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Patch-clamp measurements of Ca 2⫹ currents and membrane
capacitance were performed on slices of mouse adrenal glands,
using the perforated-patch configuration of the patch-clamp
technique. These recording conditions are much closer to the in
vivo situation than those used so far in most electrophysiological
studies in adrenal chromaffin cells (isolated cells maintained in
culture and whole-cell configuration). We observed profound
discrepancies in the quantities of Ca 2⫹ channel subtypes (P-, Q-,
N-, and L-type Ca 2⫹ channels) described for isolated mouse
chromaffin cells maintained in culture. Differences with respect to
previous studies may be attributable not only to culture conditions, but also to the patch-clamp configuration used. Our ex-

periments revealed the presence of a Ca 2⫹ channel subtype
never before described in chromaffin cells, a toxin and
dihydropyridine-resistant Ca 2⫹ channel with fast inactivation kinetics, similar to the R-type Ca 2⫹ channel described in neurons.
This channel contributes 22% to the total Ca 2⫹ current and
controls 55% of the rapid secretory response evoked by short
depolarizing pulses. Our results indicate that R-type Ca 2⫹ channels are in close proximity with the exocytotic machinery to
rapidly regulate the secretory process.
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During the last two decades, great efforts have been made to
characterize the variety of voltage-dependent Ca 2⫹ channels in
excitable cells, using molecular, biophysical, and pharmacological
approaches. The availability of toxins to dissect different components of Ca 2⫹ currents has helped in the characterization of
different types of Ca 2⫹ channels, but it has also created some
uncertainties. Pharmacologically, neuronal high voltage-activated
Ca 2⫹ channels have been classified as dihydropyridine (DHP)sensitive (L-type channels), -conotoxin GVIA-sensitive (N-type
channels), and -agatoxin IVA-sensitive (P channels with Kd ⬍ 10
nM, and Q channels with Kd ⬎ 10 nM) (Mintz et al., 1992b; Sather
et al., 1993; Randall and Tsien, 1995). A current resistant to DHP,
-conotoxin MVIIC, and -agatoxin IVA has been named R-type
(Zhang et al., 1993; Randall et al., 1995; Tottene et al., 1996;
Magnelli et al., 1998).
Adrenal medullary chromaffin cells of various mammalian species have been shown to express Ca 2⫹ channels of the L-subtype
(Hoshi and Smith, 1987; Bossu et al., 1991a,b; Albillos et al., 1994),
N- subtype (Hans et al., 1990; Bossu et al., 1991a,b; Artalejo et al.,
1992; Albillos et al., 1994), P-subtype (Gandı́a et al., 1993; Albillos
et al., 1993; Artalejo et al., 1994), and Q-subtype (López et al.,
1994; Albillos et al., 1996). These previous studies on Ca 2⫹ channel currents have been performed in the whole-cell configuration of
the patch-clamp technique on primary cultures of chromaffin cells,
mostly using Ba 2⫹ as a charge carrier. However, these cells may
suffer drastic changes in their functional properties after several
days in culture. In fact, chromaffin cells of acutely prepared mouse
adrenal slices exhibit a prominent fast secretory component that is

hardly detected in primary cell cultures (Moser and Neher, 1997).
It is, therefore, plausible that chromaffin cells in acutely prepared
slices might express Ca 2⫹ channel subtypes different from those
described up to now for isolated cells maintained in culture. Here,
we have pharmacologically separated the various subcomponents of
the whole-cell Ca 2⫹ current (IC a) present in chromaffin cells of
mouse adrenal slices. To achieve conditions as close as possible to
the physiological ones, we have used the physiological Ca 2⫹ concentration and the perforated-patch configuration, which preserves
the cytosolic cellular composition. We have found in this preparation, although in different proportions, all Ca 2⫹ channel subtypes
that had been previously described for mouse adrenal chromaffin
cells in culture (Hernández-Guijo et al., 1998). Most importantly,
we report for the first time an R-type Ca 2⫹ channel current that
contributes substantially to the rapid secretory response in mouse
adrenal slices, measured with capacitance techniques.
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MATERIALS AND METHODS
Adrenal slice preparation and solutions. Mouse adrenal slices were prepared as
previously described (Moser and Neher, 1997). Slices were kept at 37°C in a
holding chamber containing solution 1 bubbled with 95% O2 and 5% CO2.
T wo bicarbonate-buffered saline (BBS) solutions with different concentrations of C aC l2 were used. The standard BBS solution or solution 1
contained (in mM): 2 C aC l2, 125 NaC l, 26 NaHC O3, 2.5 KC l, 1.25
NaH2PO4, 1 MgC l2, and 10 glucose. Solution 2, which was used for slice
preparation, was identical to solution 1, except that it contained 0.1 mM
C aC l2 and 3 mM MgC l2.
For electrophysiological recordings, solution 1 containing 0.2 mM
D-tubocurarine and 5 M TTX (or 10 M, unless otherwise stated) was
perf used extracellularly at a rate of 1–2 ml /min. In some experiments,
C aC l2 was omitted, and 2 mM EGTA was present. All BBS solutions were
adjusted to pH 7.4 by bubbling with 95% O2 and 5% C O2.
The pipette solution contained (in mM): 145 C s-Glutamate, 8 NaC l, 1
MgC l2, 10 H EPES, and 0.5 mg /ml amphotericin B. The pH of the
perforated-patch solution was adjusted to 7.2 with C sOH. All chemicals
were obtained from Sigma (St. L ouis, MO) with the exceptions of C sOH
(Aldrich, Milwaukee, WI) and amphotericin B (Calbiochem-Novabiochem,
La Jolla, CA). An amphotericin B stock solution was prepared every day at
a concentration of 50 mg /ml in DMSO and kept protected from light. The
final concentration of amphotericin B was prepared by ultrasonicating in
the darkness 10 l of stock amphotericin B and 1 ml of C sGlutamate
internal solution. Pipettes were tip-dipped in amphotericin-free solution
for several seconds and back-filled with freshly mixed amphotericin intracellular solution.
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Figure 1. Voltage dependence of Ca 2⫹ currents and secretion in mouse adrenal slice chromaffin cells. Ca 2⫹ currents
and capacitance changes were recorded in the presence of 5
M TTX and 2 mM Ca 2⫹ at different voltages. A, Ca 2⫹
currents (Vh ⫽ ⫺70 mV), evoked by depolarizing test potentials, as indicated. B, Corresponding Cm traces. C, Plot of
⌬Cm (ordinate, right) and QC a (ordinate, left) versus the potential. ⌬Cm reached peak values at the same voltage as QC a ,
and both declined above that potential.
Isolation and culture of mouse chromaffin cells and solutions. Mouse
chromaffin cells were isolated according to the method used by HernándezGuijo et al. (1998). C ells were used after 1 or 2 d in culture.
The BBS-based recording solution consisted of solution 1 containing 0.2
mM D-tubocurarine and 5 M TTX. The H EPES-based recording solution
had the following composition (in mM): 2 C aC l2, 145 NaC l, 5.5 KC l, 1
MgC l2, 10 H EPES, and 10 glucose.
The pipette solution in the perforated-patch configuration was the same
as the one used in adrenal slice cells. In the whole-cell configuration, it
contained (in mM): 100 C sC l, 10 NaC l, 20 TEAC l, 14 EGTA, 20 H EPES,
5 MgATP, 0.3 and Na2GTP.
Electrophysiolog ical measurements in chromaffin cells in situ. Slices were
fixed in the recording chamber by means of a grid of nylon threads. After
the chamber containing the slices was mounted onto the stage of an upright
microscope (Axioscope; Z eiss), the chamber was perf used with bubbled
BBS (solution 1). The perf usion system for application of drugs consisted
of a multibarrelled glass pipette positioned close to the cell under study.
Five stainless steel needles inside the pipette allowed the local perf usion of
solutions, and these were fed by means of Teflon syringes and tubes, each
of them used only for a particular drug to avoid any contamination of
solutions (C arbone and L ux, 1987). Before establishing a gigaseal, loose
material from the cell surface was removed with a cleaning pipette.
Elecrophysiological measurements were performed using an EPC -9 amplifier and PUL SE software running on an Apple Macintosh. Pipettes of
1–3 M⍀ resistance were pulled from borosilicate glass capillary tubes,
partially coated with a silicone compound (G. E. Silicones, Bergen Op
Z oom, The Netherlands), and fire-polished. After seal formation and
perforation, access resistance ranged from 8 to 20 M⍀. C ell membrane
capacitance (Cm) changes were estimated by the Lindau-Neher technique
(for review, see Gillis, 1995) implemented as “Sine ⫹ DC” feature of the
“Pulse” lock-in software. A 1 kHz, 70 mV peak-to-peak amplitude sine
wave was applied to a holding potential of ⫺70 mV. C apacitance increments caused by depolarizations were determined from the high time
resolution “Pulse” data, as the difference between average cell capacitance
measured in a 300 msec window, before and after the depolarization. The
data during the first 100 msec after the depolarization were neglected to
avoid the influence of nonsecretory capacitance changes (Horrigan and
Bookman, 1994). Between stimulations, capacitance data were recorded at
low time resolution using the X-chart plug-in module of the Pulse software.
The X-chart module sampled all experimental parameters at 9 Hz.
Step depolarizing pulses from a holding potential of ⫺70 mV were used
to evoke C a 2⫹ currents. After the depolarizing pulse, the potential returned to ⫺50 mV for 15 msec to better analyze the deactivation phase of
the current. Currents were filtered at 2 kHz and sampled at 12 kHz. First,
a ramp protocol was applied to determine the peak C a 2⫹ current potential,
which ranged from ⫺10 to ⫹10 mV. Only cells with resting currents ⬍20
pA were analyzed. No leakage correction was performed. No liquid junction potential correction was used, because of uncertainties about its merits
when the perforated-patch configuration is used. K ⫹ currents were
blocked by intracellular C s ⫹ and extracellular D-tubocurarine (Park,
1994). Tetrodotoxin was used to block Na ⫹ channels. The transient nonsecretory capacitance change (⌬Ct) observed after depolarization of rat
chromaffin cells (Horrigan and Bookman, 1994) was measured during
perf usion with solution 1 containing no C a 2⫹ and 2 mM EGTA. This
transient was found to be absent (n ⫽ 6) or to exhibit a  of 10 msec in one
cell and 188 msec in a different cell. The analysis of the data were
conducted on a Macintosh computer using IgorPro (Wavemetrics, Lake
Oswego, OR). Unless otherwise stated, data are given as means ⫾ SE.
Electrophysiolog ical measurements in isolated cultured chromaffin cells.
C a 2⫹ currents were recorded with borosilicate glass electrodes of 2– 4 M⍀
resistance, mounted on the headstage of a Dagan PC -ON E patch-clamp
amplifier. Step depolarizing pulses to 0 mV from a holding potential (Vh)

of ⫺70 mV were applied for 50 msec to evoke C a 2⫹ currents. Currents
were filtered at 3 kHz and sampled at 12.5 kHz. Only cells with resting
currents of ⬍5 pA were used. No leakage correction was performed. An
Instrutech I TC -16 controlled by a Macintosh Power PC 8200/120 running
Igor (Wavemetrics), and the Pulse Control XOPs (J. Herrington and R. J.
Bookman, University of Miami, Miami, FL) were used as acquisition
system. The analysis of the data were conducted on a Macintosh computer
using IgorPro (Wavemetrics). Unless otherwise stated, data are given as
means ⫾ SE.

RESULTS
Voltage dependence of ICa and secretion in chromaffin
cells of mouse adrenal slices
The voltage dependence of Ca 2⫹ currents and secretion was first
characterized. Figure 1 A shows original traces of IC a recorded in
the presence of TTX at potentials increasing from ⫺60 to ⫹50 mV.
The Ca 2⫹ current started to activate at approximately ⫺40 mV,
peaked at ⫺10 mV, and reversed at 30 mV. Note some notch-like
currents on top of the Ca 2⫹ currents. These are attributable to
action potentials of neighboring cells coupled with low conductance to the patch-clamped cell (Moser, 1998). The corresponding
Cm traces for the individual depolarizations are shown in Figure
1 B. The blank spaces in the Cm records correspond to the 50 msec
depolarizing pulses, during which Cm could not be measured because of nonlinear conductance changes. Increments in capacitance
became visible at ⫺40 mV, increased with rising voltages up to ⫺10
mV, and finally decreased beyond this potential. I–V curves for the
time integral of IC a (QC a), and for the ⌬Cm, thus, showed a similar
bell-shaped voltage dependence up to 30 mV (Fig. 1C). The presence of T-type Ca 2⫹ channels was explored by holding the potential at ⫺100 mV and applying either a ramp protocol from ⫺100 to
60 mV or a single pulse to ⫺50 mV. Under these conditions, no
indication of the presence of this type of Ca 2⫹ channel was found
in 15 cells tested (data not shown).

P and “Q-like” Ca 2ⴙ channels in chromaffin cells of
mouse adrenal slices
The presence of P- and Q-type Ca 2⫹ channels was determined by
local perfusion with -agatoxin IVA (-Aga-IVA). This toxin
blocks P-type channels with an IC50 of 2 nM (Mintz et al., 1992b;
Randall and Tsien, 1995) and Q-type channels with an IC50 of
90 –200 nM (Sather et al., 1993; Randall and Tsien, 1995). To test
the effects of the toxin on IC a, we measured the current in response
to depolarizing pulses of 50 msec duration. Pulses were applied to
the peak current potential. Typical experiments are presented in
Figure 2. Figure 2 A displays the effects of the toxin on the current
amplitude measured at the end of the depolarizing pulse (Ifinal). In
the presence of low concentrations of the toxin (20 nM), Ifinal was
blocked by 34%, from 505 to 331 pA. Subsequent perfusion with 2
M toxin, to assay for the presence of Q-type channels, caused an
additional blockade of 28%. In nine cells tested, P-type Ca 2⫹
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Figure 2. P- and “Q-like”-type channels are present in
mouse chromaffin cells of adrenal slices. A, Time course of
Ca 2⫹ currents measured at the end of 50 msec depolarizing
pulses applied every 30 sec to 0 mV from a holding potential
of ⫺70 mV. The selective blockade of P-type channels was
achieved by perfusion with 20 nM -Aga-IVA. Q-type channels were subsequently blocked by perfusion with 2 M
-Aga-IVA. After wash out, the recovery was hastened by
application of two trains of 20 pulses to ⫹110 mV. Blank
spaces in the record were caused by ramp voltage protocols
applied at those points. B, Reversibility of P-type channel
blockade in a different chromaffin cell. After a steady-state
was reached in control conditions (Control trace), 20 nM
-Aga-IVA was perfused (-Aga-IVA trace), and the subsequent wash out led to an almost complete recovery of
the Ca 2⫹ current from the blockade (Wash out trace). C,
D, Kinetics of inactivation of -Aga-IVA-sensitive Ca 2⫹
channels. Traces a (control), b (in the presence of 20 nM
-Aga-IVA), c (in the presence of 2 M -Aga-IVA), d (after
wash out), and e (wash out after two trains of 20 pulses to ⫹110
mV) from the cell of A, are plotted in C. The P channel was
obtained as the difference between the control trace and the 20
nM -Aga-IVA trace (a, b). The “Q-like” channel was obtained
as the difference between b and c traces. The P channel
exhibited a slow inactivation, whereas the “Q-like” channel did
not inactivate at all.

channels accounted for 22.4 ⫾ 4% of the total current. Q-type
Ca 2⫹ channels represented a similar amount, 22.6 ⫾ 7% (n ⫽ 6
cells). The contributions were estimated as the difference between
the blockade of Ifinal by high and low concentrations of the toxin.
The blockade of P-type Ca 2⫹ channels by 20 nM -Aga-IVA was
partially reversible (n ⫽ 4 cells), as shown in a different cell in
Figure 2 B. The partial recovery from the 2 M -Aga-IVA-induced
inhibition was probably attributable to the reversibility of the
blockade of P-type channels. The recovery from the 2 M -AgaIVA-induced blockade was hastened by strong depolarizing pulses,
as shown for the -Aga-IVA-induced blockade in cerebellar Purkinje cells (Mintz et al., 1992a), in cerebellar granule cells (Randall
and Tsien, 1995), and in currents supported by ␣1A subunits expressed in Xenopus oocytes, which resemble Q-type currents in
cerebellar granule neurons (Sather et al., 1993).
Figure 2C shows original traces of control Ca 2⫹ current (trace a),
after application of 20 nM (trace b) and 2 M -Aga-IVA (trace c),
as well as wash out before (trace d) and after (trace e) two trains of
depolarizing pulses. The current mediated by P channels (calculated as the difference between traces a and b) either did not inactivate
or exhibited only slight inactivation (n ⫽ 6 cells), similar to what
was found in neurons (Usowicz et al., 1992; Randall and Tsien,
1995). The Q-type Ca 2⫹ current (difference between traces b and
c in Fig. 2 D) did not inactivate at all (n ⫽ 6 cells). However, ␣1A
channels expressed in Xenopus oocytes were prominently inactivating (Sather et al., 1993), as well as Q-type Ca 2⫹ channels in
neuronal cells (Randall and Tsien, 1995). Nevertheless, on the basis
of their pharmacology, we consider these channels as “Q-like”-type
Ca 2⫹ channels.

N- and L-type Ca 2ⴙ channels in chromaffin cells of
mouse adrenal slices
Following the same protocol as in Figure 2, 1 M -conotoxin
GVIA (-CTx-GVIA) was used to block N-type Ca 2⫹ channels.

The temporal course of the inhibition of this channel is shown in
Figure 3A. The initial current in this cell was 320 pA and decreased
by 49% after application of the toxin. Forty percent of the blockade
was reversible, in contrast to the blockade of the N-type Ca 2⫹
channel in neurons that is considered to be irreversible. Perfusion
with a Ca 2⫹-free solution containing 2 mM EGTA diminished the
current to 10 pA, which was reversible after wash out. Original
traces of control (trace a), after -CTx-GVIA application (trace b),
and wash out (trace c) are shown in Figure 3B. In 12 cells tested, the
toxin decreased Ca 2⫹ current by 35 ⫾ 5%, with 47 ⫾ 9% of that
blockade being reversible (n ⫽ 5 cells).
The dihydropyridine nifedipine (Nife) at 3 M, a selective L
channel blocker, inhibited 27 ⫾ 4% of the current elicited by 50

Figure 3. N- and L-type Ca 2⫹ channels are present in mouse chromaffin
cells in adrenal slices. A, Time course of inhibition and recovery of Ca 2⫹
currents during application of 1 M -CTx-GVIA to a voltage-clamped
mouse chromaffin cell. Perfusion with control solution but in the absence of
Ca 2⫹ (0 mM Ca 2⫹-2 mM EGTA) led to a rapid abolition of Ca 2⫹ currents.
Blank spaces in the record were caused by ramp voltage protocols applied
at those points. B, Original traces before (trace a), in the presence of
-CTx-GVIA (trace b), and after wash out (trace c), from the same cell as
A. Note the partial recovery of the -CTx-GVIA blockade. C, Time course
of inhibition and recovery of Ca 2⫹ currents during application of 3 M Nife.
D, Original traces before (trace a), at the end of Nife application (trace b),
and after wash out (trace c), from the same cell as C.

msec depolarizing pulses (n ⫽ 13 cells). This blockade was totally
reversible, as shown in Figure 3C. Original Ca 2⫹ current traces
before (trace a), in the presence of (trace b), and after dihydropyridine application (trace c) are shown in Figure 3D. In this cell, the
blockade by Nife corresponded to 20.4% of the total IC a.

The resistant Ca 2ⴙ channel and its role in secretion in
chromaffin cells of mouse adrenal slices
Two different protocols were used to investigate the presence of a
channel resistant to blockade by known Ca 2⫹ antagonists. The first
protocol was applied to four cells and consisted of the sequential
addition of toxins (Fig. 4 A). After the control current reached a
steady-state (Fig. 4 A, control trace), the preparation was perfused
with the following drugs, adding each drug cumulatively, to prevent
wash out of any Ca 2⫹ channel blocker: 20 nM -Aga-IVA to block
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Figure 4. A C a 2⫹ channel current resistant to
blockade mediates rapid secretory responses. In
A, C a 2⫹ channel blockers (20 nM -Aga-IVA, 1
M -C T x-GV IA, 3 M -C T x-M V IIC, and 3
M Nife) were added sequentially, as indicated
to the right of each trace. No TTX was used in
this experiment. Each compound was locally
perf used onto the patched cell for ⬃10 min. In
B, blockers were added in a different cell simultaneously, as indicated by the top horizontal
bar (cocktail: 2 M -Aga-IVA, 1 M -C T xGV IA, 3 M -C T x-M V IIC, and 3 M Nife).
The temporal course of blockade of C a 2⫹ currents (Ifinal ) and secretion (⌬Cm ) by the cocktail
of blockers is shown in this panel. Pulses were
applied every minute. C, Original recordings of
both ⌬Cm , and the corresponding Ifinal are
shown for the sequential application of control
solution, cocktail of blockers, wash out of the
cocktail, 5 mM NiC l2 , and C a 2⫹-free –2 mM
EGTA in a different cell. D, The residual C a 2⫹
current exhibited rapid inactivation kinetics.
The inactivation phases of control current and
the current elicited after addition of the cocktail of blockers were well fitted with a single
exponential f unction with I ⫽ 24 and 14 msec,
respectively. E, Voltage ramps from ⫺120
to ⫹60 mV were applied after currents had
reached a steady-state with control and cocktail
solutions. The ramp duration was 50 msec. They
were corrected for leakage currents by subtracting the ramp in the presence of 200 M C dC l2. The concentration of TTX in the experiments of B –E
was 10 M to ensure the blockade of Na ⫹ channels.

P-type Ca 2⫹ channels; 7 min later, 1 M -CTx-GVIA was added
to block N-type Ca 2⫹ channels (perfusion time of -Aga-IVA plus
-CTx-GVIA, 10 min); then, 3 M -conotoxin MVIIC (-CTxMVIIC) was included to target Q-type Ca 2⫹ channels and to
assure the complete blockade of N- and P-type Ca 2⫹ channels,
because -CTx-MVIIC blocks N- (Swartz et al., 1993; Grantham
et al., 1994), P- (Hillyard et al., 1992), and Q-type Ca 2⫹ channels
(Sather et al., 1993; Randall et al., 1995); finally, after 8 min
perfusion with -Aga-IVA plus -CTx-GVIA plus -CTxMVIIC, 3 M Nife was added to block L-type Ca 2⫹ channels
(perfusion time of -Aga-IVA plus -CTx-GVIA plus -CTxMVIIC plus Nife, 10 min). In the cell shown in Figure 4 A, P-, N-,
Q-, and L- type channels accounted for 28, 19.6, 11, and 18.5% of
the total current, respectively. However, in spite of the long time of
local perfusion with the different blockers, 23% of Ifinal was still
present. This value was 28, 16, and 19% in three other cells to
which the same protocol was applied. It should be noted that IC a
was stable for long periods of time because of the use of the
perforated-patch configuration.
The second protocol consisted of the perfusion of the whole
cocktail of toxins at the same time (n ⫽ 7 cells) (Fig. 4 B–E).
Although high concentrations of -CTX-GVIA (1 M), -CTXMVIIC (3 M), and Nife (3 M) should be sufficient to block N-,
P/Q-, and L-type Ca 2⫹ channels, we performed these experiments
in the additional presence of 2 M -Aga-IVA to assure a complete
blockade of P- and Q-type channels. Depolarizing pulses of 50
msec duration to the peak Ca 2⫹ current potential were applied
every 30 sec or 1 min to measure simultaneously Ca 2⫹ currents and
secretion. Under control conditions, depolarizing pulses of 50 msec
duration evoked a secretory response of 63.4 ⫾ 9 fF (n ⫽ 20 cells).
Typical time courses of ⌬Cm and Ifinal are shown in Figure 4 B. The
cocktail of toxins blocked maximally Ca 2⫹ currents and secretion
after 7 min of fast perfusion. In this cell, the resistant Ca 2⫹ current
corresponded to 24% of the total current, when it was measured at
the end of the pulse (Ifinal). The remaining secretory response was
67% of the initial secretion. Figure 4C shows details of Ca 2⫹
currents and cell membrane capacitance in a different cell where 5
mM NiCl2 and a Ca 2⫹-free solution were applied after wash out of
the cocktail. The resistant current in this case amounted to 41%
(Ipeak), and 26% (Ifinal) of the total current. The blockade was
partially reversible after washing out the cocktail. A parallel depression of secretion of 35% was observed during the perfusion

with the cocktail, and ⬃50% of this inhibition recovered during the
wash out period. Therefore, 65% of the total secretion is related to
the resistant component of the current, which contributed only
26% to the whole Ca 2⫹ current. On average, the resistant current
after the blockade by the cocktail was 34 ⫾ 2.5% (n ⫽ 6 cells) and
22 ⫾ 2.6% (n ⫽ 11 cells), when measured at the peak and at the end
of the depolarizing pulse, respectively. The remaining secretion
was 54 ⫾ 9% (n ⫽ 6 cells).
After washing out the cocktail, application of 5 mM NiCl2 decreased Ca 2⫹ currents by a further 18% and also reduced secretion
by an additional 30%. Finally, application of a Ca 2⫹-free solution
diminished Ca 2⫹ currents to 4 pA and abolished secretion completely. In none of the eight cells tested was secretion observed
under this experimental condition. The small remaining inward
current was most likely caused by Na ⫹ ions flowing through Ca 2⫹
channels. Currents and secretion recovered after addition of extracellular Ca 2⫹.
The resistant current present in chromaffin cells in situ exhibited
the rapid inactivation kinetics described for this Ca 2⫹ current in
neurons (Zhang et al., 1993). Figure 4 D shows the fits to the
inactivating phases of control and resistant currents of the same
cell as described above, which exhibited i values of 24 and 14 msec,
respectively. In 20 cells, Ca 2⫹ currents in control conditions inactivated with a  of 28.2 ⫾ 2.5 msec, whereas the resistant current
exhibited a i of 19.5 ⫾ 2.5 msec (n ⫽ 8).
A ramp protocol was applied before and after addition of the
cocktail, to investigate the voltage dependence of the blockade
(Fig. 4 E). The peak current potential, which under control conditions was at ⫹14 mV, was shifted to 0 mV in the presence of the
mixture of L-, N- and P/Q-blockers. The resistant current was
activated at approximately ⫺40 mV. The blockade by the cocktail
was voltage-dependent, showing a marked depression above ⫺10
mV with respect to more negative voltages: 19, 57, and 76%
blockade at ⫺30, ⫺10, and ⫹10 mV, respectively. In 10 cells tested,
this blockade corresponded to 32.4 ⫾ 11%, 64.5 ⫾ 4%, and 79 ⫾
1%, respectively.

Comparison of the relative contribution of each Ca 2ⴙ
channel subtype to the whole-cell Ca 2ⴙ current
recorded in isolated cells versus adrenal slice cells
Figure 5A compares the relative contribution to the total current by
each type of Ca 2⫹ channel found in this study, where 2 mM Ca 2⫹
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2.6%; n ⫽ 11 cells) and the P-type channel (22.4 ⫾ 4%; n ⫽ 13 cells).
Moreover, the proportion of L-type and “Q-like” Ca 2⫹ channels
was smaller in adrenal slice cells when compared to isolated cells:
27 ⫾ 4% (n ⫽ 13 cells) and 22.6 ⫾ 7% (n ⫽ 6 cells) for L- and
“Q-like” channels in adrenal slice cells versus 41 ⫾ 2% (n ⫽ 40 cells)
and 39 ⫾ 2.5% (n ⫽ 35 cells) in cultured cells. On the other hand, the
proportion of N-type Ca 2⫹ channels was similar: 35 ⫾ 5% (n ⫽ 12
cells) in adrenal slices and 27.4 ⫾ 2% (n ⫽ 25 cells) in cultured cells.
The proportion of N-type Ca 2⫹ channels in adrenal slice cells may
be overestimated, because the effect of -CTx-GVIA in these cells
was partially reversible. This might indicate that the toxin was
blocking other Ca 2⫹ channels, as described for other cell preparations (Kasai et al., 1987; Aosaki and Kasai, 1989).
We further investigated the presence of P- and R-type channels
in isolated cells under the perforated-patch configuration. They
could be recorded under this experimental condition, contrary to
results obtained in previous studies in the whole-cell configuration.
As the Figure 5A shows, P- and R-type channels accounted for
19.5 ⫾ 2% (n ⫽ 13 cells) and 10 ⫾ 3% (n ⫽ 5 cells) of the total
current. These experiments are explained below.

P and resistant Ca 2ⴙ channels in mouse chromaffin
cells maintained in culture

Figure 5. Relative contributions of Ca 2⫹ channel subtypes to the wholecell Ca 2⫹ current. Data from recordings in the whole-cell configuration of
the patch-clamp technique in isolated cultured mouse chromaffin cells are
compared to those from recordings in the perforated-patch configuration in
chromaffin cells of mouse adrenal slices or isolated in culture. A, Black bars
represent the data obtained from cells of adrenal medullary slices in the
perforated-patch configuration (this study); bars with lines are data from
isolated cells kept in culture in the whole-cell configuration (HernándezGuijo et al., 1998); white bars represent data of R- and P-type channels from
isolated cells recorded in the perforated-patch configuration (this study). B,
Time course of Ca 2⫹ current blockade induced by 20 nM -Aga IVA,
measured at the end of 50 msec depolarizing pulses to 0 mV, applied to a
mouse chromaffin cell cultured for 2 d, under the perforated-patch configuration. The corresponding original traces for control conditions (trace a),
in the presence of 20 nM -Aga IVA (trace b), or after wash out (trace c) are
shown in C.

as a charge carrier and the perforated-patch technique were used,
with values obtained in a previous study in mouse chromaffin cells
maintained in culture, where 2 mM Ba 2⫹ as a charge carrier and the
whole-cell configuration were used (Hernández-Guijo et al., 1998).
R-type channels are defined as the percentage of total Ca 2⫹
channels remaining after the addition of the whole cocktail of
blockers; P-type channels, Q-type channels, L-type channels, and
N-type channels as the percentage of total Ca 2⫹ channels blocked
by 20 nM -Aga-IVA, 2 M -Aga-IVA, 3 M Nife, and 1 M
-CTx-GVIA, respectively, measured at the end of 50 msec depolarizing pulses. Note that with these definitions, the percent
values do not add up to 100 because of small overlaps in the action
of toxins.
Two types of channels present in adrenal slice cells recorded in
the perforated-patch configuration were absent in cultured cells
recorded in the whole-cell configuration: the R-type channel (22 ⫾

It was interesting to investigate if the lack of P- and R-type
channels in mouse chromaffin cells maintained in culture as observed in previous studies could be caused by the whole-cell configuration used. We clarified this issue by performing new experiments in isolated mouse chromaffin cells in the perforated-patch
configuration. -Aga-IVA (20 nM) blocked irreversibly 10 ⫾ 3% of
the control current at the end of the 50 msec depolarizing control
pulse, but not the peak current (Fig. 5B,C) (n ⫽ 5 cells). In adrenal
slice cells, however, the blockade by 20 nM -Aga-IVA was parallel
to the control current, and reversible, indicating that culture conditions also affect the expression of Ca 2⫹ channels.
We also investigated the existence of an R-type channel in
mouse chromaffin cells maintained in culture under the same
conditions as the ones used here for slice experiments. Figure 6 A
shows the time course of the current, elicited at the end of 50 msec
depolarizing pulses, in a mouse chromaffin cell maintained for 1 d
in culture, under the perforated-patch configuration. BBS-based
solutions were used as external recording solution in this experiment. A cocktail of Ca 2⫹ channel blockers composed of -CTXGVIA (1 M), -CTX-MVIIC (3 M), Nife (3 M), and -Aga-IVA
(2 M) blocked the control current within 15 sec, leaving a resistant
component after 2 min of perfusion with the cocktail, which represents 19% of the total current. This resistant component was rapidly
inhibited by CdCl2 (200 M). Original traces corresponding to
control (trace a), cocktail (trace b), CdCl2 (trace c), and wash out
conditions (trace d) are shown in Figure 6 B. In 13 cells tested, the
resistant current amounted to 28.7 ⫾ 2%, measured at the peak
current and 19.5 ⫾ 2%, measured at the end of the pulse.
Because previous studies that missed the resistant current used a
HEPES-based solution to record Ca 2⫹ currents, we investigated if
the BBS-based solution might be the reason for the observation of
a Ca 2⫹ current resistant to blockade. Figure 6, C and D, shows that
with HEPES-buffered solutions there was still a resistant current,
which represented 22 ⫾ 3%, measured at the peak current and
13.6 ⫾ 3%, measured at the end of the pulse (n ⫽ 10 cells).
We also performed parallel experiments in the whole-cell configuration, superfusing cells with a HEPES-based solution, and
found that the resistant current was slowly dialyzed, and almost
disappeared after 2.5 min of the whole-cell recording (Fig. 6 E,F )
in four of five cells tested, with only 5% of resistant current
remaining in those cells.

DISCUSSION
Similar to previous studies performed in cultured adrenal chromaffin cells of various species (for review, see Garcı́a et al., 1997), we
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Figure 6. The resistant channel in isolated cultured mouse chromaffin
cells. The time course of blockade for each experimental condition is shown
in A, C, and D, and the corresponding original traces in the steady-state
after superfusion of different solutions (trace a for the control condition,
trace b for the cocktail, trace c for cadmium, and trace d for wash-out) are
shown in B, D, and F. The same cocktail of blockers as in Figure 4 B–E was
used in these experiments. The perforated-patch configuration and BBSbased solutions were used in A and B. The perforated-patch configuration
and HEPES-based solutions were used to record Ca 2⫹ currents in C and D,
and the whole-cell configuration and HEPES-based solutions were used in
E and F. A residual current slowly disappeared in this cell, which was from
the same culture as those cell of C and D.

have found here that mouse adrenal slice chromaffin cells express
L-, N-, P-, and Q-subtypes of Ca 2⫹ channels. However, contrary to
all previous studies, we have found an R-type Ca 2⫹ channel that
accounts for a prominent component of IC a (⬃20%) and that is
tightly coupled to the exocytotic release of catecholamines. This
pronounced difference could be attributable to various factors: (1)
the use of different extracellular solutions; (2) the use of adrenal
slices; and (3) the use of the perforated-patch configuration.
Work aimed at characterizing ion currents in brain slices is
usually done in BBS buffer equilibrated with carbogen (Wheeler et
al., 1994; Wu et al., 1998). However, all previous studies in cultured
chromaffin cells had been performed in HEPES-based solutions
lacking bicarbonate and phosphate. Recently, the solution structure
of -conotoxin MVIID, an analog of -CTx-MVIIC as far as
blockade of N and P/Q channels is concerned, was determined
(Civera et al., 1999). In this study it was found that positive and
negative hydrophilic groups distribute in different areas of the
molecule, so that -toxins behave as a dipole. This might profoundly influence the binding of toxins to their receptor in solutions of different ionic strength and composition. Thus, it might be
that bicarbonate and phosphate anions could interfere with the
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binding of toxins as well. We re-evaluated that possibility by performing new experiments in the perforated-patch configuration
using a HEPES-based solution as external solution. We ruled out
that this is the cause for the R-type current discovered in this study,
because in isolated cultured cells, the R component was present
irrespective of the type of solution used (Fig. 6 A–D).
Neither did the use of adrenal slices versus cultured cells seem to
be the reason for the presence of R-type currents, because we
found a clear R-type component in both adrenal slice and cultured
cells when using the perforated-patch configuration (Figs. 4, 6 A–
D). Noteworthy, when the whole-cell configuration was used, the
R-component was missed in all species studied so far (Fig. 6 E,F )
(Gandı́a et al., 1993, 1995, 1998; Albillos et al., 1994, 1996; Artalejo
et al., 1994; Kitamura et al., 1997; Hernández-Guijo et al., 1998;).
Only Hollins and Ikeda (1996), Currie and Fox (1996), and
Prakriya and Lingle (1999) found a fraction of the total current that
was resistant to blockade by DHP and -toxins in isolated chromaffin cells. However, 10 mM Ca 2⫹ or 10 mM Ba 2⫹ was used as a
charge carrier in those studies, and it had previously been shown
that the binding of toxins is extremely affected by the concentration
of the charge carrier (Albillos et al., 1996; McDonough et al., 1996;
Gandı́a et al., 1997). Thus, the recording configuration seemed to
be critical for uncovering the R-type current. This means that some
cytosolic factors are crucial for the activation of R-type channels in
chromaffin cells. A different isoform of the channel might exist in
neurons, because R-type channels had been recorded in the wholecell configuration, using 2 mM Ca 2⫹ as a charge carrier, in a rat
central synapse (Wu et al., 1998).
Mouse chromaffin cells in situ exhibit a fast component of secretion that is hardly detectable in isolated cells. This fast secretory
component originates from a small pool of vesicles situated in close
proximity to Ca 2⫹ channels. The secretory response to 50 msec
depolarizations is composed mainly of the rapid component, which
represents ⬃75% of the total response (Moser and Neher, 1997;
Voets et al., 1999). Ca 2⫹ entry through the resistant channel is
responsible for half of the response evoked by 50 msec depolarizing
pulses, thus suggesting a particularly tight coupling of this channel
to the exocytotic machinery. Activation of R-type Ca 2⫹ channels
evokes neurotransmitter release in the mammalian CNS (Wu et al.,
1998; Wang et al., 1999). However, Ca 2⫹ influx via R-type Ca 2⫹
channels triggers secretory responses less effectively than that via
N- and P/Q-type Ca 2⫹ channels. This might be attributable to the
fact that in neurons a substantial fraction of R-type Ca 2⫹ channels
is localized at some distance from release sites, as demonstrated by
immunocytochemical staining experiments performed in presynaptic terminals of a calyx-type synapse (Wu et al., 1999). Recent
data have also demonstrated that R-type Ca 2⫹ channels preferentially regulate oxytocin release from neurohypophysial terminals
(Wang et al., 1999).
Concerning the other Ca 2⫹ channel subtypes, we also found
interesting differences between adrenal slices and cultured cells.
For instance, the P-type Ca 2⫹ channel was absent in isolated
mouse chromaffin cells kept in culture (Hernández-Guijo et al.,
1998). The present results indicate that 20 nM -agatoxin IVA
blocked 22% of the total current in adrenal slice cells. Higher
concentrations of the toxin (2 M) caused a further blockade of
22% of Ca 2⫹ current. This value is substantially smaller than the
39% found for the Q-type channel in isolated cells, using the
whole-cell configuration of the patch-clamp technique (HernándezGuijo et al., 1998). No comparison can be performed regarding
inactivation kinetics because Ba 2⫹ was the charge carrier ion in
this latter study. Similar to the neuronal P channel (Usowicz et al.,
1992; Randall and Tsien, 1995), P-type channels described here did
not inactivate. Q channels are prominently inactivating in neurons
(Mintz et al., 1992a; Randall and Tsien, 1995) or in currents
supported by ␣1A subunits expressed in Xenopus oocytes (Sather et
al., 1993). However, the Ca 2⫹ current sensitive to high concentrations of -agatoxin IVA in adrenal slice chromaffin cells did not
display any inactivation.
P-type Ca 2⫹ channels were also investigated in the present study
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under the perforated-patch configuration to analyze if, similarly to
R-type Ca 2⫹ channels, their presence in isolated mouse chromaffin cells was missed because of the patch-clamp configuration used.
-Aga-IVA (20 nM) blocked almost irreversibly the control current
by 10%, sharply increasing the inactivation of the current, at
variance with the blockade observed in mouse chromaffin cells in
situ, where the toxin blockade was reversible and did not uncover
inactivation. This indicates that culture conditions might also affect
the expression and kinetic properties of channels, as previously
observed when comparing adult Purkinje cells maintained in culture with Purkinje cells in brain slices (Bossu et al., 1989; Usowicz
et al., 1992). Thus, our present data suggest that the recording
configuration as well as culture conditions are of critical relevance
for the properties of Ca 2⫹ currents and secretion control.
The amount of IC a blockade exerted by -conotoxin GVIA in our
study in slices was similar to that found in studies on isolated cells. A
major difference was the partial reversibility of the blockade by the
toxin in cells of adrenal slices, which amounted to half the blockade.
This reversibility has been observed before in cultured cat chromaffin cells (Albillos et al., 1994) and in neurons (Kasai et al., 1987;
Aosaki and Kasai, 1989), and could reflect the binding of the toxin to
some other Ca 2⫹ channels, as described for other cell preparations
(Kasai et al., 1987; Aosaki and Kasai, 1989), or to different isoforms
of N-type Ca 2⫹ channels. In fact, molecular biology techniques
revealed the expression in bovine chromaffin cells of different isoforms of N-type Ca 2⫹ channels (Cahill et al., 2000).
The contribution of L-type Ca 2⫹ channels to the total current
was also quite different between cells in adrenal slices and cells
maintained in culture, accounting, in this case, for 27 and 41%,
respectively. The resolution of our recordings did not allow to
measure the relative contribution of the different non R-type Ca 2⫹
channels to the fast secretory component.
In conclusion, we provide the first demonstration for the presence, in mouse adrenal slice chromaffin cells, of R-type Ca 2⫹
channels, that are tightly coupled to the control of their rapid
secretory response. In addition, we found pronounced differences
between the relative proportions of L-, N-, P-, and Q-type Ca 2⫹
channels expressed by chromaffin cells in the intact tissue, and in
cultured cells.
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