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Abstract. The effect of ethanol on maxi Ca2+-activated
K+ channels (BK channels) in GH3 pituitary tumor cells
was investigated using single-channel recordings and fo-
cusing on intracellular signal transduction. In outside-
out patches, ethanol caused a transient concentration-
dependent increase of BK-channel activity. 30 mM

(1.4‰) ethanol significantly increased mean channel
open time and channel open probability by 26.3 ± 9%
and 78.8 ± 10%, respectively; single-channel current am-
plitude was not affected by ethanol. The augmenting ef-
fect of ethanol was blocked in the presence of protein
kinase C (PKC) inhibitors staurosporine, bisindolylma-
leimide, and PKC (19–31) pseudosubstrate inhibitor as
well as by AMP-PNP (58-adenylylimidodiphosphate), a
nonhydrolyzable ATP-analogue, but not by the phospho-
lipase C blocker U-73122. Phosphatase inhibitors mi-
crocystin-LR and okadaic acid promoted the ethanol ef-
fect. The blocking effect was released at higher concen-
trations of ethanol (100 mM) suggesting a second site of
action or a competition between blockers and ethanol.
Our results suggest that the effect of ethanol on BK-
channels is mediated by PKC stimulation and phosphor-
ylation of the channels which increases channel activity
and hence may influence action potentials duration and
hormone secretion.
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Introduction

Maxi Ca2+-activated K+ channels (BK channels) are
found in a large variety of animal cells including neu-

rons, glandular or epithelial tissue, smooth muscle cells,
and excitable endocrine cells. They play an important
role in the regulation of neuronal excitability, cell vol-
ume regulation, excitation-contraction coupling, and hor-
monal secretion (Hermann & Hartung, 1983; Petersen &
Maruyama, 1984; Marty, 1989). BK channels are acti-
vated by voltage together with a rise of the intracellular
calcium concentration (McManus, 1991) and, in addi-
tion, are regulated via phosphorylation and dephosphory-
lation processes (Gray et al., 1990; Reinhart et al., 1991;
Reinhart & Levitan, 1995).

Excitable endocrine cells, such as pituitary tumor
(GH3) cells, which are known to produce growth hor-
mone (GH) and prolactin (Stojilkovic & Catt, 1992;
Tashjian, Bancroft & Levine, 1970) exhibit spontaneous
repetitive Ca2+-dependent action potentials. The dura-
tion and generation of these action potentials is con-
trolled by BK-channel activity thus regulating hormone
secretion (Simasko, 1994). Prepubertal exposure of fe-
male rats to ethanol has been shown to reduce plasma
growth hormone (GH) levels (Dees et al., 1990), and
Valimaki et al. (1990) reported a suppression of pulsatile
growth hormone release in men after ethanol ingestion.
Furthermore, GH-levels in adult male rats were found to
be reduced at low ethanol plasma concentrations (30
mM) whereas at higher concentrations of ethanol pulsa-
tile GH-secretion was completely suppressed (Fern-
storm, Parkinson & Ebaugh, 1995). It is still poorly un-
derstood if these changes are due to hypothalamic per-
turbations or take place at the pituitary level by changing
the secretory behavior of somatotrophs.

Several investigators found that ethanol in physi-
ologically relevant concentrations influences Ca2+-
activated K+ activity in different preparations (Carlen,
Gurevich & Durand, 1982; Madsen & Edeson, 1990;
Dopico, Lemos & Treistman, 1996). In rat hippocampus
CA1 neurons it was shown that ethanol augmented the
long-lasting Ca2+-mediated after-hyperpolarization
(AHP) indicating an increase of a Ca2+-activated K+ con-Correspondence to:A. Hermann
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ductance (Carlen et al., 1982). Ethanol applied to mol-
lusc neurons resulted in a depression of both action po-
tential duration and frequency by fastening the repolar-
ization and enhancing the AHP due to activation of
Ca2+-activated K+ current (Madsen & Edeson, 1990).
Recently, Dopico et al. (1996) described a sustained,
reversible activation of BK-channels by ethanol in ex-
cised patches from neurohypophyseal terminals that
could explain reduced vasopressin and oxytocin release
from the neurohypophysis. The authors suggested chan-
nel activation either to be caused by direct interaction of
ethanol with the channel protein, or with so far unknown
membrane-bound mediators. The mechanisms by which
ethanol modulates BK-channel activity have not been
determined, however.

We recently reported that ethanol transiently el-
evates intracellular Ca2+ concentration in rat hippocam-
pal neurons along with activation of protein kinase C
(PKC), which both may be involved in cytoskeletal re-
arrangements (Mironov & Hermann, 1996). In this
preparation ethanol also appears to affect synaptic trans-
mission involving the activation of a G-protein/PKC
mechanism (Lahnsteiner & Hermann, 1995). The aim of
the present study was to further elucidate the effects of
ethanol and Ca2+ on the level of single ion channel ac-
tivity. We used BK channels from a clonal pituitary cell
line to investigate their interaction with ethanol and its
effect on phosphorylation processes, which may be of
importance in the regulation of hormone secretion in GH
producing cells. A preliminary report in abstract form
has been published elsewhere (Jakab, Weiger & Her-
mann, 1996).

Materials and Methods

CELL CULTURE

GH3 cells were cultured as described previously (Weiger & Hermann,
1994). In brief, GH3 cells from passage 44 to 58 were grown in Mini-
mal Essential Medium (MEM-Earle; Seromed) supplemented with 7%
fetal calf serum, 3% horse serum in an atmosphere with 90% humidity
and 5% CO2 at 37°C. For experiments cells were grown on poly-D-
lysin coated coverslips and used for recordings 2–3 days after splitting.

SOLUTIONS

The bath solution contained (in mM): 145 NaCl, 5 KCl, 1 MgCl2, 1
CaCl2, 10 HEPES, 10 glucose, pH 7.3., and the pipette solution in mM:
140 KCl, 2 MgCl2, 20 HEPES, 20 glucose, 1 EGTA, 0.88 CaCl2, with
the pH adjusted to 7.2. The free Ca2+ concentration was 1 × 10−6 M

as calculated with Eqcal software (Biosoft, UK) and measured with
a Ca2+-sensitive electrode. Stock solutions of bisindolylmaleimide
(Boehringer-Mannheim), staurosporine (Sigma) and U-73122 (Re-
search Biochemicals International) were prepared in DMSO (dimeth-
ylsulfoxide) and diluted with bath solution to give a final concentration
of 1 mM. Microcystin-LR (Biomol), dissolved in DMSO and okadaic
acid (Research Biochemicals International), dissolved in water, were

added to the pipette solution to give a concentration of 0.25mM and 0.6
mM, respectively. Maximum final DMSO concentrations wereø0.5%.
Protein kinase C (19–31) pseudosubstrate was from Biomol and AMP-
PNP (58-adenylylimidodiphosphate) from Sigma. Ethanol solutions
were prepared by adding the appropriate amount of ethanol to the
bathing solution. For rapid solution exchange (effective exchange rates
were less than 1 sec as determined with tetraethylammonium as chan-
nel blocker), membrane patches were held in a stream of test solution
from a second pipette. To avoid unspecific changes of channel activity
according to solution flow, patches were continuously perfused.

Because of the volatile character of ethanol, its actual concentra-
tion in the recording chamber was controlled using an ethanol deter-
mination kit from Boehringer-Mannheim ([176290). In solutions
containing 30 and 100 mM ethanol, concentrations were found not to be
reduced even after remaining in the perfusion system for 4 hr (33.2 ±
1.3 mM and 103.4 ± 2.3 mM after 4 hr;n 4 3).

Osmolarity of experimental solutions was controlled with a
Roebling Automatic Osmometer (Roebling Meßtechnik, Berlin, FRG).
The osmolarity in normal solution was 318, after addition of 30 mM

ethanol or sucrose, 345 and 337 mosmol/l, respectively. The difference
between ethanol and sucrose containing solution was 2 mosmol/l; in the
case of 100 mM ethanol or sucrose solutions the difference was 18
mosmol/l.

ELECTROPHYSIOLOGY

Single-channel recordings were performed at room temperature (20–
22°C). Outside-out and inside-out patches were formed (Hamill et al.,
1981) and held at a holding potential of +30 mV. Patch pipettes were
manufactured from borosilicate glass capillaries (Clark Electromedical
Instruments, UK) and had tip resistances of 5–10MV. Signals were
amplified (List EPC-7), low-pass filtered at 3 kHz and stored on digital
tape (DTR-1200/Biologic). Data were sampled in portions of 12 sec
1–2 min after formation of excised patches after stable conditions were
reached for control recordings. 5–10 sec after switching to ethanol-
containing solution further recordings were made. In experiments
where the time course of the ethanol effect was studied, continuous
channel activity over 1 min or more was recorded. Each patch served
as its own control. Records were further filtered at 1 kHz and analyzed
with pClamp software (Axon Instruments, Foster City, CA). For de-
tection of open channels the 50%-threshold method was used. Amp-
litude histograms were fitted to a Gaussian distribution. Average chan-
nel open probabilityPo in multi-channel patches is given by the sum
from i 4 1 − N of (ti z i/ttot z N), ti 4 the total time during the recording
wheni channels are open,ttot 4 total recording time, andN 4 number
of individual channels detected in the patch.

STATISTICS

Each experiment was repeated at least three times and significance
levels of means were determined using Student’st-test or Mann-
Whitney’s test where appropriate with the level of significance set atP
< 0.01 orP < 0.05. Each patch served as its own control. Measure-
ments are expressed as mean ±SEM; controls were set to 100% (4nor-
malized).

Results

After forming outside-out or inside-out patches, BK
channels, as described and characterized previously in
GH3 cells (Weiger & Hermann, 1994) were observed.
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Application of 30 mM (1.4‰) ethanol to excised outside-
out patches resulted in an increase of BK-channel activ-
ity (Fig. 1, 2). The mean channel open time and the
single-channel open probability were significantly in-
creased by 26.3 ± 9% and by 78.8 ± 10% (n = 13),
respectively. The single-channel current amplitude was
not affected by these ethanol concentrations (Fig. 1, 2).
The augmenting effect of ethanol occurred with a delay
of 7.5 ± 0.7 sec (n 4 6) during continuous perfusion
with experimental ethanol solution. After about 30 sec,
both the mean channel open time and the open probabil-
ity returned to control values (Table). Addition of 1 mM

ATP to the pipette solution or application of higher etha-
nol concentrations (300 mM) did not significantly change
the transient character of the ethanol effect. The onset of
the effect, however, occurred significantly earlier in the
case of 300 mM (4.0 ± 0.7 sec;n 4 6). In contrast,

addition of 5 mM AMP-PNP, a nonhydrolyzable ATP
analogue, to the pipette solution prevented the action of
30 mM ethanol (Table).

The activation of BK channels by ethanol was found
to be concentration dependent from 1 to 300 mM, a range
reported by Diamond (1992) to be physiologically rel-
evant in chronic alcohol abusers, with a half maximal
response (EC50 value) at 65 mM (at V 4 +30 mV) (Fig.
3). A Hill slope of 1.6 implies that the ethanol effect is
not based on a 1:1 receptor interaction, but rather sug-
gests a mixed effect of ethanol with more than one site of
action.

Activation of BK-channels by ethanol (30 mM) was
also observed in two inside-out patches with a similar
range and time course of activation as found in outside-
out patches (data not shown). Recordings from inside-
out patches are difficult to obtain from GH3 cells (Arm-
strong & Eckert, 1987) and were therefore not further
used.

To test whether the ethanol effect may be caused by
osmotic effects, we performed a series of experiments
replacing ethanol with ‘‘equimolar’’ concentrations of
sucrose. Addition of 30 mM ethanol or sucrose to the
bathing solution increased the osmolarity by 27 and 29
mosmol/l, respectively, whereas addition of 100 mM

ethanol or sucrose raised the osmolarity by 119 and 101
mosmol/l, respectively. In the case of 30 mM sucrose
(Fig. 4A) an increase of mean channel open time (15 ±
3.3%) and open probability (53 ± 15%) (n 4 6) was
observed. However, the increase of the open probability
by application of 100 mM sucrose was significantly

Fig. 1. Action of ethanol on Ca2+-activated K+ (BK)-channel activity.
(A) BK-channel activity before (control) and after ethanol (30 mM)
application. Outside-out patch; holding potential +30 mV. Note, the
increase of channel activity and mean open time of channels. Arrows
indicate the closed state of the channel, dots indicate the first open
level. (B) Plot of channel open probability vs. time. Application of
ethanol (30 mM) is followed by a transient increase of channel activity.
The time of ethanol application is indicated by the horizontal bar. Each
vertical bar represents the average of a 1-sec interval. Outside-out patch;
holding potential +30 mV.

Fig. 2. Ethanol effects on single-channel parameters. Effect of 30 mM

ethanol on single current amplitude (A), mean channel open time (m.o.
time) and channel open probability (Po). Holding potential +30 mV;
normalized data (n 4 13); *)P < 0.05, **)P < 0.01.
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lower compared to the increase evoked by 100 mM etha-
nol (Fig. 4B). To further test if the effect of ethanol is
independent from that of sucrose or not, both substances
were applied simultaneously in a concentration of 30 mM

each. Under these conditions an increase of mean chan-
nel open time (58 ± 14%) and open probability (130 ±
18%) was found (n 4 9) (Fig. 4A), which closely equals
the sum of both effects as expected for two substances
acting via different mechanisms.

BK channels are known to be regulated by protein
kinases which are closely associated with the channel
protein as well as by phosphatases (Chung et al., 1991;
Reinhart & Levitan, 1995). To investigate if ethanol af-
fects the kinetics of channels by changing their phos-
phorylation state, we tested the ethanol effect in the pres-
ence of protein kinase- and phosphatase inhibitors. After
application of 1mM staurosporine, which is known to

block protein kinase C (PKC) (Tamaoki & Nakano,
1990), channel open probability as well as mean channel
open time were reduced by 46 ± 7% and 30 ± 6%,
respectively (n 4 12), indicating PKC to be involved in
channel modulation. For the following experiments the
reduced channel activity during application of the PKC
blocker was taken as 100%. In staurosporine containing
solution the augmenting effect of 30 mM ethanol or mean
channel open time and channel open probability was pre-
vented (Fig. 5). In contrast, addition of 30 mM sucrose in
the presence of 1mM staurosporine still significantly in-
creased channel open probability (Fig. 5). Reduction of
channel activity was also obtained using bisindolylma-
leimide, another PKC blocker (Bit et al., 1993) (Fig. 5).
The increase of channel mean open time in the presence
of 1 mM bisindolylmaleimide and 30 mM ethanol was
11.4 ± 10% (n 4 5) and in the case of open probability
24.0 ± 20% (n 4 5) (compared to 26% and 79%, re-
spectively, in the absence of blocker,see above), and was
not significant. Again, 30 mM sucrose significantly in-
creased the open probability by 147.4 ± 26.6% (n 4 5)
(data not shown). To further study the augmenting ac-
tion of ethanol on PKC we added 500 nM PKC (19–31)
pseudosubstrate, known as a selective inhibitor of PKC
(House & Kemp, 1987) to the pipette solution. Under
these conditions mean channel open time as well as open
probability were not significantly affected by 30 mM

ethanol (Fig. 5); channel mean open time was decreased
by 0.5 ± 0.6%, and channel open probability was in-
creased by 9 ± 18%,n 4 5. Another three patches ex-
hibited no channel activity at all, either under control
conditions or after application of 30 mM ethanol (data
not shown). Taken together these experiments support
the notion that the ethanol effect on BK channels is not

Table. Time course of channel mean open time (A) and channel open probability (B) in the presence of
external 30 mM ethanol, in the absence and presence of 1 mM ATP, 5 mM AMP-PNP in the pipette solution,
and in external 300 mM ethanol.

(A) Mean channel open time (% increase)

Ethanol [mM] 15 sec 30 sec 60 sec

30 0 ATP 26.3± 9.0* (13) −1.7± 11.0 (4) 7.2± 17.6 (4)
30 1 mM ATP 43.4± 12.8* (4) 12.8± 13.8 (4) 5.7± 10.5 (4)
30 5 mM AMP-PNP −4.0± 7.8 (3)

300 0 ATP 34.2± 3.8** (6) 9.8 ± 7.9 (6) 27.2± 13.6 (6)

(B) Channel open probablity (% increase)

30 0 ATP 78.8± 10.0** (13) −20.5± 9.9 (4) −0.4± 11.1 (4)
30 1 mM ATP 69.2± 19.3* (4) 5.6± 21.8 (4) 34.5± 24.3 (4)
30 5 mM AMP-PNP 20.2± 20.2 (3)

300 0 ATP 317.8± 79.3** (6) 105.4± 49.9 (6) 76.2± 40.6 (6)

Numbers in parenthesis indicate sample size. Channel mean open time and channel open probability values
are based on recordings over 12 sec starting at 15, 30 and 60 sec after onset of ethanol application. Holding
potential+30 mV; *) P < 0.05, **) P < 0.01.

Fig. 3. Dose-response plot of the ethanol effect on channel open prob-
ability. EC50 4 65 mM, Hill slope 4 1.6, holding potential +30 mV.
Each data point represents the mean ±SEM of at least 3 experiments.
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simply an osmotic effect but is mediated via PKC stimu-
lation. The stimulatory effect of an increased ethanol
concentration to 100 mM, however, was not blocked by
staurosporine or bisindolylmalemide (Fig. 6), which may
be due to a competition of these blockers and ethanol or
may indicate an additional site of ethanol action.

We further tested whether ethanol acts directly on
PKC or indirectly via activation of phospholipase C
(PLC) (Huang, 1989). After application of the PLC
blocker, U-73122 (Smallridge et al., 1992), in a concen-
tration of 1mM, channel open probability as well as mean
channel open time were found to be reduced by 84 ± 9%
and 73 ± 6% (n 4 4), which was taken as 100% for the
following experiments. Under these conditions applica-
tion of 30 mM ethanol significantly increased mean chan-
nel open time and open probability by 106 ± 33% and
248 ± 86% (n 4 4), respectively, indicating that PLC is
not involved in the mechanism of ethanol action.

To investigate if endogenous protein phosphatases
closely associated with the channel protein (Reinhart &
Levitan, 1995) are involved in channel modulation by
ethanol, the protein phosphatase blockers microcystin-
LR (Honkanen et al., 1990) and okadaic acid (Bialojan &
Takai, 1988) were added to the pipette solution. As
shown in Fig. 7, in the presence of microcystin-LR
(0.25 mM) or okadaic acid (0.6mM) channel open prob-
ability was significantly increased by ethanol (30 mM).
The rise in channel open probability was even signifi-
cantly higher in the presence of okadaic acid compared
to the effect of ethanol in the absence of the blocker.

These results suggest that (i) the blockers of phosphata-
ses are still active in the presence of ethanol, and (ii) a
block of phosphatases facilitates the stimulatory effect of
ethanol.

Discussion

Ethanol applied to outside-out or inside-out patches
causes a transient and concentration-dependent increase
of mean open time and open probability of BK channels
without affecting single-channel current ampli-
tudes. The ethanol effect was blocked by protein kinase
C antagonists and facilitated by phosphatase inhibitors.
These observations are in accordance with earlier work
describing an augmenting effect of ethanol on the Ca2+-
activated K+ current in hippocampal CA1 neurons
(Carlen et al., 1982) and snail neurons (Madsen & Ede-
son, 1990) as well as single BK channels in rat neuro-
hypophyseal terminals (Dopico et al., 1996). Dopico et
al. (1996) report the effect of ethanol to be independent
from the presence of ATP, similar to our findings. In
contrast to our results, however, they describe the etha-
nol effect to be sustained over a period of minutes. This
might be due to a different type of BK channel in this
preparation or a different regulation of the channels in
neurohypohyseal terminals.

The results of our experiments where sucrose and
ethanol were applied simultaneously provide strong evi-
dence that the ethanol effect is not due to osmotic

Fig. 4. Effects of ethanol vs. sucrose. (A) Stimulatory effect of 30 mM sucrose (n 4 6) or 30 mM ethanol (n 4 13), and 30 mM sucrose
simultaneously (n 4 9), and (B) effect of 100 mM sucrose (n 4 7) or ethanol (n 4 8) on mean channel open time (m. o. time) and channel open
probability (Po). The increase of open probability by 100 mM sucrose was significantly lower compared to the increase evoked by 100 mM ethanol
(P 4 0.01). Holding potential +30 mV; *)P < 0.05, **) P < 0.01.
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changes since both effects were additive as expected
for an independent action. Furthermore, 100 mM eth-
anol caused a 2-fold higher increase of channel open
probability compared to an equi-osmotic solution of su-
crose. In the presence of PKC inhibitors, which com-
pletely prevented the action of 30 mM ethanol, the in-
crease of channel activity by sucrose was unaffected con-
firming a specific nonosmotic effect of ethanol. This
might be due to the fact that ethanol, in contrast to su-
crose, is able to rapidly cross the cell membrane equili-
brating on both sides and thus prevents the build-up of
osmotic pressure.

Channel activation was found to be independent of
which side of the membrane ethanol was applied, as has
been also observed by Dopico et al. (1966) for BK chan-
nels in excised patches. Furthermore, the time course of
the ethanol effect in inside-out patches was similar to the
one observed in outside-out patches which is consistent
with the movement of ethanol through the lipid bilayer.
These findings suggest that diffusion of ethanol across
the membrane is not the rate-limiting step accounting for
the delayed onset of the ethanol effect. The delay might
rather be due to the interaction of ethanol with intracel-
lular membrane bound targets, such as G-proteins (Rubin
& Hoek, 1988; Hoffman & Tabakoff, 1990; Lahnsteiner

Fig. 5. Protein kinase blockers prevent the action of ethanol. In pres-
ence of the protein kinase C (PKC) blocker staurosporine (1mM; n 4

6), bisindolylmaleimide (1mM, n 4 5), and protein kinase C pseudo-
substrate (19–31) (500 nM, n 4 5) ethanol (30 mM) on mean open time
of channels (m. o. time) and open probability (Po) was ineffective. The
effect of sucrose (30 mM) on the open probability, however, was not
prevented by the PKC blockers (n 4 4). Holding potential +30 mV; *)
P < 0.01.

Fig. 6. Increased ethanol concentration release the effect of PKC
blockers. The stimulatory effect of 100 mM ethanol is not blocked by
1 mM staurosporine (n 4 4) or 1mM bisindolylmaleimide (n 4 4) and
causes an increase of channel activity. Mean channel open time4 m.o.
time, channel open probability4 Po. Holding potential +30 mV; *)P
< 0.05, **) P < 0.01.

Fig. 7. Phosphatase blockers increase BK-channel activity. Effect of
30 mM ethanol on mean open time (m.o. time) and open probability
(Po) in the absence (n 4 13) and presence of the phosphatase inhibitors
microcystin-LR (0.25mM; n 4 7) or okadaic acid (0.6mM; n 4 7).
Note: in the presence of okadaic acid the rise in open probability by
ethanol was significantly higher than in the absence of the blocker (P
4 0.03); Holding potential +30 mV; *)P < 0.05, **) P < 0.01.
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& Hermann, 1995) or protein kinases (DePetrillo &
Liou, 1993; Mironov & Hermann, 1996; Kerschbaum &
Hermann, 1997), leading to an indirect modulation of BK-
channel activity by channel phosphorylation.

BK channels from a variety of preparations are well
known to be modulated by phosphorylation- and dephos-
phorylation processes including cAMP-dependent pro-
tein kinase A (PKA) (Gray et al., 1990; Carl et al., 1991;
Reinhart et al., 1991), cGMP dependent protein kinase
(PKG) (Alioua, Huggins & Rousseau, 1995; White,
Darkow & Falvo Lang, 1995), JAK2 tyrosine kinase
(Prevarskaya et al., 1995) or protein phosphatase 2A
(PP-2A) (Reinhart et al., 1991). BK channels in GH4/C1
cells (Shipston & Armstrong, 1996) as well as in ovine
gonadotropins (Sikdar et al., 1989) were shown to be
downregulated by PKC or PKA activity. White et al.
(1991) reported in GH4/C1 cells okadaic acid to inhibit
BK-channel currents in intact cells. In contrast, our data
from GH3 patches indicate that a block of PKC activity
reduces BK-channel activity and a block of phospha-
tases increases the ethanol effect. It should be noted, how-
ever, that GH4/C1 and GH3 cells, although both are mem-
bers of the GH-cell family, are well known to exhibit
marked differences in their electrical properties (Dubinsky
& Oxford, 1984) which may help to explain the different
modes of BK-channel regulation by phosphorylation.

BK channels from rat brain constitute a regulatory
complex consisting of the channel protein and closely
associated PKC-like and protein phosphatase 1 (PP-1)-
like enzymatic activities that modulate channel activity
(Reinhart & Levitan, 1995). According to this work,
PKC-dependent phosphorylation of BK channels leads to
channel activation, whereas dephosphorylation by PP-1
phosphatase decreases channel activity which is similar
to our results. There are, however, controversial reports
considering direct effects of ethanol on PKC. For ex-
ample, ethanol was shown to have no direct effect on the
phosphorylation of specific substrate proteins (GABAA

receptors) by purified PKC (Machu, Olsen & Browning,
1991). In a lipid-free assay measuring the incorporation
of 32P into histone III-S Slater et al. (1993) found an
inhibition of purified PKC by high ethanol concentra-
tions. On the other hand, ethanol activation of PKC re-
sulted in a phosphorylation dependent decrease of 5-HT-
and ACh-evoked Ca2+-activated Cl−-channel activity ex-
pressed inXenopusoocytes (Sanna, Dildy-Mayfield &
Harris, 1994). Our experiments, in which the effect of
low concentrations of ethanol (30 mM) on channel activ-
ity was prevented by the PKC blockers staurosporine,
bisindolylmaleimide and PKC (19–31) pseudosubstrate
inhibitor, indicate that PKC is activated by ethanol re-
sulting in an increase of channel activity. These experi-
ments also argue against a simple shift of the voltage-
dependence by ethanol which is expected to be indepen-
dent of PKC activity. A possible involvement of PLC in
ethanol action is excluded, however, since the block of

PLC was unable to prevent the ethanol effect. Neither
the range of channel activation nor the time course of the
ethanol effect was changed by adding 1 mM ATP to the
pipette solution, suggesting remnants of ATP near the
inner membrane surface after excision of the patch are
sufficient for channel phosphorylation. This is further
confirmed by the experiment where nonhydrolyzable
AMP-PNP was added to the pipette solution, replacing
ATP and thus preventing any phosphorylation dependent
process possibly induced by ethanol.

The PKC blockers staurosporine and bisindolyl-
malemide were ineffective when higher concentrations
of ethanol (100 mM) were applied. This might be due to
a washout of blockers which are soluble in ethanol, or
that ethanol, besides acting on PKC, has additional so far
unknown target sites as suggested by a Hill slope of 1.6.
Ethanol at this concentration could also cause a pertur-
bation of the lipid environment of the channels or di-
rectly interact with hydrophobic sites in the channel pro-
tein, modulating its gating behavior as previously pro-
posed by Dopico et al. (1996). A direct interaction with
the pore-forming region can be excluded from our data,
since ethanol did not change the single-channel current
amplitude. The finding that the increased channel open
probability by ethanol is further augmented by phospha-
tase inhibitors (microcystin-LR or okadaic acid) indi-
cates that the effect of ethanol is mediated by phosphor-
ylation of the channel protein, which is facilitated when
phosphatases are blocked.

Growth hormone and prolactin producing GH3 cells
as well as several other pituitary cell types (including
somatotrophs, lactotrophs and gonadotrophs), show
spontaneous repetitive firing of Ca2+-dependent action
potentials, which trigger hormone exocytosis (Stojilk-
ovic & Catt, 1992). Ca2+-activated K+ channels contrib-
ute to spike repolarization and after-hyperpolarization
and play an important role in the regulation of hormone
secretion by influencing the duration and frequency of
action potentials (Petersen & Maruyama, 1984; Hermann
& Hartung, 1986; Marty, 1989). By these means activa-
tion of BK channels in GH3 cells by ethanol could be
related to a reduced GH-release (Dees et al., 1990; Vali-
maki et al., 1990; Fernstorm et al., 1995). In this context
it appears interesting that in GH3/B6 cells thyrotropin-
releasing hormone (TRH) induces a biphasic elevation of
the intracellular Ca2+ concentration lasting about 2 min
and a reduction of the inward rectifier K+ current (Bauer
et al., 1994). Ca2+ elevation results in a hyperpolariza-
tion and the reduction of K+ current in an increase of
action potential frequency. Activation of BK channels
by ethanol may influence either of the two phases by
increasing the hyperpolarization and/or reducing the dis-
charge activity of action potentials. Thus, even a short-
term effect of ethanol on BK channels as observed in our
experiments may result in perturbation of pulsatile (Van
Cauter & Plat, 1996) GH-secretion.
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In conclusion, our results provide evidence that
ethanol increases BK-channel activity in GH3 cells via a
phosphorylation dependent process and may contribute
to a reduction of growth hormone secretion. At the hy-
pophyseal level this could lead to pathological states
such as depressed plasma growth hormone concentra-
tions after ethanol ingestion.
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ported by the Austrian National Bank, grant 5389, and the Medical
Research Coordination Center, University Salzburg.
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