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In adrenal chromaffin cells, a rise in cytosolic calcium concen-
tration ([Ca21]i) is a key event in the triggering of catecholamine
exocytosis after splanchnic nerve activation. Action potential-
or nicotine-induced [Ca21]i transients are well described in
individual chromaffin cells, but whether they remain spatially
confined to the stimulated cell or propagate to adjacent cells is
not yet known. To address this issue, the spatiotemporal orga-
nization of electrical and associated Ca21 events between
chromaffin cells was investigated using the patch-clamp tech-
nique and real-time confocal imaging in rat acute adrenal slices.
Spontaneous or electrically evoked action potential-driven
[Ca21]i transients were simultaneously detected in neighboring
cells. This was likely attributable to gap junction-mediated
electrotonic communication, as shown by (1) the bidirectional
reflection of voltage changes monitored between cell pairs, (2)
Lucifer yellow (LY) diffusion between cells exhibiting spontane-

ous synchronized [Ca21]i transients, and (3) the reduction of LY
diffusion using the uncoupling agent carbenoxolone. Further-
more, transcripts encoding two connexins (Cx36 and Cx43)
were found in single chromaffin cells. This gap junctional cou-
pling was activated after a synaptic-like application of nicotine
that mediated synchronous multicellular [Ca21]i increases. In
addition, nicotinic stimulation of a single cell triggered catechol-
amine release in coupled cells, as shown by amperometric
detection of secretory events. Functional coupling between
chromaffin cells in situ may represent an efficient complement
to synaptic transmission to amplify catecholamine release after
synaptic stimulation of a single excited chromaffin cell.
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In adrenal tissue, the physiological stimulus for catecholamine
secretion from chromaffin cells is the synaptic release of acetyl-
choline, which increases membrane excitability leading to cyto-
solic Ca21 elevations (for review, see Douglas, 1968; Kidokoro
and Ritchie, 1980; Wakade, 1981). To date, the relationships
between electrical activity, [Ca21]i increases, and exocytosis un-
derlying stimulation-secretion coupling have been mainly studied
at the single cell level, either in dissociated chromaffin cells in
culture or more recently in chromaffin cells in situ using acute
slice preparations (Voets et al., 1999; Albillos et al., 2000; Voets,
2000). Because of the anatomical organization of chromaffin cells
into discrete cell complexes within the medulla (Hillarp, 1946), it
is, however, of physiological interest to characterize stimulus-
secretion coupling at the cell cluster level. It is currently proposed
that each cluster functions as an independent unit to release
catecholamines after activation of the splanchnic nerve (Iijima et
al., 1992). But whether each chromaffin cell exocytoses in an
autonomous manner after co-activation of its own synaptic inputs
(Coupland, 1965) and/or whether chromaffin cells may also com-
municate between themselves to spatially and temporally harmo-

nize their intracellular transduction signals remains an open
question. As reported by Kajiwara et al. (1997), the spreading of
electrical activity between chromaffin cells induced by transmural
stimulation of the splanchnic nerve would be mostly dependent
on nerve fiber activity rather than cell-to-cell coupling, leading to
simultaneous excitation of all the chromaffin cells belonging to
the same cluster. However, fast cell-to-cell communication mech-
anisms such as gap junction-mediated coupling may also be in-
volved in the generation of simultaneous co-activation in adjoin-
ing chromaffin cells. Propagation of action potentials between
chromaffin cells via electronic coupling was previously postulated
to amplify the secretory signal to ensure massive release of
catecholamines in the intact gland (Ceña et al., 1983). More
recently, a junctional pathway coupling chromaffin cells in situ has
been reported to potentially underlie the simultaneous firing of a
cell cluster (Moser, 1998).

In the present study, we addressed the issue of the involvement
of gap junctions between chromaffin cells and their role in cate-
cholamine release. We therefore investigated the spatiotemporal
organization of both electrical activity and ensuing [Ca21]i in-
creases between chromaffin cells in rat adrenal acute slices after
single cell electrical or cholinergic stimulation. We showed that
[Ca 21]i increases induced in response to spontaneous or evoked
action potentials or to iontophoretic application of nicotine can be
concomitantly observed in several chromaffin cells adjoining the
stimulated one. This is likely to involve a gap junction-mediated
pathway. Moreover, single cell stimulation led to spike-like secre-
tory events resulting from catecholamine exocytosis in neighbor-
ing coupled cells. We propose here an additional mechanism
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mediating catecholamine secretion that might occur preferen-
tially during episodes of low synaptic activity when only few
chromaffin cells are synaptically stimulated.

MATERIALS AND METHODS
Adrenal slice preparation. Acute adrenal slices were prepared according to
the technique previously described by Barbara and Takeda (1996).
Briefly, the adrenal glands were removed from 12- to 16-week-old Wistar
female rats that had been killed by decapitation after cervical dislocation.
After keeping the glands in ice-cold saline for 2 min, a gland was glued
onto an agarose cube and transferred to the stage of a vibratome
(Microslicer, DTK-1000, D.S.K; Dosaka, Kyoto, Japan). Slices of 250 mm
thickness were then cut with a razor blade and transferred to a storage
chamber maintained at 32°C, containing Ringer’s saline (in mM): 125
NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 12
glucose, buffered to pH 7.4. The saline was continuously bubbled with
carbogen (95% O2 and 5% CO2). As reported for the anterior pituitary
(Guérineau et al., 1998), acute adrenal slices were suitable for patch-
clamp recording and Ca 21 signal imaging immediately after cutting. To
obtain optical and/or electrophysiological recordings, slices were then
transferred to a recording chamber attached to the stage of an upright
microscope fitted with differential interference contrast optics (Axioskop
FS; Zeiss, Le Pecq, France) and continuously superfused with Ringer’s
saline at 30°C.

Confocal imaging of cytosolic calcium. Ca 21 changes were routinely
monitored with a real-time (30–480 frames/sec) confocal laser-scanning
microscope equipped with an Ar–Kr laser (Odyssey XL with InterVision
1.5.1 software; Noran Instruments, Middleton, WI). Cells were viewed
with a 633 0.9 NA achroplan water-immersion objective (Zeiss). The
largest detection slit (100 mm) of the confocal microscope was used for
[Ca 21]i measurements, giving bright images with a 3.1 mm axial resolu-
tion. Slices were loaded with the Ca 21-sensitive fluorescent probe Ore-
gon Green 488 BAPTA-1 by intermittent exposure to 15 mM Oregon
Green 488 BAPTA-1 AM (Molecular Probes, Eugene, OR) for 20–30
min at 32°C, delivered onto a cell field with a blunt pipette (Bonnefont
et al., 2000). Oregon Green 488 BAPTA-1 was excited through a 488 nm
bandpass filter, and the emitted fluorescence was collected through a 515
nm barrier filter. To follow the time course of Oregon Green 488
BAPTA-1 emission changes, the bright overtime tool of the software
package was applied to live images (120 images/sec, averaging four
frames). Because Oregon Green 488 BAPTA-1 is a single-wavelength
dye, its emission is a function of both intracellular Ca 21 and dye
concentrations. [Ca 21]i changes were expressed as the F/Fmin ratio,
where Fmin was the minimum fluorescence intensity measured during the
recording (Mollard et al., 1995). No detectable difference was noted
between slices used just after cutting or after several hours (up to 8 hr)
in the storage chamber. Acquired data and images were then processed
for analysis with IgorPro 3.16 (Wavemetrics, Lake Oswego, OR), NIH
Image 1.6.0, and Adobe Photoshop 5.0.2 software.

Electrophysiology. All experiments were performed in the whole-cell
configuration of the patch-clamp technique (Hamill et al., 1981). Patch
pipettes were pulled to a resistance of 4–8 MV from borosilicate glass
(1.5 mm outer diameter, 1.17 mm inner diameter) and filled with the
following internal solution (in mM): 140 potassium-gluconate, 2 MgCl2,
1.1 EGTA, 5 HEPES, that was titrated to pH 7.2 with KOH. The
membrane potential of a single chromaffin cell or cell pairs was recorded
under current-clamp conditions using an EPC-9 dual patch-clamp am-
plifier (Heka Electronik, Lambrecht /Pfalz, Germany) and filtered at 3
kHz. Intercellular junctional currents were monitored under dual
voltage-clamp conditions (Neyton and Trautmann, 1985) using a modi-

fied intrapipette solution (in mM: 140 Cs 1-gluconate, 2 ATP, 2 MgCl2,
1.1 EGTA, 5 HEPES) and filtered off-line with a Kaiser low-pass filter
(Igor Filter Design Laboratory software, version 3.1; Wavemetrics). For
combined experiments in which membrane potential was simultaneously
recorded with Ca 21 events, Oregon Green 488 BAPTA-1 in free acid
form (10 mM) was directly added to the internal pipette solution. In some
experiments, membrane potential was recorded in the perforated patch-
clamp configuration using amphotericin B (0.5 mg/ml in the standard
intrapipette solution), as described (Albillos et al., 2000). Cells with an
access resistance .50 MV were discarded. Signals were acquired and
analyzed using Pulse 1 PulseFit software (version 8.5; Heka Electronik)
on a G4 Macintosh computer.

Dye transfer. The fluorescent dye Lucifer yellow (LY) (1 mM) was
introduced into cells using sharp microelectrodes or via passive diffusion
through the patch pipette. In this case, the cells were patched for few
minutes before image acquisition. Dye transfer between co-active cou-
pled cells was visualized with confocal microscopy using the 488 nm-
centered wavelength of the laser beam.

Single cell RT-PCR. Single cell RT-PCR was performed as previously
described (Lambolez et al., 1992). Patch pipettes were filled with 10 ml of
autoclaved internal K 1-gluconate solution. After breaking the patch, cell
contents were collected by applying negative pressure to the patch
pipette. The pipette’s content was expelled into an Eppendorf microtube
containing 20 U of ribonuclease (RNase) inhibitor (Roche, Meylan,
France). The tube was then immediately frozen in liquid nitrogen and
kept at 280°C until processed. The sample was denatured at 70°C for 5
min in the presence of 25 mM hexamers, and reverse transcription (RT)
was performed in 20 ml of RT buffer containing: 200 U of Moloney
murine leukemia virus reverse transcriptase (Life Technologies, Cergy
Pontoise, France), 20 U of RNase inhibitor, 10 mM dithiothreitol, and 0.6
mM of each dNTP (Roche), for 3 hr at 37°C. The reaction was stopped
by heating at 95°C for 5 min. Because of the high amounts of dopamine
b-hydroxylase (DbH) in chromaffin cells, a single PCR was sufficient to
detect the messengers. However, the amplification of mRNA encoding
connexins (Cxs) required a nested PCR. PCRs were performed using a
T-gradient thermal cycler (Biometra, Göttingen, Germany). All PCR
amplifications were achieved using 5–8 ml of RT product or first PCR
product in 20 ml of PCR buffer containing 1.5 mM MgCl2, 0.2 mM dNTP,
1 mM of each primer, and 1U of DyNAzyme EXT polymerase
(Finnzymes, Expoo, Finland). For the first PCR, the initial melt at 95°C
(5 min) was followed by 35 cycles [92°C (1 min), 64°C (1 min), and 72°C
(2 min)] and final extension at 72°C (7 min). For the unique DbH PCR
and the nested Cx PCR, the protocol used was the following: after the
initial melt at 95°C (2 min), 10 cycles were performed: 94°C (10 sec), 64°C
for DbH or 57°C for Cxs (30 sec), 72°C (45 sec) followed by 40 identical
cycles with 5 sec increments added to each cycle to an extension time
(72°C), and a final extension at 72°C (7 min). For each experiment, a
blank (without mRNA) and a positive control (total adrenal mRNA)
were prepared. PCR products were submitted to electrophoresis on 2%
agarose gel in Tris Borate EDTA buffer containing ethidium bromide for
visualization. The primer sequences for specific amplifications of DbH
(Melia et al., 1994), Cx36, and Cx43 (Oligo 4.0 software) were summa-
rized in Table 1. Pairs of primers contained an intronic sequence to
discriminate cDNA amplification product versus genomic DNA amplifi-
cation product. Note that for DbH and Cx36, the presence of an intronic
sequence was inferred from the human and mouse sequences because rat
cDNAs were not available.

Real-time amperometric measurements of catecholamine release.
Nicotine-driven catecholamine exocytosis from chromaffin cells was
monitored by the electrochemical detection of secretory events (Chow et

Table 1. Primer sequences used for the specific amplification of dopamine b-hydroxylase, connexin 43, and connexin 36 in single cells

Primer sequence sense (59–39) Primer sequence antisense (59–39)
Predicted product
size (bp)

DbH 1st PCR AGTGCCGTGGATGATGGCTTCC CAGCACTATTCTATGGAAGGGGGTC 438
Cx43 1st PCR AACTTTGGCGGCGGCTTCAC CAGGAAGGCCACCTCGAAGACAG 560

Nested PCR TGGAGGGAAGGTGTGGCTG TGAAGAGGATGCTGATGATGTAGG 425
Cx36 1st PCR ACAGCGATGGGGGAATGGAC CACTTGGATGATGTAGAAGCGGG 615

Nested PCR TCCTGTTGACTGTGGTGGTG ACTTCTTATCTTCTCGCTTGCTC 360
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al., 1992). To perform single cell studies, carbon fibers with a 10 mm
diameter tip and 50 mm length (WPI, Herts, UK) were chosen as
previously reported (Barbara et al., 1998). The tip of the electrode was
gently pressed against the cell surface. Amperometric currents were
measured at a constant voltage of 800 mV with an EPC-9 patch-clamp
amplifier and were analyzed and filtered using Igor Pro 1 Igor Filter
Design Laboratory (Kaiser low-pass filter) software.

Test substances. To mimic a focal and brief stimulation, nicotine
(nicotine chloride, 200 mM) was iontophoretically applied onto the cell of
interest using a sharp microelectrode (100 MV if filled with acetate
buffer), the tip of which was positioned near the cell. The concentration
reported is that in the microelectrode. Nicotine was prepared from a
stock solution in an acetate buffer (pH 4). At this pH value, nicotine was
negatively charged and, consequently, could be delivered from the mi-
croelectrode after application of outward current pulses (50 nA intensity,
1 msec duration). Tetrodotoxin–cadmium-containing solution was
pressure-ejected from an extracellular micropipette positioned in the
vicinity of recorded cells. Nicotine, cadmium chloride, tetrodotoxin
(TTX), Lucifer yellow (LY), and the gap junction blocker carbenoxolone
were purchased from Sigma (St. Louis, MO).

Statistics. Numerical data are expressed as the mean 6 SEM. Student’s
t test (paired or unpaired) was used to compare means. Percentages were
compared using a contingency table and the x 2 test. Differences with p ,
0.001 were considered significant.

RESULTS
Propagation of action potential-induced [Ca21]i
transients between neighboring chromaffin cells
Intercellular Ca21 rises triggered by action potentials in a given
chromaffin cell were imaged while simultaneously monitoring
associated [Ca21]i changes in neighboring cells. As illustrated in
Figure 1A, a 50 msec duration depolarizing current evoking a
doublet of action potentials induced a simultaneous [Ca21]i rise
in the stimulated cell (cell 1) and in an adjacent cell (cell 2). The
[Ca 21]i of other neighboring cells in the same optical plane
remained at basal levels. The kinetics of both action potential-
induced and propagated [Ca21]i transients were not significantly
different (time-to-peak: 160 6 20 msec, n 5 12 versus 150 6 20
msec, n 5 12, p . 0.001). However, the amplitude of the Ca21

response in the unstepped cell was usually smaller than in the
stimulated cell. The delay between the onset of both Ca21 signals
was very short (39.8 6 9.4 msec; n 5 12), leading to a speed of
propagation of ;500 mm/sec (based on a 20 mm distance between
cell centers and the acquisition sample time). To determine
whether the extent of propagation (one cell in the example shown
in Fig. 1) depended on the amplitude of the [Ca21]i rise in the
stimulated cell, the depolarizing step duration was increased to
500 msec (Fig. 1B). A burst of 13 action potentials induced a
larger [Ca21]i increase but did not modify the number of respon-
sive cells (n 5 9 cell fields). Such a simultaneous [Ca21]i increase
between adjacent chromaffin cells (up to three cells in the same
optical plane) on depolarization-evoked action potentials was
observed in 39.5% of recorded cell fields (n 5 15 of 38).

We then investigated whether simultaneous [Ca21]i rises also
occurred spontaneously between adjacent cells. As shown by
time-lapse optical sequences of Oregon Green 488 BAPTA-1-
loaded cells, ;16% of chromaffin cells displaying spontaneous
[Ca21]i transients fired in synchrony with at least one neighbor-
ing cell (Fig. 2A) (n 5 195 cells from four different experiments).
These spontaneously co-active chromaffin cells co-existed with
asynchronous cells. Within a cluster, the synchronized cells were
spatially confined (up to four cells in the same confocal plane).
[Ca 21]i transients of co-active cells displayed similar kinetics
(time-to-peak: 290 6 65 msec vs 290 6 61 msec for cell 1 and cell
2; n 5 10 cell pairs; p . 0.001; paired t test). When [Ca21]i
transients were imaged for longer periods (.10 min), sequences

Figure 1. Propagation of action potential-induced [Ca 21]i transients
between chromaffin cells in situ. Electrical activity-driven multicellular
[Ca 21]i increases were imaged by real-time scanning laser confocal im-
aging (120 images/sec with averaging 4 frames) in five chromaffin cells
loaded with Oregon Green 488 BAPTA-1 as the Ca 21-sensitive fluores-
cent probe. Fluorescence emission changes were normalized to baseline
fluorescence F/Fmin. The stimulated cell is indicated by an asterisk. Each
image corresponds to 10 averaged confocal images before (a), during ( b),
and after (c) depolarization. Action potentials were triggered by injecting
depolarizing current into cell 1 (Vm 5 275 mV). A brief depolarization
(50 msec) inducing a doublet of action potentials (A) or a sustained
depolarization (500 msec) evoking a burst of 13 action potentials (B)
leads to a simultaneous transient [Ca 21]i increase in both the stimulated
and a neighboring cell (cell 2). Note that cell 5 ( B) spontaneously
displayed a [Ca 21]i change during the recording that was not linked to the
action potentials evoked in cell 1.
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of spontaneous synchronization–desynchronization were ob-
served (data not shown).

Synchronous and asynchronous [Ca21]i transients probably
resulted from spontaneous action potentials, because they were
reversibly abolished in the presence of TTX (0.5 mM) 1 Cd21

(0.5 mM), blockers of voltage-activated Na1 and Ca21 channels,
respectively (Fig. 2B) (n 5 22 of 29), TTX alone, or Cd21 alone
(n 5 11 of 20 and 31 of 37, respectively, data not shown).

Taken together, these results indicate that in situ, either spon-
taneous or electrically evoked action potential-linked [Ca21]i

transients are not confined to the initially stimulated cells, but are
transmitted to other chromaffin cells, indicating information
transfer between adjoining cells.

Evidence for a gap junction-mediated
electrical coupling
What are the mechanisms involved in the simultaneous [Ca21]i
rises occurring in neighboring chromaffin cells? Two cell-to-cell
communication pathways (gap junctions or local release of com-
pounds acting on neighboring cells) could explain this propaga-
tion. Two observations, (1) the rapid speed of propagation be-
tween two cells (500 mm/sec) and (2) the similar kinetics of both
action potential-induced and propagated [Ca21]i transients (Fig.
1), suggesting that action potentials are conducted to adjacent
cells, support the hypothesis of junctional communication. To
further confirm gap junctional coupling between chromaffin cells,
the membrane potential of cell pairs was recorded in the whole-
cell configuration with the dual patch-clamp technique (Fig. 3).
The passive biophysical membrane properties of chromaffin cells
in slices were: (1) resting membrane potential (268 6 1 mV; n 5
172), input resistance (0.82 6 0.04 GV; range, 0.13–3 GV; n 5
172), and capacitance (11.64 6 0.40 pF; n 5 28). These results are

Figure 2. Synchronized spontaneous [Ca 21]i transients between chro-
maffin cells. A, Spontaneous [Ca 21]i changes were imaged in five chro-
maffin cells. Plots of relative Oregon Green 488 BAPTA-1 emission
changes showing synchronized [Ca 21]i transients in three of five cells.
Note that the two other cells remained silent. B, Reversible blocking effect
of a 30 sec TTX (0.5 mM) 1 Cd 21 (0.5 mM) ejection on spontaneous
[Ca 21]i transients. Insets, Detailed kinetics of two [Ca 21]i transients
before and after application of blockers.

Figure 3. Electrical coupling between chromaffin cell pairs. Membrane
potential and macroscopic ionic currents were monitored in chromaffin
cell pairs using the dual patch-clamp technique. A, I llustration of a cell
pair in which the triggering of action potentials in the stimulated cell
resulted in small membrane depolarizations in the unstepped cell. The
two cells were current-clamped at 280 mV. Note that cell 2 was itself able
to generate depolarization-evoked action potentials. B, Example of a cell
pair in which action potentials were transmitted to the nonstimulated cell.
The two cells were current-clamped at 280 mV. C, Histogram illustrating
the wide distribution range of the coupling ratio calculated in 30 chro-
maffin cell pairs from current-clamp measurements of voltage amplitude
(in response to a hyperpolarizing current injection) in both cell 1 (stepped
cell) and cell 2 (target cell) (from 0 for noncoupled pairs to 1 for highly
coupled pairs). The number of recorded cells is indicated in parentheses.
D, Inset, Chart recordings of junctional currents (Ij) in a Cs 1-loaded (140
mM Cs 1-gluconate) cell pair voltage clamped at 280 mV (voltage steps
from 2160 to 120 mV, 100 msec duration). Bottom, I–V relationship in
which the junctional current amplitude (Ij) was plotted as a function of the
transjunctional voltage (Vj) from 280 to 1100 mV. The curves used to fit
the data were derived from the linear regression y 5 2.983 2 0.61 (dotted
line). The correlation coefficient r 2 was 0.98. Three to six cell pairs were
used to determine the I–V curve at each transjunctional potential.
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in agreement with those reported by other groups (Barbara and
Takeda, 1996; Kajiwara et al., 1997; Barbara et al., 1998). The fact
that many chromaffin cells had a low membrane input resistance
(#500 MV in 32% of cells) was consistent with the idea that
chromaffin cells could be coupled. In 40% of cell pairs (n 5 68),
the voltage changes in response to hyperpolarizing–depolarizing
current injected in the stimulated cell were reflected in the
unstepped cell (Fig. 3A,B) and vice versa (data not shown).
However, among the cell pairs, the response transmitted to the
unstepped cell displayed variable amplitudes. In 75% of coupled
pairs, the action potential was distorted, leading only to small
depolarizations (Fig. 3A), whereas in the remaining pairs, the
action potential was transmitted (Fig. 3B). Consequently, the
coupling ratio exhibited a wide distribution range from 0.03 to
0.95 (mean 0.34 6 0.10; n 5 14 coupled pairs) (Fig. 3C). It is
interesting to note that the coupling ratio value for a given cell
pair remained constant independent of the amplitude or polarity
of the current step. In accordance with gap junction-driven elec-
trical coupling, junctional currents were recorded in 61% (8 of 13)
of Cs1-loaded chromaffin cell pairs. Cell pairs were voltage
clamped at 280 mV, and voltage steps were delivered from this
potential with command pulses of both polarities to cell 1. The
resulting junctional currents (Ij) recorded in the unstepped cell
appeared to remain constant for the duration of the step (Fig. 3D,
inset). The amplitude of Ij was then plotted as a function of the
transjunctional potential (Fig. 3D). The I–V curve displayed a
linear relationship within the transjunctional membrane potential
range of 280 to 1100 mV. The curve used to fit the data were
derived from a linear regression, given a macroscopic conduc-
tance of ;3 nS.

Further support for the presence of functional gap junctions in
chromaffin cells was obtained in experiments to detect mRNA
encoding connexins in randomly chosen cells. We focused on two
connexins, Cx43 described in numerous endocrine–neuroendo-
crine tissues (Meda et al., 1993) and Cx36, a recently cloned
connexin preferentially expressed in cell types of neural origin
(Condorelli et al., 1998) such as chromaffin cells. All samples
were first assessed for the expression of dopamine b-hydroxylase
to confirm that harvested cells were indeed chromaffin cells.
Because of the low expression level of mRNA encoding Cxs in
single cells, the nested PCR procedure was required. The detec-
tion of Cx43 mRNA in 50% of harvested cortical cells was used
as a control (n 5 10), because rat cortical cells in the zona
fasciculata and the zona reticularis are highly coupled by Cx43-
containing gap junctions (Murray et al., 1995). Under the same
experimental conditions, 20.6% and 25% of DbH-positive cells
expressed at least Cx43 or Cx36 mRNA, respectively (n 5 34 and
16). In some chromaffin cells (3 of 16), both Cx36 and Cx43
transcripts were found (Fig. 4). Although PCR experiments were
done on different chromaffin cells than those from which we
recorded, this result suggests that Cx36 and/or Cx43 may func-
tionally and dynamically connect chromaffin cells in situ.

To further confirm the presence of functional gap junctions,
chromaffin cells were impaled with a microelectrode filled with
LY, a fluorescent tracer able to pass through gap junctions. LY
diffusion was observed only between cells exhibiting synchronous
[Ca21]i transients (Fig. 5A) (n 5 4 cell fields). LY never diffused
between nonsynchronized cells (n 5 8 cell fields, data not
shown). When LY was randomly injected into cells that were not
Ca21 imaged, the tracer diffused from the impaled cell to neigh-
boring cells (up to 3) in 32.8% of the clusters impaled (n 5 64).
This percentage was not significantly different to that found for

electrically coupled cells (40%, see Fig. 3) and cells in which
action potentials triggered simultaneous [Ca21]i transients
(39.5%) (Fig. 1) ( p . 0.001). To assess the involvement of
functional gap junctions in intercellular coupling, the fluorescent
tracer was then injected in chromaffin cells chosen at random in
the presence of bath-applied carbenoxolone (100 mM), a decou-
pling agent (Ishimatsu and Williams, 1996). Under these experi-
mental conditions, the probability of observing an intercellular
coupling (seen by LY diffusion) significantly decreased (0.06
versus 0.31 in control conditions; n 5 46; p , 0.001) (Fig. 5B).

Involvement of gap junction-mediated coupling after
nicotinic stimulation
Does the gap junction-driven response occur under physiological
cholinergic stimulation? To mimic the in vivo release of transmit-
ters into the synaptic cleft, the cholinergic secretagogue nicotine
was iontophoretically applied onto a single chromaffin cell via a
sharp microelectrode, leading to focal stimulation of a single cell.
Subsequent multicellular [Ca21]i changes were simultaneously
imaged with real-time confocal microscopy. A 1 msec nicotinic
application induced a transient [Ca21]i rise in the stimulated cell
as expected, but more interestingly, [Ca21]i simultaneously in-
creased in several adjacent cells (Fig. 6A, lef t traces). Current
polarity inversion (n 5 10) or application of nicotine-free saline
(n 5 8) never induced [Ca21]i changes in either stimulated or
adjacent cells. Extracellular diffusion of nicotine could reason-
ably be ruled out because (1) a [Ca 21]i increase was not observed
in all cells belonging to the same cluster, whereas all these cells
were sensitive to pressure ejection of nicotine, (2) in some exper-
iments, only the stimulated cell exhibited a [Ca21]i rise, (3) the
iontophoretic flux of nicotine was oriented in the opposite direc-
tion of the perfusion stream, and (4) saline was continuously
ejected in the vicinity of the recorded cell field through a blunt
macropipette, thus reinforcing the perfusion stream. The propa-
gated signal between chromaffin cells reliably persisted after
repetitive applications of nicotine, indicating that the intercellular
mechanism underlying the propagation did not desensitize during
the recording time (data not shown).

The functional implication of gap junctions in nicotine-induced
signal propagation was further demonstrated by the blocking
effect of carbenoxolone. Bath-application of carbenoxolone (100
mM, 15 min before nicotine iontophoresis) specifically suppressed
the [Ca21]i rises in coupled cells, without dramatically altering
the Ca21 response in the stimulated cell (Fig. 6A, middle and

Figure 4. Expression of Cx36 and Cx43 mRNA in a single chromaffin
cell. The harvested cell was identified as chromaffin cell by the presence
of the DbH transcript (438 bp). Gel electrophoresis of RT-PCR products
of the DbH-positive cell in which Cx36 mRNA (predicted size of 360 bp)
and Cx43 mRNA (425 bp) were co-detected. MW, Size marker.
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right traces). In separate experiments, we checked that carbenox-
olone, per se, did not alter (1) the percentage of spontaneously
active cells (44.3 6 5.2% vs 44.6 6 5.5% before and during
carbenoxolone application, respectively; n 5 17 cell clusters; p .
0.001; paired t test) and (2) the amplitude (0.49 6 0.03 DF/Fmin vs
0.51 6 0.03; p . 0.001; n 5 41) and the duration (29.4 6 1.4 sec
vs 26.1 6 1.3; p . 0.001; n 5 41) of the nicotine-activated Ca21

response. The effect of carbenoxolone was only partly (;50%
recovery) reversible after a 10–20 min washout (Fig. 6B).

Catecholamine secretion triggered after electrical and
nicotinic stimulation in gap junction-coupled cells
Because an increase in [Ca21]i is a prerequisite for exocytosis in
chromaffin cells, we investigated the physiological relevance of

action potential- and nicotine-triggered Ca21 increases in cou-
pled cells. To address this question, catecholamine exocytosis was
monitored using the amperometric constant-voltage method
(1800 mV) in cells neighboring the stimulated one. In 12.5% of
cell clusters, a burst of action potentials induced catecholamine
release from the stimulated cell as previously reported (Moser
and Neher, 1997) and, more interestingly, also from nonstepped
neighboring cells (perforated patch-clamp; n 5 16) (Fig. 7). This
percentage is similar to that found for highly coupled cell pairs
(10%) (Fig. 3), in which unattenuated propagation of action
potentials occurred.

Similarly, an iontophoretic application of nicotine (1 msec)
triggered spike-like secretory events in nonstimulated cells in
which [Ca21]i previously was shown to increase (Fig. 8, cell 2)
(n 5 8 of 11). The delay between nicotinic stimulation and the
first secretory event was 1.04 6 0.36 sec (n 5 8; range, 0.02–3.1

Figure 5. Lucifer yellow diffusion between spontaneously synchronized
chromaffin cells and blockade by carbenoxolone. A, Optical measurements
of two neighboring cells displaying synchronized spontaneous [Ca 21]i
transients. After fluorimetric recording, cell 1 was patched with LY (1 mM
in the intrapipette solution). A few seconds later, LY diffused into cell 2.
B, Pooled data summarizing the probability of observing an intercellular
coupling (seen by LY diffusion) between chromaffin cells injected at
random in the presence or absence of the uncoupling agent carbenox-
olone (100 mM, bath-application, 10–30 min). Control and treated slices
came from the same adrenal glands and results are representative of three
different experiments.

Figure 6. Blocking effect of carbenoxolone on nicotine-induced simulta-
neous [Ca 21]i increases within a chromaffin cell cluster. Nicotine (200
mM, 1 msec) was iontophoretically applied on cell 1 through a sharp
microelectrode (the onset of the nicotinic stimulation is shown by an
arrow). The [Ca 21]i increase originating in the stimulated cell was simul-
taneously detected in two adjacent cells. The [Ca 21]i rises in the non-
stimulated cells (cell 2 and cell 3) were reversibly abolished in the
presence of the gap junction blocker carbenoxolone (100 mM, 15 min bath
application). B, Pooled data. The number of cell clusters recorded is
indicated in parentheses. *p , 0.001, as compared with control values.
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sec). Catecholamine exocytosis was never detected in noncoupled
cells (Fig. 8, cell 3). This result is in agreement with our data
showing a that nicotine-driven Ca21 signal was not observed in
all the cells neighboring the stimulated cell (data not shown).
Taken together, these results suggest that gap junction signaling
activated by nicotine represents a functional mechanism leading
to catecholamine secretion.

DISCUSSION
Based on anatomical data (Carmichael, 1986; Tomlinson and
Coupland, 1990), the currently proposed concept for chromaffin
cell secretion considers each cell as an independent functional
unit releasing catecholamines after activation of its synaptic in-
puts (Iijima et al., 1992). Nevertheless, we describe here an
additional mechanism involving gap junction-mediated coupling
between chromaffin cells in rat adrenal slices. This cell-to-cell

communication pathway underlies the propagation of electrical
signal leading to simultaneous multicellular [Ca21]i increases,
thereby triggering catecholamine exocytosis.

Fast activation of simultaneous [Ca21]i increases in
adjoining chromaffin cells: the hallmark of electrotonic
coupling via gap junctions
We show for the first time that the triggering of action potentials
or the nicotinic stimulation of a single chromaffin cell results in
simultaneous [Ca21]i increases in adjoining cells caused by the
propagation of a depolarizing voltage wave. As a general rule,
excitable cells use distinct but not mutually exclusive pathways to
communicate among themselves, i.e., synaptic transmission, gap
junctions, and paracrine secretion. Based on our experimental
results, gap junctions are likely to represent the anatomical cor-

Figure 7. Action potential-induced catecholamine release in coupled
chromaffin cells. A burst of action potentials (1 sec depolarization, per-
forated patch-clamp) was triggered in a chromaffin cell. Subsequent
catecholamine exocytosis was simultaneously monitored by the ampero-
metry technique at a constant voltage (1800 mV) in the stepped cell (A,
cell 1*) and, during a second trial, in an adjacent cell (B, cell 2). As shown
by the outwardly directed current deflections, action potentials were
effective in stimulating catecholamine release in both the stepped cell and
the neighboring cell.

Figure 8. Nicotinic stimulation triggers catecholamine exocytosis in cou-
pled chromaffin cells. The iontophoretic application of nicotine (1 msec;
indicated by an arrow) on cell 1* evoked a simultaneous [Ca 21]i rise in
cell 2 but was without effect on cell 3. Catecholamine exocytosis was
sequentially followed by the amperometric detection of secretory events
(constant voltage of 1800 mV) in cell 2 and then cell 3, respectively. As
shown by outward currents, nicotine triggered catecholamine release in
cell 2 only. Insets, Nicotine-induced [Ca 21]i rises imaged in cell 1 during
amperometric recordings of cells 2 and 3.
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relate of the functional coupling observed here. At least four
observations support this proposal: (1) bidirectional propagation
of membrane depolarization between two cells, (2) junctional
current recorded in cell pairs, (3) diffusion of LY between simul-
taneously active cells, and (4) reduction of signal propagation by
the uncoupling agent carbenoxolone after nicotinic stimulation.
Nevertheless, chromaffin cell granules are known to contain var-
ious compounds co-stored and co-released with catecholamines,
such as ATP (Rojas et al., 1985), that could act locally on
neighboring cells. Because of the slow velocity of ATP diffusion
in the extracellular space (;40 mm/sec; Guthrie et al., 1999),
paracrine secretion of ATP is unlikely to be involved in the
concomitant [Ca21]i rises that we observed between chromaffin
cells (speed of propagation of ;500 mm/sec). A gap junction-
mediated pathway usually ensures both electrotonic and meta-
bolic communication between coupled cells, each of which is
associated with distinct speeds of propagation. Although we can-
not definitively rule out metabolic coupling (i.e., simple diffusion
of second messengers), the speed of the propagation wave be-
tween coupled cells (;500 mm/sec) strongly suggests the involve-
ment of electrotonic coupling. In this way, the depolarization
wave occurring either spontaneously or after stimulation rapidly
propagates into the clusters of coupled chromaffin cells.

Functional electrical coupling mediated by gap junctions be-
tween rat chromaffin cells has not been demonstrated previously.
Based on electrophysiological properties, the idea that chromaffin
cells may be electrically coupled in situ has been hypothesized for
various species, including rats (Ishikawa and Kanno, 1978),
mouse (Nassar-Gentina et al., 1988; Moser, 1998) and guinea pigs
(Holman et al., 1994). In addition, the presence of gap junctions
has been reported in the rat adrenal medulla (Meda et al., 1993).
Strengthening these findings, our dual patch-clamp recordings
clearly show that gap junctions between chromaffin cells are
functional and underlie the bidirectional transfer of voltage
changes between coupled cells. In most cases, the amplitude of
the voltage response induced in the unstepped cell was not
sufficient to trigger action potentials, indicating weak coupling, as
reported in mouse adrenal slices (Moser, 1998). In the remaining
cell pairs, coupling strength was high enough to transmit action
potentials. The distortion of the transmitted voltage signal com-
pared with the original signal indicates significant low-pass filter-
ing of the voltage response, as described in neurons (Venance et
al., 2000). Several proposals can explain such filtering: (1) the
presence of a few open gap junctions at the cell surface (Moser,
1998), (2) the expression of distinct connexin types with different
unitary conductances, and (3) the expression of connexins with a
low voltage sensitivity.

Our data on the connexins involved in the junctional commu-
nication between chromaffin cells are in agreement with previous
reports showing that Cx43- or Cx36-containing gap junctions are
expressed between neuroendocrine–endocrine cells (Meda et al.,
1993; Munari-Silem and Rousset, 1996; Belluardo et al., 2000;
Serre-Beinier et al., 2000). Two of our results indicate that Cx36
and Cx43 are present in chromaffin cells. First, the messengers
encoding these two connexins were detected in single chromaffin
cells. Second, experiments showing LY diffusion are in agree-
ment with the possible involvement of Cx36 and/or Cx43, because
both are dye-permeable (Veenstra, 1996; Srinivas et al., 1999).
Assuming a unitary conductance of 61 and 10 pS for Cx43 and
Cx36, respectively (Valiunas et al., 1997; Srinivas et al., 1999), the
estimation of the junctional conductance in a rat chromaffin cell
pair (3 nS maximum) would correspond to ;50 and 300 open

Cx43- and Cx36-built channels, adequate numbers to support
significant voltage propagation when compared with only 7–10
open channels present between mouse chromaffin cells, leading to
a junctional conductance that is too low to support spreading of
electrical activity (Moser, 1998).

As shown by our results, ;50% (depending on the technique
used) of chromaffin cells in situ are functionally coupled via gap
junctions to at least one apposing cell located in the same optical
plane. To better assess the extent of coupling, a three-dimensional
approach would be necessary. On the other hand, the dynamic
aspects of coupling (occurrence of spontaneous coupling–decou-
pling) requiring long-lasting recordings merits further investiga-
tion. Nevertheless, in our view, intercellular signaling mediated
through gap junctions most likely contributes to the mechanisms
of communication within the adrenal medulla. The electrotonic
coupling that we describe represents only one aspect of the role
for gap junctions between chromaffin cells. As gap junctions are
permeable to numerous low-molecular weight compounds, they
are likely to subserve metabolic coupling, thereby propagating
biological messages encoding different cell functions. With re-
spect to the strength of the coupling, an unresolved issue raised by
our findings is the functional consequences of strong and weak
electrotonic coupling. Although [Ca21]i changes were not simul-
taneously monitored during dual patch-clamp experiments, one
could assume that strong and weak coupling are associated with
the degree of the [Ca21]i rise in the coupled cells. The propa-
gation of action potentials triggers a Ca21 signal that is sufficient
to stimulate catecholamine exocytosis. In weakly coupled cell
pairs, the depolarizations occurring near resting potential might
also generate [Ca21]i elevations, as reported for other endocrine
cells (Mollard et al., 1994) and might control Ca21-dependent
cell functions other than exocytosis.

Physiological relevance of gap junctions in the adrenal
medulla: complementing synaptic transmission to
drive catecholamine exocytosis?
In endocrine glands in which secretagogues are delivered from
the blood circulation, it is well known that gap junctions (mainly
composed of Cx43) are required to ensure fast synchronized
hormone release (Meda, 1996; Munari-Silem and Rousset, 1996).
Although the synaptic boutons present on each chromaffin cell
(Carmichael, 1986) themselves represent an efficient process to
induce fast release of catecholamines, the gap junction-delineated
route is also used for chromaffin cell exocytosis. The fact that
simultaneous [Ca21]i rises can occur spontaneously suggests that
a spatiotemporal code between gap junction-coupled cells (Guéri-
neau et al., 1998) coordinates basal exocytosis at the cell cluster
level. During neurotransmission, the involvement of gap junctions
in nicotine-induced multicellular [Ca21]i rises and subsequent
exocytosis suggests that in vivo direct chromaffin cell-to-cell in-
teractions would be an important determinant in the regulation of
secretory cell activity by acetylcholine. Although we show that
gap junctions mainly ensure electrotonic coupling leading to
exocytosis, we cannot rule out a role in other cell functions such
as metabolic coupling, which would allow for the diffusion of
chemical messengers (Ins(1,4,5)P3, ATP. . . ) between chromaffin
cells.

Our study also raises the interesting issue that chromaffin cells
are under the dual control of the splanchnic nerve (hitherto
described as the major regulator of secretion) and of adjacent
cells. We propose that within these anatomically well described
cell complexes (Hillarp, 1946), both mechanisms might occur to
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activate catecholamine release depending on the catecholamine
needs and/or the activation state of the synaptic pathway. Under
basal conditions corresponding to low-frequency discharge of the
splanchnic nerve, few synaptic boutons are stimulated and the
propagation of the secretory events between gap junction-coupled
cells may be sufficient to release catecholamines. In contrast,
during stressful situations, the massive catecholamine secretion
suddenly required might be mediated mostly by the synaptic
pathway activated by sustained discharges of the splanchnic
nerve, as reported earlier (Kajiwara et al., 1997). In particular
physiological–pathological conditions, the functional state of syn-
aptic transmission (presence of nonfunctional synapses as imma-
ture synapses, silent synapses. . . ) may also represent an intrinsic
determinant requiring gap junctions, as an efficient aid to syn-
apses leading chromaffin cells to exocytose catecholamines. In
addition to this direct secretory role, the propagation of electrical
activity and associated Ca21 rises after activation of cholinergic
nicotinic receptors might also stimulate other Ca21-dependent
cell activities (such as secretory vesicle trafficking, gene expres-
sion. . . ) to sensitize chromaffin cells to exocytosis after subse-
quent synaptic activation.
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