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SUMMARY

Guanine nucleotide binding proteins (G proteins) act as signal
transducers between membrane receptors and ion channels. In
the present study, the whole-cell arrangement of the patch clamp
technique was used to examine the effect of G proteins on K�
channels in cultured bovine adrenal chromaffin cells. Internal
dialysis of chromaffin cells with guanosine 5’-O-(3-thiotriphos-
phate) (GTP�yS) or external application of A1F4, to stimulate G
proteins, resulted in a voltage-dependent increase in the ampli-
tude of the outward K� currents. The half-maximal voltage
required for activation of the currents was shifted by -16 mV in

the presence of GTP’yS. The augmentation in the K� currents
was accompanied by the appearance of a fast component of
current activation measured at potentials positive to 0 mV. The

GTP-yS-sensitive current could not be detected when internal K�
was replaced with Cs� and was reversibly inhibited by tetraeth-
ylammonium (lC�, 2 mM). In contrast, the scorpion venom char-
ybdotoxin (50 nM) and the bee venom apamin (250 nM) only
slightly reduced the K� currents during stimulation by GTP-yS
and did not alter the activation kinetics. In addition, the GTP’yS-
sensitive K current could be activated in the absence of internal
Ca2� and when the inward Ca2 current was inhibited with CdCl2.
Treatment of the chromaffin cells with fluoride decreased nic-
otine-evoked secretion of catecholamines in a concentration-
dependent manner. Thus, bovine chromaffin cells contain a G
protein-stimulated K� channel that may play a regulatory role in
secretagogue-mediated exocytosis.

Chromaffin cells in the adrenal medulla secrete catechol-

amines in response to stimulation by the splanchnic nerve.

Studies of the ionic requirements for catecholamine release

have demonstrated that Ca2� entry plays a central role in

stimulus-secretion coupling in these cells (1) and that ion

channels directly participate in this process (2-4). Several types

of ion channels including Na� (5), Ca2� (5-7), Cl (8, 9), and

K� channels have been characterized in cultured bovine chro-
maffin cells. Based on single channel conductance measure-

ments, Marty and Neher (10) identified three different K�

channel subtypes in these cells. This included a large-conduct-

ance Ca2�-activated channel (the BK channel) and two smaller

conductance channels that were not dependent on Ca2� for

activity (10). Whole-cell macroscopic recordings have also re-

vealed several different outward K� currents that can be distin-

guished according to their Ca2� dependence, drug-sensitivity,

and kinetic properties (10, 11).
G proteins can regulate K� channels through both indirect

and direct mechanisms (12). By stimulating the enzyme aden-

ylate cyclase and increasing intracellular levels of cAMP, the
G8 indirectly modulates the activity of potassium channels

found in various cell types (13-15). Another G protein, desig-

nated GK, directly couples the cardiac muscarinic receptor to a

K� channel in atrial myocytes (16, 17). In a number of neuronal

preparations, G proteins couple serotonin and adrenergic re-

ceptors to inward-rectifying K� channels (18, 19). In addition,

direct G protein activation of an outward-rectifying K� channel

in a rat histamine-secreting basophilic leukemia cell line (RBL-
2H3) has been reported (20).

Pretreatment of chromaffin cells with pertussis toxin, which
uncouples the G from receptor stimulation, enhances cat-

echolamine secretion in response to secretagogues including

acetyicholine, nicotine, histamine, vasoactive intestinal pep-

tide, and elevated external K� (21-23). These findings suggest

that exocytosis in chromaffin cells is under tonic inhibition

mediated by pertussis toxin-sensitive G proteins. Thus, we

wondered whether G proteins regulate catecholamine secretion
in the chromaffin cells through effects on ion channels. In the
present study, the effects of G protein stimulation were deter-

mined on K� channels in bovine chromaffin cells. Intracellular
application of GTP-YS or external addition of fluoride increased

the amplitude and altered the activation kinetics of the outward
K� currents. The G protein-stimulated K� current was blocked

by TEA, but could be measured in the presence of charybdo-
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toxin and during dialysis of the cells with Ca2�-free internal
solution. The ability of fluoride to reduce nicotine-evoked cat-

echolamine secretion implicates this K� channel in the regu-
lation of exocytosis.

Materials and Methods

Preparation of chromaffin cells. Primary cultures of bovine
adrenal chromaffin cells were prepared by collagenase digestion and

centrifugation on Renografin gradients as described previously (24). In

some experiments, cells were subjected to a Percoll density gradient to

enrich the cell preparation for norepinephrine-secreting cells. Briefly,

chromaffin cells obtained from Renografin gradients were washed to

remove Renografin and centrifuged at 20,000 x g for 20 mm at 20’ in

a final concentration of 42.5% Percoll. Cells recovered from the upper

half of the centrifuge tube contained approximately 50% norepineph-

rifle versus 20 to 30% in unfractionated cells. For patch clamp record-

ing, cells were plated and maintained in serum-containing medium on

glass coverslips in 35 x 10-mm polystyrene dishes (Corning) at a density

of 1 x 106 cells/2.5 ml. Coverslips were then transferred to a recording
chamber containing a physiological external solution (see below). For
secretion experiments, cells were purified and plated at a density of

500,000 cells/cm2 in 24-well tissue culture plates (Corning) as described

(23). Cultures were maintained in a humidified atmosphere of 5% CO2

at 37’ and used between 1 and 7 days after plating.

Recording procedure and measurement K� currents. The
patch clamp method of Hamill et al. (25) was used to record whole-cell

chromaffin K� currents using a Warner PC-501 amplifier (Warner
Instrument Corp., Hamden, CT). Microelectrodes were made from Gold

Seal Accu-fill 90 Micropets (Clay Adams Inc.) and had resistances of

2 to 4 M� when filled with the potassium glutamate internal solution

(see below). A reference electrode made from a Ag-AgCl pellet was

connected to the bath using an agar salt bridge saturated with external

solution. Data were adjusted for liquid junction potentials that arose

between the pipette solution and bath solution. Liquid junction poten-

tial values were usually between -5 and +5 mV. Uncompensated series

resistance in this study was typically �1.5 MO and was stable over the

time course (10-15 mm) of most experiments. Thus, even for the large

K� currents (4-5 nA) recorded in some experiments, voltage errors

caused by series resistance were not greater than 7 mV.

Chromaffin cell membrane currents were recorded during 40-msec

voltage steps to -60 through +70 mV applied from a holding potential

of -80 mV Data was acquired and analyzed using a Softek-386 com-

puter in conjunction with an AID, D/A converter (Scientific Associates,

Rochester, NY). Data were sampled at 10 kHz, filtered at 2 kHz with

a low pass Bessel filter, and stored on the computer’s hard drive. Linear

leak and capacity transients were removed from test currents using
records obtained during four to six hyperpolarizing pulses to -100 mV.

These records were averaged and subtracted from the test currents.
Use of this protocol was justified because voltage- and/or time-depend-

ent conductances were not present at this potential.

Recording solutions and dialysis of GTPyS. The standard in-

ternal solution, which was nominally Ca2�-free, consisted of (mM):

potassium glutamate, 145; NaC1, 8; MgC12, 2; ATP (K� or Na� salt),

0.5; and HEPES, 10; pH adjusted to 7.2 with KOH (total [K�], 155

mM). In some experiments the internal solution was supplemented with

11 mM EGTA and 1 mM CaC12 [calculated free Ca2�, 10 nM according

to Fabiato (26)]. Similar effects of G protein stimulation on the K�

currents were observed with the two solutions. The standard external

solution consisted of (mM): NaCl, 150; KC1, 5; CaCl2, 1; glucose, 7.8;

and HEPES, 5; pH adjusted to 7.4 with NaOH. In some experiments,

NaCl and KC1 were replaced with Na-aspartate and K-aspartate,

respectively. Tetrodotoxin (5 �M) was added to the external solution

to eliminate the inward Na� currents present in the chromaffin cells.

In several experiments, 100 �iM CdC12 was added to the external solution
to inhibit Ca2� entry via the voltage-dependent Ca2� channels present

in these cells (5-7). This was not a general procedure, because Cd2�

was found to be toxic to the cells. The external and internal solutions

were maintained at room temperature (22-25’).
For experiments using internal cellular dialysis of GTP’yS to stim-

ulate G proteins, a concentration of 100 to 200 �M GTPyS was included

in the internal pipette solution. After disruption of the cell membrane,

chemicals move from the pipette into the cell by diffusion. Based on

theoretical studies (27), a nucleotide such as GTP’yS (molecular mass,

560 Da) should reach equilibrium with a time constant of 30 to 40 sec

given the size of the cells and electrodes used in this study. Doroshenko

et al. (8) have identified recently a novel chloride conductance in bovine

chromaffin cells that is activated by intracellular GTP’YS. Measure-

ment of this time-independent background current provided a valuable

monitor for determining the onset of G protein stimulation by GTP’YS.

In general, activation of membrane currents during dialysis with
GTP-YS occurred within 30 to 120 sec after membrane breakthrough

with the patch pipette. The ability of GTP�yS to activate the C�

current and modulate the K� current was observed in approximately

one-third of the chromaffin cells studied. This low success rate may

have resulted from GTPyS-sensitive and -insensitive populations of

chromaffin cells present in the study. In preliminary experiments, it
was found that the frequency of activating the Cl and K� currents was

higher in cell preparations enriched in norepinephrine-secreting cells.

A1F4 was introduced in these experiments by dilution of a 1 M stock

of NaF, which was stored in a glass container. Under these conditions,

Al3� is present in small amounts in the NsF solutions (28). Yatani and
Brown (29) have shown that a 10 to 30 mM concentration of fluoride
is effective in activating G proteins in cardiac atrial cells.

Activation kinetics of the K’ currents were fit with either the single

exponential function, ‘K = � [1 - exp(-t/r)] or the biexponential
function, ‘K ‘Kl [1 - exp(-t/ri)] + IK2� [1 exp(-t/r2)]. The curve-
fitting procedure used a nonlinear least squares algorithm. Goodness

of fit was judged by comparing standard deviations and by inspecting

the fitted K� current records. Activation curves were fit using the

Boltzmann equation, gK = g,,�,,,,/(l + exp[ - (Vm V112)/kl), where

gK� is the maximal conductance, Vm is the membrane potential and
V1,2 and k are constants that determine the potential at which the

activation curve is half-saturated and that affect the slope of the curve,

respectively.

Cateeholamine secretion. Culture medium was removed from cell
cultures in the 24-well culture plate and replaced with secretion medium

consisting of (mM): NaC1, 150; CaCl2, 2; KC1, 5; glucose, 7.8; HEPES,

5; pH 7.4 adjusted to 7.4 with NaOH. The secretion medium also

contained NsF ± the secretagogue nicotine as indicated in Fig. 6. At

the end of the incubation, an aliquot of the secretion medium was

removed and acidified with 1 M acetic acid. After aspiration of the

remaining solution, cells were lysed with 0.2 M acetic acid. Catechol-
amines secreted into the medium and those remaining in the cells were

determined by reverse-phase HPLC with electrochemical detection

(24). Each experiment represents the averages of triplicate determi-

nants. Results are expressed as the percentage of total cell catecholam-

me released. The catecholamine content of the cultures averaged 140

nmol/106 cells.

Materials. DMEM, ascorbic acid, tetrodotoxin, GTP’yS, NaF, nic-
otine, apamin, and TEA were purchased from Sigma Chemical Co. (St.

Louis, MO). Charybdotoxin was obtained from Peptides International

(Louisville, KY).
Data presentation. Data are expressed as means ± standard error

(number of observations). Where indicated, statistical significance was

evaluated using ANOVA with post-hoc Bonferroni t tests.

Results

Regulation of chromaffin K’ currents by GTP”YS. The
upper left panel of Fig. 1 shows an example of outward voltage-

dependent K� currents obtained during 40-msec voltage steps

applied from a holding potential of -80 mV to potentials
ranging from -40 to +60 mV. As described previously in bovine
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Fig. 1. Modulation of whole-cell K� currents by
GTP-yS in cultured bovine adrenal chromaffin
cells. Top (left): control currents recorded during
40-msec voltage steps, given in 20-mV incre-
ments, ap� from a holding potential of -80
mV to potentials ranging from -20 to +60 mV.
Top (right): currents activated in the same cell
during dialysis of 200 � GTP’yS during voltage
steps to -40 through +60 mV. Bottom: I/V
relationshipfor K� currents shown in top panels.

Cell CHR1O9.

chromaffin cells (10, 1 1), these currents are activated when the

membrane potential is depolarized positive to -40 mV. With
increased depolarization, these currents respond with an in-

crease in the rate of activation as well as an increase in current
amplitude (10, 11). The right panel of Fig. 1 displays K�
currents recorded in the same cell after dialysis with 200 �zM

GTP’yS. In the presence of GTP’yS the currents activated more

rapidly, and there was an increase in the current amplitude.

Moreover, dialysis with GTP’yS caused the K� currents to
become activated at more negative potentials as shown in the

current versus voltage (I/V) relationship (bottom panel of Fig.
1). This had the overall effect of shifting the I/V relationship

to the left.

In addition to altering the properties of the outward K�

currents, dialysis of the chromaffin cells with GTP’yS resulted

in the appearance of a time-independent background current
(results not shown). Doroshenko et al. (8) have reported that

GTP’yS activates a time-independent Cl current in these cells.

Because activation of the Cl channels by GTP’YS would result
in an outward current, using the recording protocol of the

present experiments ([Cl]0, 157 mM; [Cl]1, 12 mM; E�1, -63
mV), it was important to determine the contribution of the C�

current to the GTP�yS-mediated effects. Fig. 2 shows the results

of an experiment in which NaCl and KC1 in the external
solution were replaced with Na-Aspartate and K-Aspartate

([Cl]0, 2 mM; [Cl]1, 12 mM; E�1 = +45 mV) and outward currents

measured during voltage steps to -60 mV through +40 mV.
Dialysis with GTP-YS caused changes in the outward currents

activation kinetics) (see Fig. 2) identical to that observed in

the normal NaCl, KC1 external solution. In addition, exposure
ofthe cells to DIDS (10 NM), which inhibits the chromaffin Cl

current (8), caused no change in the time-dependent outward
currents (results not shown). Thus, although both the Cl

channels (8) and the K� channels are targets of GTP’yS action,
the changes observed in the time-dependent outward currents
result primarily from effects on K� currents.

As would be expected from the negative shift in the I/V

relationship displayed in Fig. 1, dialysis with GTP’yS resulted

in a voltage-dependent increase in the K� currents. The in-

crease in current amplitude caused by GTP’yS was significantly
greater at the more negative potentials of -40 mV, -20 mV

and 0 mV (increases of 105 ± 3, 96 ± 1, and 81 ± 3%,

respectively) when compared to the more positive potentials of

+20 mV, +40 mV, and +60 mV (increases of 61 ± 4, 52 ± 5,

and 49 ± 5%, respectively) (n = 10 cells, p < 0.05). In order to

further quantify this effect, the normalized conductance for the
currents is plotted as a function of the test voltage in Fig. 3.

The continuous lines represent the best fits of the data points

to the Boltzmann equation. The half-maximal voltage ( V112)

required for activation was +17 mV under control conditions,

and decreased to +1 mV in the presence of GTP”yS. The slope

of the fitted curve decreased by 30% with GTP-yS.

Activation kinetics of chromaffin K� currents. In ad-
dition to increasing the peak K current amplitude, dialysis of

the chromaffin cells with GTP’YS also caused the currents to
activate more rapidly (see Fig. 1, right). In order to quantify
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Fig. 2. Modulation of outward currents by
GTP’YS in low chloride-containing external so-
lution. Left panel: control and GTP’yS-activated
K� currents recorded during voltage steps to
+40 mV in a chromaffin cell bathed in a Na-
Aspartate, K-Aspartate external solution. Under

C Control the conditions of this experiment ([Cl]0, 2 mM;

0 CTPyS [CI], 12 mM, E0, +45 my), Cl currents should
�-. be negligible at +40 mV. Right panel: I/V rela-

� tionship for control and GTP’yS-regulated K�
� I � currents. Cell CHR126.
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Fig. 3. Voltage dependence of K� current increase during dialysis with
GTP’YS. Activation curve for currents obtained in five chromaffin cells
during voltage steps applied in 10-mV increments to -60 through +70
mV. Conductance was determined by dividing the peak current amplitude
at each potential by the driving force for K� (Vm ER). The continuous
line represents the best fit of the Boltzmann equation, g,� = g�,,,,J(1 +

exp[-(Vm V1�)/kJ), where V1,� is the half-maximal voltage required for
activation and k gives the steepness of the voltage dependence, to the
data points. The fitted parameters were V1�� = +17 mV and k = 14 for
control, and V1,� = +1 mV and k = 20 for GTP�YS curves.

‘K ‘Kmaz’ [1 - exp(-t/r)], or the equation, ‘K = ‘K!’ [1 -

exp(-t/ri)] + ‘KT’ [1 - exp(-t/r2)]. Fig. 4 displays K� currents
recorded at +20 mV and +60 mV both before and after stimu-

lation by GTP’yS. Superimposed on the current traces are fits
determined using the exponential equations. Control currents
were well fit using a single exponential, with a time constant
(r) or 14.1 msec at +20 mV and 12.5 msec at +60 mV. It should

be noted that variances in the activation kinetics of the control
currents were occasionally observed (see Fig. 8). After dialysis
with GTP’YS, a biexponential was required to account for both

a fast component present only in the GTP’yS-modulated cur-
rents (r1 = 1.4 msec at +20 mV; r1 = 1.1 msec at +60 mV) and
a slow component similar to that seen in the control records

(T2 12.9 msec at +20 mV; r2 = 11.8 msec at +60 mV). Time
constant data obtained during voltage steps to +20, +40, and
+60 mV from 10 chromaffin cells is summarized in Table 1. At
more negative potentials (-20, -10, and 0 mV), K� currents
recorded both under control conditions and in the presence of

GTP’yS were fit using the single exponential equation. In this

case, dialysis of GTP’YS caused over a 4-fold decrease in r

(control r = 19.8 ± 0.3 msec; GTP’YS r = 4.7 ± 0.9 msec; n =

8).

Properties of GTP-yS-sensitive K� current. As shown in
Figs. 1-4, dialysis of the chromaffin cells with GTP’yS caused

a voltage-dependent increase in the K� currents that was

accompanied by the appearance of a rapidly activating compo-
nent in the current records. For convenience, this rapidly

activating current observed in the presence of GTP’yS will be
referred to as the GTP’yS-sensitive K� current. The GTP’yS-
sensitive K� current was not detected when potassium gluta-

mate in the internal solution was replaced with CsCl2 (n = 3,

results not shown). However, the time-independent Cl current

(8) (see above) could be activated under these conditions,

indicating that GTP’yS was diffusing into the cells in these
experiments. The GTP’yS-sensitive K� current could be ob-

served when 100 �M CdCl2 was added to the external solution
to inhibit Ca2� entry through the voltage-dependent Ca2� chan-

nels present in the cells (5, 6).

In Figs. 5 and 6 the results of experiments obtained using
the K� channel blockers TEA, ChTX, and AP are shown.

Although it was difficult to quantify accurately the effects of

these agents on the GTP’yS-sensitive K current, because of
the presence of multiple K� channels in the chromaffin cells

active at the recording potentials (10, 11), these experiments

did supply information concerning the pharmacological sensi-

tivity of this channel. As shown on the left of Fig. 5, a 5 mM
concentration of TEA caused a large reduction in the GTP’yS-
sensitive current. In this experiment, TEA reversibly inhibited
the current by 85% at +60 mV and by 90% at -40 mV. The

IC50 for this inhibition was 2 mM (see Fig. 5, right). In contrast

to the results with TEA, ChTX, a blocker of large conductance
Ca2’-activated K� channels (BK channels) (30), caused only a

slight decline in the K� currents recorded during GTP’yS di-

alysis (Fig. 6, left). In three cells examined, 50 nM ChTx reduced

the GTP-yS-sensitive current by 11 ± 1%. Moreover, ChTX

did not alter the kinetic properties of the GTP’yS-sensitive

current (Fig. 6, left, Table 1). AP, a blocker ofsmall conductance

Ca2�-activated K� channels (31), was also relatively ineffective
in reducing the GTP’yS-sensitive K� current when used at a

concentration of 250 nM (Fig. 6, right).

Pharmacological regulation of chromaffin K� cur-
rents. The results displayed in Figs. 1-6 suggest that stimula-
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Fig. 5. Inhibition of GTP’yS-sensitive K� current
by TEA. Leftpanel: K� currents recorded at +60
mV during dialysis of a chromaffin cell with
GTP�YS in the presence and absence of 5 m�
TEA. In this experiment TEA reversibly inhibited
the current by 85%. Cell CHR178. Right panel:
concentration versus response curve for inhibi-
tion of the GTP’yS-sensitive K� current by TEA
determined at +60 mV. Each point represents
the mean of two to four experiments. When
appropriate, standard error bars have been in-
cluded. In some experiments two concentra-
tions of TEA were tested on a single cell. The
smooth curve is given by 1/(1 + [TEA]/IC�,) with
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fit to inhibition.

TEA Concentration (mM)

G Protein Activation of K� Currents I 13

TABLE 1

+20 mV

GTP7S
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Fig. 4. Activation kinetics of control and GTP’yS-
activated K� current. Records were obtained at
+20 mV (left) and +60 mV (right). Control rec-
ords were scaled to the maximum current with
GTP’YS. Control K� currents were well fit using
the single exponential equation, 1K= lK,,.�,. [1 -

exp(-t/r)] with r 14.1 msec at +20 mV and
12.5 msec at +60 mV. GTP’yS-activated cur-
rents were fit using the biexponential equation,
1K IR1. [1 _ exp(-t/r1)] + lK2- [1 _ exp(-t/r2)J

with Ti 1.4 msec and T2 12.9 msec at +20
mV and Ti 1 .1 msec and T2 1 1 .8 msec at
+60 mV. The gap seen at the beginning of the
control record measured at +20 mV was caused
by a delay in current activation. See Table 1 for
summary of data. Cell CHR1 70.

Kinetics of K� current activa
-rime constants (r, n ms) were o

tion
btained as descri bed in th e text and display ed in Fig. 4. Cont rol value s are listed under T2 for comparison with GTP-YS time constants.

Conditions

Voftage

+20 mV +40 mV +60 mV

TI T2 T1 T2 T1 �2

Control
n = 10

GTP’YS
n = 10

GTP’YS + ChTX
n=3

1.9 ± 0.2

1 .9 ± 0.4

15.1 ± 0.4

12.5 ± 1.0

1 1 .3 ± 1 .3

1.8 ± 0.1

1 .3 ± 0.2

13.0 ± 0.7

11.9 ± 0.8

8.8 ± 1 .8

1.3 ± 0.1

1 .2 ± 0.2

11.6 ± 0.7

9.4 ± 0.7

6.7 ± 0.3

TEA

� 2:

700 pA L
10 msec

tion of chromaffin G protein(s) by GTP’YS alters the properties
of the outward K’ currents. To determine whether receptor

stimulation causes similar changes, the effects of several agents

known to regulate adrenal medullary function were examined

on the K� currents. Dopamine (10-30 �tM, n = 8), ‘y-aminobu-

tyric acid (10 �M, n = 4), neuropeptide Y (10 toM, n = 4),

carbachol (100 �M, n = 5), and substance P (10 zM, fl 4)
produced no change in the outward K� currents (results not

shown). Interestingly, adenosine (10 saM) increased the ampli-

tude of the currents (measured at +60 mV) by 36 ± 15% (n =

3). However, in contrast to the results with GTP’YS, adenosine

caused no change in the activation kinetics or voltage depend-

ence of the K� currents, suggesting that adenosine is acting
through a different mechanism.

G proteins are involved in stimulating cAMP-dependent

protein kinase (PKA) and increase the activity of PKC by

augmenting the breakdown of phosphatidylinositol-4,5-bis-
phosphate. For this reason the possible involvement of PKA

and PKC in regulating the K� currents was determined. Fig. 7

(left) shows inward Ca2� currents measured in the chromaffin

cells with a Cs-containing internal solution. Addition of 200

�aM of the membrane soluble cAMP analog 8-CPT cAMP

resulted in a large increase in the Ca2� currents, indicating that

8-CPT cAMP is effective in stimulating PKA in these cells. In
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Fig. 6. Effects of charybdotoxin and apamin on
GTP-yS-sensitive K� current. Currents were re-
corded at +60 mV during dialysis of GTP�YS either
in the presence or absence of 50 n� ChTX (left) or
250 nM AP (right). Addition of charybdotoxin re-
suited in a 20% decrease in the current, whereas
AP produced a 1 6% decrease in these experiments.
Both ChTX and AP also reduced control K� currents
recorded in the absence of GTP’YS (results not
shown), suggesting that venom-sensitive channels
are present under basal and stimulated conditions.
Cells CHR141 and CHR2O3.
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contrast, application of 8-CPT cAMP caused no change in the

outward K� currents (% change = 3 ± 8, n = 5) when measured

with the normal internal solution (Fig. 7, right). Exposure of

the cells to 12,13 phorbol dibutyrate, to stimulate PKC, also

had no effect on the K� currents.

Effect of fluoride on chromaffin K� currents and cat-

echolamine secretion. A1F4 permanently activates G pro-

teins by binding with GDP on the a subunit of the protein and

mimicking the action of the terminal phosphate group of GTP
(29). To determine the effect of A1F4 on the K� currents,

chromaffin cells were exposed to various concentrations of NaF.

As was the case with GTP’YS dialysis, addition of 20 mM

fluoride to the external solution caused both an increase in the

K� current amplitude and a speeding in the activation kinetics
(Fig. 8, left). Similar results were obtained in five other cells

with either 10 or 20 mM fluoride. These changes in the K�

currents were not caused by nonspecific effects brought about

by increasing external Na�, because substitution of NaF with

NaCl had no effect on the size or the kinetics of the currents

(results not shown).

The effect of fluoride was also examined on secretion in the

chromaffin cells. Fig. 8 (right) shows the effect of 2, 10, and 20

mM NaF on nicotine-evoked catecholamine secretion. At a

concentration of 2 mM, NaF had no effect on nicotine-evoked

Fig. 7. Lack of regulation of chromaffin K� currents
by cAMP. Left: inward Ca2� currents recorded dur-
ing voltage steps to 0 mV before (control) and after
(cAMP) the addition of the membrane-soluble cAMP
analog 8-chlorphenylthio cAMP. In this experiment
internal K� was replaced with Cs�. Addition of 8-
CPT cAMP resulted in a 1 00% increase in the Ca2�
current. Right: outward K� currents from another
cell recorded at +60 mV in the presence and ab-
sence of cAMP. K� currents were recorded with the
normal internal solution (see Materials and Meth-
ods). Cells BCA1 and CHR265.

secretion. In addition, at this and higher concentrations (10

and 20 mM), NaF produced no change in basal catecholamine

secretion (open columns). However, addition of 10 or 20 mM

NsF to the secretion medium inhibited catecholamine release
stimulated by nicotine to 50 and 11%, respectively, of that

obtained in the control cells (p < 0.05, n = 5� (hatched col-

umn.s).

Discussion

Effects of G protein stimulation on bovine chromaffin

cells. In the present study, stimulation of cellular G proteins
through either internal dialysis with GTP’YS or external addi-

tion of A1F4 resulted in a voltage-dependent increase in the

size of the outward K� currents recorded in bovine chromaffin
cells. This augmentation in current amplitude was accompanied

by the appearance of a fast component of current activation,

which was not observed under basal recording conditions. The
ability of fluoride to reduce nicotine-evoked catecholamine

secretion suggests that this K� channel can regulate secretion

by increasing the rate of membrane repolarization and, thus,

decreasing the amount of Ca2� that can enter the cells through

the voltage-dependent Ca2� channels.

An opioid/G protein-activated delayed rectifier K� current
has been identified recently in isolated hippocampal neurons
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(32). This current can be regulated by cAMP-dependent protein
kinase (PKA) phosphorylation (32). In contrast, the chromaffin
GTP’yS-sensitive K� current was not activated during stimu-

lation of PKA (see Fig. 7) or PKC. Thus, GTP’YS does not
appear to regulate the chromaffin K� currents by stimulating

adenylate cyclase or phospholipase C. The involvement of other
second messengers in G protein action, including metabolites
of arachidonic acid and phosphatidylinositol, will require fur-

ther study.

Characterization of the G protein-sensitive K� chan-
nel. There are two possible schemes that can be proposed to
account for the effects of GTP7S and fluoride on the outward
K� currents described in this study. According to the first

scheme, GTP’yS and fluoride, by stimulating G proteins in the
chromaffin cells, modify the properties of a K� channel that is
present under control conditions and opens during membrane

depolarization. Alternatively, stimulation of G proteins might

activate a novel K� channel that is not normally active under
the conditions of these experiments. This channel would open

rapidly during depolarization and could be activated at rela-
tively negative membrane potentials (-40 to -30 mV) com-

pared with the basal K� channels. The possibility that G
proteins regulate a K� channel previously identified in the
chromaffin cells is discussed below.

By far the best characterized K� channel present in the
bovine chromaffin cells is the Ca2�-activated K� channel (BK
channel). This channel has a conductance that ranges, depend-
ing on the recording conditions, from 96 to 310 p5, is relatively

non-voltage dependent and requires internal Ca2� for activity

(10, 33, 34). The BK channel can be activated under whole-cell

conditions after the movement of Ca2� into the chromaffin cell

through the membrane Ca� channels (10, 11). This activation

is inhibited in the presence of external Cd2� (10, 11). The BK
channel is blocked by external TEA both in single channel
(IC�, 0.2 mM) (34) and whole-cell (1 mM causes 90% block)

(10) recordings. In addition, BK channels in various cell types

are potently inhibited by charybdotoxin when applied at na-
nomolar concentrations (IC50, 10 nM) (30). Based on these

observations, it is unlikely that the GTP’yS-sensitive K� cur-

rent represents the activity of BK channels in these cells. The

GTP’yS-sensitive current could be activated during dialysis
with a Ca2-free internal solution and was present when the
external solution contained CdCl2. Augmentation of the K�
currents by GTP’yS was greater at potentials close to the

Fig. 8. Effects of fluoride on K� currents and
nicotine-evoked exocytosis. Left: K� cur-
rents recorded at +60 mV either before or
after addition of 20 mM NaF. At this concen-
tration NaF caused both a voltage-depend-
ant increase in the K� current amplitude and
a speeding in the activation kinetics. Cell
CHR53. Right: Effect of fluoride on nicotine-
evoked catecholamine secretion. Open col-
umns represent addition of the indicated
concentrations of NaF to the secretion me-
dium in the absence of nicotine. Hatched
columns represent the addition of 5 �zM nic-
otine and NaF to the medium. The ability of
nicotine to enhance secretion was signifi-
cantly reduced by 10 and 20 m� concentra-
tions of fluoride (p < 0.05, n = 5). This effect
was observed in two other experiments. Ex-
periment Nic-NaF-#6.

threshold for current activation (-40-0 mV) than at more

positive potentials (+20-+60 mV). Although the GTP’yS-sen-

sitive current could be inhibited by TEA, higher concentrations

of this compound were required for this block (IC�, 2 mM)
when compared to the BK channel. Finally, the GTP’yS-sen-

sitive current was only slightly inhibited by 50 nM charybdo-

toxin (11% reduction).
In addition to the BK channel, two smaller conductance

Ca2�-independent K� channels have been identified in b,ovine
chromaffin cells (10). One of these channels (termed the 5K
channel) has a conductance of 8 p5, is not strongly voltage-

dependent, and activates slowly during depolarization. In con-
trast, the other channel (termed the FK channel) has a con-

ductance of 18 pS, possesses a steep voltage dependence that

saturates between +20 and +40 mV and displays fast activation

kinetics. Furthermore, the ensemble averaged current for the

FK channel activates with a time to half-maximum current of

2 to 3 msec at +20 mV, which is comparable to the time course

of activation of the GTP’yS-sensitive current (r1 = 2 msec at
+20 mV). Thus, the FK channel could represent a possible

candidate for the GTP’yS-sensitive current. Although the phar-
macology ofthe FK channel is not known, TEA (1 mM) reduces

both the Ca2�-sensitive and insensitive components of the
whole-cell K� currents in chromaffin cells (10).

Role of G proteins in chromaffin cell exocytosis. The
role of G proteins in hormone secretion from bovine adrenal

medullary chromaffin cells is unclear. In certain studies analogs

of GTP, including GTP’yS and GMPPNP, cause Ca2�-inde-
pendent secretion and enhance the Ca2� sensitivity of secretion

in chromaffin cells permeabilized by digitonin or bacterial

toxins (35, 36). Activation of G proteins by fluoride stimulates
secretion in ouabain-treated cells (37). In contrast, other stud-

ies demonstrate an inhibitory effect of GTP’YS on Ca2�-evoked
secretion from permeabilized chromaffin cells (38, 39). These

conflicting effects on secretion are not surprising considering
that all of the G proteins in the chromaffin cell are activated

by the treatments used.

Evidence for involvement of specific G proteins in secretion
comes primarily from studies with pertussis toxin. Pretreat-

ment of chromaffin cells with pertussis toxin leads to ADP

ribosylation of several 39- to 41-kDa proteins and to enhance-

ment of secretion evoked by various agents (21, 23, 40). The
effects of pertussis toxin on secretion in permeabilized cells

require cytoplasmic G protein a-subunits (40) and are mim-
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icked by antibodies to the a-subunit of Go (38). These findings
suggest that Goa mediates a tonic inhibition of the secretory
process. Such a role might be expected for the G protein-
regulated K� channel described here. This K� channel may
normally participate in the termination of secretion and atten-

uate secretion during prolonged stimulation in vitro. Inhibition
of the channel by ADP ribosylation of its associated G protein

would increase the secretory response. Conversely, activation

of this K� channel through its associated G protein should
inhibit evoked secretion, as observed in the fluoride-dependent

inhibition of nicotine-evoked secretion (see Fig. 8). Hence, the
G protein-regulated K� channel described here may play a

regulatory role in secretagogue-mediated exocytosis.
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