk3), b1a, a2d and g Ca channel subunit. These

authors found that 10 mM intracellular Ca2+ immobilized
gating currents, but only after opening transitions had taken
place. However, two recent studies on expressed N-type Ca

channels (Jones et al., 1999; Shirokov, 1999) report contra-
dictory results on the e�ect of Ca2+ on inactivation of the Ca
channels at the level of the gating currents. For Jones et al.

(1999), inactivation of N-type Ca channels is purely voltage-

dependent (as the degree of charge immobilization was
unchanged by the block of ionic current and was closely
matched by the degree of current inactivation) and occurs

from intermediate closed conformations along the activation
pathway (no need for the channel to open before it
inactivates). On the contrary, Shirokov (1999) found no
immobilization of the gating current with voltage (but

evidence for charge 1-charge 2 interconversion) and a
current-dependent inactivation of the N-type Ca channels
(Ca2+ would act in the permeation pathway).

In conclusion, since (i) ON and OFF charges are di�erently
a�ected and (ii) ca�eine e�ect on OFF charges is dependent
upon the duration and voltage (Figure 3B) of the depolariz-

ing pulse (in the voltage range of activation of Ca channels,
thus precluding that the observed e�ects re¯ected the kinetics
of binding of Ca2+ on an intracellular site), our results

strongly support that Ca channels have to open before Ca2+

can a�ect their gating. We postulate that such a mechanism
might be involved in the Ca2+-dependent inactivation of the
Ca2+ current under normal physiological conditions, as high

Ca2+ concentration can be reached in the subsarcolemmal
spaces. Our results are the ®rst evidence in native cardiac cells
for a role played by the Ca2+ released from the SR in

modulating Ca channels inactivation at the level of their
gating currents. Whether Ca2+ acts by itself or in association
with a modulatory protein such as calmodulin, as recently

suggested for several Ca channels types (Ehlers & Augustine,
1999; Lee et al., 1999; Peterson et al., 1999; ZuÈ hlke et al.,
1999) awaits further study. Our ®ndings might nevertheless

lead to a better understanding of the modulatory role played
by Ca2+ in cardiac excitation ± contraction coupling.
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