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14): H528-H532,1983.-Abrupt
exposure
of 90- to 130-pm
diameter
chick embryonic
myocardial
cell
aggregates
to 10 mM caffeine has been shown to induce a
transient
inward current.
In the present study, we recorded a
similar current in small cell clusters (Cl0 cells) in which access
of caffeine to each of the cells was rapid. The resulting
inward
current consisted of a single peak, which decayed exponentially
(predominant
time constant
335 t 130 ms at -40 mV) and had
a peak amplitude
of up to 15.5 pA/cm2. The caffeine-induced
current persisted when the slow inward current was abolished
by a 30-s pretreatment
with 2 PM D 600 and could be observed
at potentials
where the fast sodium channels were fully inactivated. The current-voltage
relation
of the caffeine
response
was linear between -110 and -40 mV, giving an extrapolated
voltage intercept
of +12 mV. However, the inward current did
not diminish
or reverse with further depolarization.
A substantial inward current occurred at potentials
up to +60 mV, which
is more positive than the reversal potential
of the tetrodotoxinsensitive inward current. We conclude that the caffeine-induced
current is mediated
in part by electrogenic
Na+-Ca2+ exchange.
calcium
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THERE IS INCREASING evidence that currents initiated
by intracellular
calcium may play an important
role in
(1, 2, 5, 8, 17, 19). Cardiac cells have
cardiac excitation
been shown to contain calcium-activated
inward current
channels that are permeable to both sodium and potassium ions (5). Moreover,
sodium-dependent
calcium efflux may generate a net inward current in the heart (8,
16, 17). A useful means of studying
calcium-activated
currents is to utilize drugs that cause release of sequestered calcium in preparations
under voltage control (l215). Clusin (4) recently
showed that rapid exposure of
chick embryonic
myocardial
cell aggregates (90-130 pm
diam) to 10 mM caffeine
induced a sodium-sensitive
transient
inward current, which was similar in several
respects to that induced by digita lis toxicity ( 12, 14) but
H528

which had a more complex time course that was ascribed
to delayed diffusion
of caffeine into the interior
of the
preparation.
We have here recorded
caffeine-induced
currents using the whole-cell patch-clamp
technique (10)
as recently applied by Fischmeister
et al. (7) to small
heart cell clusters (maximum
apparent dimension 24-48
pm) in which nearly all of the cells are in direct contact
with the bulk extracellular
fluid. Rapid exposure of these
clusters to 10 mM caffeine induced inward currents that
were smoother, decayed more rapidly, and had a fourfold
larger peak amplitude
relative to membrane
area than
those recorded in larger preparations
(4). The caffeineinduced current, elicited sequentially
at different
potentials, was increased by hyperpolarization
between -40
and -110 mV, but it remained inward during depolarizing steps up to +60 mV. Current through
monovalent
cation channels would disappear or become outward at
strongly positive potentials,
depending
on the reversal
potential
of the particular
ions involved.
An alternative
mechanism
for a nonreversing
inward current at membrane potentials
positive to zero is an electrogenic
sodium-calcium
exchange (16, 17). In the present work we
provide evidence that is consistent with the latter mechanism.
METHODS
Chick embryonic
ventricular
cells were obtained by
multiple-cycle
trypsinization
of 7-day ventricular
fragments as previously
described (18). The dispersed cells
were cultured for 20-24 h on plastic Petri dishes (Falcon,
1008) where they formed small, rounded clusters that did
not spread on the plastic. The clusters were washed
several
times in physiological
saline, covered
with
Klearol mineral oil, and placed on the heated stage (37
+ 0.3”C) of an inverted
microscope under 85% Nz-10%
&-5% COa. In preliminary
experiments
we found that
no caffeine-induced
current could be elicited at 24°C as
has also been reported for the digitalis-induced
transient
inward current
(15). Glass electrodes
(2-6 MQ) were
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filled with “intracellular”
solution
(see Fig. 1 legend).
High-resistance
seals (Z-15 GQ) were formed by light
suction, after which the membrane patch under the electrode tip was broken by additional
negative
pressure
(10). Because of the small number
of cells and low
intercellular
resistance the clusters could then be voltage
clamped using a high-input
impedance patch-clamp
circuit (List Medical Electronics
model EPC5). Deviation
from steady-stage
voltage homogeneity
in these preparations was small. The voltage error ascribable to the
series resistance of the recording pipette was less than 2
mV. Moreover,
the reversal potentials
of the depolarization-induced
inward currents
were similar to those
measured in larger preparations
with a two-microelectrode clamp (6, 18).
Cell clusters were superfused with caffeine (10 mM)
using a peristaltic
pump, the effluent catheter of which
had an inner diameter
of 250 pm and was positioned
Cl00
pm from the clusters. Switching on the pump at a
flow rate of 60-100 pl/min caused the cells to be engulfed
by the superfusate
stream in ~0.5 s. To determine
the
voltage dependence of the caffeine-induced
current, the
membrane was clamped at potentials between -110 and
+60 mV during caffeine exposure. In most experiments,
the clamp potential
was cycled between three different
values every 55 ms during a single perfusion,
allowing
three points in a current-voltage
relation to be obtained
with each exposure. Depolarizing
conditioning
pulses (0
mV, 150 ms) were applied from a holding potential
of
-80 mV at a rate of 2/s for at least 30 s prior to caffeine
perfusion to stimulate spontaneous electrical activity and
to prevent depletion of intracellular
calcium stores. Data
were recorded on magnetic tape and photographed
from
a Tektronix
5223 digitizing oscilloscope.
RESULTS

Figure 1A shows the transient inward current produced
by abrupt superfusion
of a small cell cluster (cl0 cells)
with 10 mM caffeine. As in the earlier study (4), the
delay between turning on the peristaltic
pump and initiation of the current was about 0.5 s. However,
this
current differed from that observed in the larger preparations in three respects. 1) The current was briefer. 2)
It consisted of a single inward peak rather than multiple
peaks. 3) The peak amplitude
was larger in relation to
membrane
area (see below). Additionally,
the declining
phase of the current was comprised of two exponential
components
(Fig. IB). The large, rapidly decaying component had a mean time constant of 335 t 130 (SD) ms
in five clusters at -40 mV. The slowly decaying component, which had a time constant of 4.6 s in Fig. lB, was
only discernible
in about half of the preparations
at -40
mV. A slowly decaying component was often accentuated
at less negative potentials
(e.g., Fig. 2, top trace).
The caffeine-induced
current
had a considerably
greater amplitude in relation to membrane area than had
been observed previously
(4). The small clusters formed
hemispheroids
on the plastic dish, the total membrane
area of which could be estimated as kmab2, where a and
b are the major and minor hemiaxes of the cluster (in
pm) and k is 9.2 x lo-’ cm2/pm3 (4, 18). With the use of
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FIG. 1. A: transient
inward current induced by abrupt superfusion
(arrow) of a 24 X 40-pm cell cluster with 10 mM caffeine during voltage
clamp at -40 mV. Depolarizing
conditioning
pulses from -80 to 0 mV
were applied at 2/s for about 30 s prior to the recording. Recording
pipette contained (in mM) KCH,SO,
95, NaHC03
26, KC1 20, NaCl
10, MgClz 1, NaH2P04
0.9, Na2-ATP
5, ethyleneglycol-bis(aminoethylether-N,N’-tetraacetic
acid 5 at pH 7.4. The external medium
contained (in mM) NaCll16,
NaHC03 26, CaClz 1.8, KC1 1.3, NaH2P04
0.9, MgS04 0.8, and glucose 5.5 at pH 7.4,37”C. B: decay of the current
in A plotted semilogarithmically.
Open circles were obtained by subtraction of a small, slowly decaying exponential component (7 = 4.6 s)
from total current. Decay of caffeine-induced
current may reflect the
time course of calcium removal, which has been postulated
to have
several components,
based on studies of mechanical relaxation in this
tissue (4).
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FIG. 2. Caffeine-induced
inward current in a 26 x 4%pm cluster in
which membrane potential was cyclically stepped between -40, -20,
and 0 mV every 55 ms. Note that at 0 mV total current was outward
(~130 PA). But the peak inward deflection was nearly equal at all 3
potentials. No appreciable slow component is visible in decay of inward
current at -40 mV.
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this formula, the mean amplitude of the caffeine-induced
current was found to be -7.9 t 4.5 (SD) PA/cm2 (range
2.9-15.5 pA/cm2) in nine clusters clamped at -70 to -80
mV. This was significantly larger (P = 0.001) than the
mean value of 2.0 t 1.4 PA/cm2 obtained in ten 90- to
13O-pm cell aggregates studied in the same potential
range (4). Such an inverse relation between aggregate
size and relative peak current would be expected in
aggregates large enough that caffeine failed to reach the
innermost cells at the time of the initial inward current
peak (4).
The relatively low access resistance of the patch electrodes allowed membrane potential to be clamped over a
wide range of values during caffeine exposure and to be
rapidly stepped between several potentials during single
superfusions (Fig. 2). The mean caffeine-induced current
in nine experiments was plotted as a function of voltage
in Fig. 3. The current-voltage relation of the caffeineinduced current was linear between -40 and -110 mV,
giving an extrapolated voltage intercept of +12 mV.
Similar results were obtained in experiments in which
membrane potential was cycled between -110, -90, and
-70 mV during each superfusion. These findings are
similar to the behavior of the digitalis-induced transient
inward current (TI) at negative potentials (11, 12, 14).
However, the caffeine-induced current failed to reverse
when the membrane was depolarized. In Fig. 2, the peak
inward current during a single superfusion was of nearly
equal amplitude at -40, -20, and 0 mV. Comparable
results were obtained at positive potentials (Fig. 3). In
three experiments, appreciable inward current was demonstrated at +60 mV, which is considerably more positive
than the reversal potential of the tetrodotoxin-sensitive
inward current reported in larger aggregates of embryonic heart cells (6, 18).
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3. Current-voltage
relation of caffeine-induced
current in 9
experiments. Each point shows mean peak inward current + SE. Open
circles were obtained using the voltage protocol in Fig. 2B in which
membrane potential was alternated between -40, -20, and 0 mV during
each superfusion. Filled circles and triangles were obtained using similar
protocols in which the test potential steps were -110, -90, -70 and 0,
+20, +40 mV, respectively. The current-voltage
relation was linear
between -110 and -40 mV, with an extrapolated intercept potential of
+12 mV. A relatively constant inward current was observed between
-40 and +40 mV.
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The persistence of caffeine-induced current at positive
potentials demonstrates that this current is not carried
exclusively through sodium-permeant
ionic channels.
There are two possible alternatives. First, the current
might be carried by electrogenic sodium-calcium exchange, which always produces inward current in response to internal calcium release (see below). Second,
the inward current might be due to increased calcium
influx, possibly resulting from phosphodiesterase inhibition. The latter possibility was investigated by treatment of the cells with 2 PM D 600 during and for 30 s
prior to caffeine. D 600 totally abolished the slow inward
current during the conditioning depolarizations (which
were divided into a -40-mV, lOO-ms prepulse, and a OmV, 150-ms test pulse to permit this observation). However, D 600 did not appreciably diminish the caffeineinduced current during multiple trials at -80 and +20
mV. The failure of D 600 to suppress the caffeine-induced
current demonstrates that this current is not mediated
by conventional calcium channels.
DISCUSSION

Our experiments show that abrupt exposure of small
cell clusters to caffeine induces a large transient inward
current that decays smoothly and rapidly. The slower
decay and delayed current peaks of the caffeine responses
in larger aggregates have been ascribed to spatial and
temporal nonuniformity
of intracellular calcium release,
because they were accompanied by brief asynchronous
contractions localized to small regions of the preparation
(4). In the present experiments, the clusters were small
enough to permit virtually simultaneous exposure of all
cells to the drug. Thus the time course of calcium release
would be rapid and synchronous. A second factor that
could contribute to the difference between our present
results and those obtained in larger aggregates is the
low-resistance recording pipette filled with a solution
designed to approximate the intracellular milieu. This
seems unlikely, however, because the caffeine response
did not change substantially with time after disruption
of the patch. Moreover, most of the cells in each cluster
were separated from the pipette by one or more gap
junctions.
Several lines of evidence indicate that the caffeineinduced current is driven by a transient rise in intracellular calcium. 1) Caffeine is known to penetrate readily
into the cytoplasm of muscle cells, where it causes release
of calcium from the sarcoplasmic reticulum (20). 2) The
caffeine-induced current was accompanied by a contractile response, which could not be suppressed by clamping
the membrane at negative potentials (4). 3) Like digitalis
toxicity (1 I), caffeine can induce asynchronous mechanical activity in voltage-clamped aggregates, with accompanying fluctuations in current (4). 4) The caffeineinduced current could be elicited at potentials far negative to the activation range of voltage-gated inward current channels. 5) The caffeine-induced current was not
suppressed by pretreatment with D 600, which blocks
the voltage-gated calcium channels, or by depolarization
to potentials where the fast sodium channels are fully
inactivated. 6) Like the digitalis-induced TI (11, 14), the
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caffeine-induced
current
in aggregates was suppressed
by removal of extracellular
sodium (4). 7) The currentvoltage relation of the caffeine-induced
current resembles that of the digitalis-induced
TI insofar as the inward
current increases with hyperpolarization,
giving an extrapolated
voltage intercept close to zero (11, 12, 14). 8)
Like the digitalis-induced
TI, the caffeine-induced
current disappeared
when the temperature
was reduced to
24°C (15).
The behavior
of the digitalis-induced
TI at positive
potentials
depends on the preparation
studied. In calf
Purkinje fibers, the digitalis-induced
TI reversed near 0
mV, giving a phasic outward current (12, 14). This observation
suggests that that response was mediated by
calcium-activated
nonspecific
cation channels.
Such
channels have been identified
in cardiac cell membranes
(5). In contrast,
depolarization
of ferret myocardium
beyond the extrapolated
voltage intercept
failed to reverse the TI, even when extracellular
sodium was reduced
(11). Karagueuzian
and Katzung (11) suggested that this
was due to mediation
of the response by electrogenic
sodium-calcium
exchange. As pointed
out by Mullins
(l7), the total current through such an exchange mechanism would become outward
at positive
potentials.
However, a sudden increase in cytoplasmic
calcium activity would diminish
the outward
exchange current,
producing
an inward deflection
At negative potentials,
elevation of internal calcium would increase net sodium
influx. Thus, at all potentials,
the net change in the
exchange current produced by internal
calcium release
would be inward.
Our results with the caffeine-induced
current support
such an interpretation.
Inasmuch
as the caffeine
response was not blocked by D 600, electrogenic
sodiumcalcium exchange is the simplest mechanism that would
explain the persistence
of inward current
at positive
potentials. A caffeine-induced
decrease in potassium conductance is not completely
excluded by our data. However, this seems less likely, because caffeine produced a
conductance
increase at negative potentials
and because
the depolarization-induced
outward current was not de-

creased by caffeine in a previous
study involving
amphibian myocardium
(9).
Absence of an outward TI at positive potentials
does
not preclude participation
of calcium-activated
channels
in the response. Indeed, if the caffeine
current were
purely due to electrogenic
sodium-calcium
exchange,
then its current voltage relation would be bell shaped,
with inward current
increasing
at both negative
and
positive potentials
(16, 17). Because we did not observe
this, the response may involve a combination
of calciumactivated
cation channels and exchange currents. The
failure of the caffeine-induced
current to reverse in our
experiments
could be due to a lower density of calciumactivated cation channels in chick myocardial
cells than
in mammalian
Purkinje
fibers or to differences
in the
experimental
conditions
(e.g., intracellular
ion concentrations) compared with digitalis toxicity.
Our experiments
provide further
support for the hypothesis that calcium-activated
depolarizing
currents
could play a significant
role in the genesis of the cardiac
action potential
(1,2,4,8,
17, 19). Although the caffeineinduced currents in the previous
study (4) were large
enough to affect membrane potential
appreciably
during
normal beating, their true current density was presumably underestimated
because calcium release could not
be completely
synchronized
by caffeine in large preparations. The caffeine-induced
currents recorded here in
small cell clusters were substantially
larger in relation to
membrane area, in some cases more than half as large as
the maximum
slow inward current in chick myocardial
cell aggregates (18). Thus even partial release of the
caffeine-sensitive
calcium stores could have a significant
electrophysiological
effect.
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