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Abstract
Acetaldehyde and acetic acid/acetate, the active metabolites of alcohol (ethanol, EtOH), generate actions of their own ranging
from behavioral, physiological, to pathological/cancerogenic effects. EtOH and acetaldehyde have been studied to some depth,
whereas the effects of acetic acid have been less well explored. In this study, we investigated the effect of acetic acid on big
conductance calcium-activated potassium (BK) channels present in GH3 rat pituitary tumor cells in more detail. In whole cell
voltage clamp recordings, extracellular application of acetic acid increased total outward currents in a dose-dependent manner.
This effect was prevented after the application of the specific BK channel blocker paxilline. Acetic acid action was pH-depen-
dent—in whole cell current and single BK channel recordings, open probability (Po) was significantly increased by extracellular
pH reduction and decreased by neutral or base pH. Acetic acid hyperpolarized the membrane potential, whereas acidic physi-
ological solution had a depolarizing effect. Moreover, acetic acid reduced calcium (Ca2+) oscillations and exocytosis of growth
hormone contained secretory granules from GH3 cells. These effects were partially prevented by BK inhibitors—
tetraethylammonium or paxillin. In conclusion, our experiments indicate that acetic acid activates BK channels in GH3 cells
which eventually contribute to acetic acid-induced membrane hyperpolarization, cessation of Ca2+ oscillations, and decrease of
growth hormone release.
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Introduction

Metabolization of alcohol (ethanol, EtOH) involves in a first
step enzymes such as alcohol dehydrogenase, cytochrome
P450 (CYP450 2E1), or catalase to produce acetaldehyde. In
a second step, acetaldehyde is quickly converted via aldehyde

dehydrogenase to more harmless acetic acid (AA) which in a
third step is finally oxidized to carbon dioxide and water [18].
EtOH and its metabolites all appear to have effects of
their own ranging from well-known delirious to addic-
tive actions, toxic, neurodegenerative, or cancerogenic
properties [11, 20, 23, 33, 40]. In the brain, acetate is
primarily produced by metabolizing sugar, acetylcholine,
and ethanol [51].

EtOH and acetaldehyde have been studied to some depth
on the behavioral, addictive, and cellular level, whereas the
effects of AA have been less well explored [9, 37]. Compared
with ethanol and acetaldehyde which in low doses facilitated
locomotor activity in rodents, acetate produced a decrease in
motor activity [11, 37]. Although precise mechanisms of the
depressant action of acetate in the brain are not known, aden-
osine was increased after acetate injection [23; 37]. However,
inhibition of spontaneous firing of rat cerebral cortical neurons
by ionophoretic injection of acetate was not prevented by an
adenosine antagonist [38].
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Large conductance calcium (Ca2+)-activated potassium
(K+) channels, referred as BK orMaxi K+ channels, are prom-
inent targets of EtOH [4, 13, 15, 20, 22, 24, 28, 47]. BK
channels are found in a great variety of excitable and non-
excitable cells in a huge variety of organisms. The channels
are located in cellular plasma membranes but also in mem-
branes of intracellular organelles such as mitochondria, nucle-
us, endoplasmic reticulum, or the Golgi apparatus. The chan-
nels exhibit a particularly high conductivity and under physi-
ological conditions are usually synergistically activated by
both—intracellular Ca2+ and by membrane voltage [10, 27,
29]. BK channels play an important role in regulation of elec-
trical excitability of cells such as generation of action poten-
tials, transmitter/hormone secretion, or negative feedback reg-
ulation of Ca2+ channels [3, 21, 29].

AA and acetate also appear to be modulators of BK chan-
nels [17]. In guinea pig detrusor smooth muscle cells and of
recombinant human CHO cells, AA acts as a powerful opener
of BK channels [18]. The study was carried out on whole cell
preparations which give way to the possibility that AA may
not directly act on BK channels but via some cellular signaling
mode. We became interested in studying AA since it is one of
the three metabolites of EtOH and we have investigated EtOH
as well as the combined action of EtOH and acetaldehyde on
BK channels previously [19, 24]. It therefore appeared conse-
quent to investigate the effects of AA on BK channels in more
detail. We studied AA effects on the single channel level,
membrane potential, Ca2+ oscillations, and secretory granule
exocytosis reflecting growth hormone release in rat pituitary
cells.

Materials and methods

Cell culture

GH3 pituitary tumor cells (German Collection of
Microorganisms and Cell Cultures) were cultured in MEM
(minimal essential medium, Sigma-Aldrich) supplemented
with 7% fetal calf serum and 3% horse serum at 37 °C, 95%
humidity, 5% CO2 and fed two times a week. For ex-
periments, cells were grown on poly-D-lysine-coated
(0.01% poly-D-lysine for 15 min) coverslips and used
for electrophysiological recordings 3 to 4 days after
seeding. Culture media were from Sigma (Vienna,
Austria) and sera from Invitrogen (Vienna, Austria); all
other chemicals were from Sigma.

Solutions

The standard experimental bath solution contained in mM:
145 NaCl, 5 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES, pH 7.2.
The pipette solution contained in mM: 145 KCl, 1 MgCl2,

and 10 HEPES, pH 7.2 and 5 EGTA, 3.63 CaCl2 (which
results in 0.5 μM free Ca2+ as calculated with the Webmaxc
extended calculator (https://somapp.ucdmc.ucdavis.edu/
pharmacology/bers/maxchelator/webmaxc/webmaxcE.htm)).
All experiments were carried out at room temperature between
20 and 22 °C. Osmolarities of solutions were controlled with a
Micro-Osmometer (Type OM 806, Löser, Germany) and ad-
justed to 310 mOsm. Within an experimental setting, the dif-
ference in osmolarities did not exceed 5 mOsm.

Acetic acid (AA) (CH3COOH) and sodium acetate
(CH3COONa) in solution give acetate (CH3COO

−) and H+

or Na+, respectively. AA was used in concentrations of
0.005% (0.835 mM), 0.01% (1.67 mM), and 0.02% (3.34
mM), which decreased the pH of solutions to 6.97, 6.78, and
5.7, respectively. Sodium acetate (0.02%) did not change the
pH of the extracellular solution. To reveal the impact of low
pH on BK channels, we used AA solution (0.02%) with the
pH corrected by NaOH to 7.2 (AA corrected) and bath solu-
tion with pH = 5.7 achieved by addition of HCl. We also used
0.02% AA with pH = 4.5 and pH = 8 to analyze its effects on
single BK channels activity. Tetraethylammonium (TEA, 1
mM) or paxilline (1 μM) were used as inhibitors of BK
channels.

Electrophysiology and data analysis

Electrophysiological experiments were performed as de-
scribed previously [19, 42, 43]. In brief, patch pipettes were
fabricated from borosilicate glass (Science Products GmbH,
Germany) with resistances of 3–5 MΩ in single channel ex-
periments. In whole cell experiments, the electrode resistances
were 2–4MΩwith an access resistance not exceeding 10MΩ.
An agar bridge was used as reference electrode to prevent any
offset from changing solutions. Recordings in the whole cell
mode or from excised outside-out patches were made with an
Axopatch-200B amplifier connected to a Digidata 1440A in-
terface, using pClamp 10.7 software. Sampling frequency for
single channel recordings was 10 kHz. Data were filtered with
a low-pass 4-pole Bessel filter set at 1 kHz, which results in a
10–90% rise time of 350 μs and analyzed with Clampfit soft-
ware (Axon Instruments/Molecular Devices, USA).
Channel open probability was expressed as Popen =
NPo/n where NPo = [(to)/(to + tc)], Po = open probabil-
ity for one channel, to = sum of open times, tc = sum of
closed times, N = actual number of channels in the
patch, and n = maximum number of individual channels
observed in the patch. All equations used were standard
equations from Clampfit.

Experimental solutions were applied via a gravity-driven,
electronically switched perfusion system (ALA Scientific
Instruments, USA). For rapid solution exchange (about 300
ms), membrane patches were held in a stream of the experi-
mental solution from a second pipette.
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Fluorescence experiments and analysis

FM1-43 is an amphiphilic dye that partitions from water into
membranes where it is trapped [5]. The dye is more strongly
fluorescent in membranes. Therefore, when added to the me-
dium, an increase of fluorescence indicates exocytosis of se-
cretory granules [7, 26, 32]. Cells were incubated with 4 μM
FM1-43 (Synaptogreen C4, Sigma-Aldrich, USA) for 5 min to
measure basal exocytosis and for 5 min during KCl (100 mM)
application to evoke massive exocytosis of secretory granules.
In high K+ containing solution, NaCl was iso-osmotically
substituted by KCl. AA containing solution with uncorrected
or corrected to pH 7.2 was applied for 3 min before cells were
stained with FM1-43.

For analysis of Ca2+ oscillations, the cell membrane per-
meable calcium indicator Fluo-4 AM (Sigma-Aldrich, USA)
was used. Cells were stained with 1 μmFluo-4 AM for 40min
at 37 °C. Cells were then placed for 10 min in bath solution to
ensure that de-esterification of AM esters was completed.
Ca2+ oscillations were recorded every 30 s for 3 min in control
and for 5 min during application of AA. At the end of each
experiment, 100 mMKCl containing solution was applied for
measurement of maximum fluorescence.

Fluorescence imaging of stained cells was carried out by
using an AxioScope A1 microscope (Carl Zeiss, Germany)
equipped with a water immersion objective PlanNeofluar
63×/0.9NA (Carl Zeiss, Germany), an excitation filter (BP
450–490 nm), a beam splitter (FT510), and an emission filter
(LP 555 nm). The fluorescence staining was recorded with a
high-speed camera AxioCam MRm (Carl Zeiss, Germany).
The image acquisition time was 500 ms per frame. The fluo-
rescence intensity was analyzed with ImageJ software (NIH,
USA). The peak fluorescence of FM 1-43 staining was
expressed as relative change in fluorescence (F-F0)/F0 for
each frame of each measurement, where F is the peak fluores-
cence of stained cell membrane before (basal) or after stimu-
lation of exocytosis by application of 100 mM K+ containing
solution and F0 is the background fluorescence.

The mean amplitude, frequency, and duration of Ca2+ os-
cillations were detected by the built-in function “findpeaks” in
the packageMATLAB (MathWorks, USA). The fluorescence
intensity of calcium signaling was expressed as relative
change in fluorescence (F-F0)/F0 for each frame of each mea-
surement, where F is the peak fluorescence of stained cells
and F0 is the background fluorescence close to a given cell.
Quantitative analysis of fluorescence images was performed
using OriginPro 8.5 software (OriginLab, USA).

Statistics

Normality of the sample data was evaluated with the Shapiro-
Wilk test and for equal variances using F-test Origin Pro soft-
ware (OriginLab Corp, USA). Statistical significance between

means was calculated using non-parametric Wilcoxon signed
rank test for independent samples, Wilcoxon signed rank test
for paired samples, and Kruskal-Wallis ANOVA test for
group samples in Origin Pro 2018 (OriginLab Corp, USA).
Experiments were repeated at least five times; the mean and
the SEM (standard error of the mean) were calculated.
Differences were considered as statistically significant at p <
0.05.

Results

Acetic acid increases outward K+ currents
by activation of BK channels

Whole cell ion currents were elicited in response to a series of
voltage pulses from − 80mV holding potential to + 140mV in
steps of 20 mV. Application of acetic acid (AA, 0.02%, un-
corrected with pH = 5.7) significantly increased the amplitude
of outward currents at voltages from + 20 mV up to + 140 mV
(n = 7; Fig. 1a, b). The effect of AA was dose-dependent
increasing currents for all concentrations used (0.005%,
0.01%, 0.02%, V = + 20/+ 40 mV; Fig. 1c). To examine the
specificity of AA on BK channels, we used paxilline, a spe-
cific inhibitor of BK channels at concentration of 1 μM.
Application of paxilline inhibited outward currents and sub-
sequent administration of AA did not show any further effect
(n = 6; Fig. 1b).

The effect of AA was pH-dependent. The pH was adjusted
by adding either NaOH or HCl to the bath solutions. In whole
cell recordings at + 40 mV steps, current amplitudes in AA
(0.02%, uncorrected, pH 5.7) increased by 273%, at
corrected pH 7.2 by 136% (n = 9), and with sodium
acetate (0.02%, pH 7.2), by 64%, compared with 100%
in control, stippled line in Fig. 2d (Fig. 2a–d). Sodium
acetate (0.02%) activated outward currents similar to
AA but to a lesser extend (n = 5; Fig. 2b, c). On the
other hand, an acidic bath solution of pH 5.7 (no AA
added) significantly decreased outward currents by 33%
compared with control (100%, n = 9; Fig. 2c, d).

Acetic acid increases single BK channel activity
in a pH-dependent manner

We further investigated the effects AA on the activity of single
BK channels in outside-out patches at a holding potential of +
30 mV. The open probability (Po) of BK channels did not
significantly change after application of lowAA concentration
(0.005%, Po 9% compared with control 100%, n = 4). At a
concentration of 0.01%AA, BK channel Po increased by 43%
(from 0.044 ± 0.015 to 0.061 ± 0.019, n = 6, p < 0.05) after
1 min of application. Po further increased during 2 min by
51% of control (0.064 ± 0.020, p < 0.05), and after 3 min,
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Po was 34% of control (0.058 ± 0.019). AA at a concentration
of 0.02% (pH 5.7, uncorrected) significantly increased Po af-
ter 1 min of application by 68% (Fig. 3a, b), after 2 min by
60% and after 3 min of application by 55% (n = 14, p < 0.05)
(Tables 1 and 2).

Similar effects were observed by application of AA with
pH corrected to 7.2 (36% increase, n = 5, p < 0.05) and 0.02%
sodium acetate (25% increase, n = 5, p < 0.05) which in-
creased Po only during the first minute of application and
these effects were significantly lower compared with
AA 0.02%, (pH 5.7, uncorrected) (Fig. 3c; Table 2).
In all experimental approaches, the amplitude and the
mean channel open time (dwell time) of currents did
not change (Table 1).

To investigate the pH effect on AA activated currents in
more detail, we compared the effects of AA in a variety of pH
solutions. Surprisingly, at pH = 4.5, a marked increase of BK

channel Po was observed which was significantly higher com-
pared with the effect of AA 0.02% at pH 5.7 (uncorrected; Fig.
3d). Po increased by 299 % (n = 8, p < 0.05) after 1 min, by
270% after 2 min, and by 228% after 3 min of application
(Table 2). At pH = 8, 0.02% AA, Po only slightly increased
during the first minute by 9% (n = 6, p > 0.05), with a
further decrease by 38% and 50% of control during 2
and 3 min (Fig. 3d; Table 1). Lowering the pH of AA
free solution to 5.7 decreased Po by 33% compared
with 100% control at pH 7.2 (n = 6, p < 0.05) (Fig.
3c; Table 1). Channel amplitudes and dwell times were
not significantly altered (Table 1).

Acetic acid hyperpolarizes GH3 cells

Application of AA (0.02%, uncorrected, pH = 5.7) induced
hyperpolarization of the membrane potential from − 42.83 ±

Fig. 1 Effects of acetic acid on outward K+ currents of pituitary GH3
cells. aOriginal traces of outward currents in control and after application
of acetic acid (AA) 0.02% uncorrected. b Current-voltage (I-V) relation-
ship of K+ outward current densities (picoAmpere (pA) vs. picoFarad
(pF)—pA/pF). The plot was taken from whole cell recordings of maxi-
mum total membrane currents in response to a series of depolarizing
voltage pulses from a holding potential of − 80 mV to + 140 mV in
20 mV steps in control (control, open circles), after application of AA

0.02% with uncorrected pH (AA uncorr, pH = 5.7, n = 7, filled circles),
after application of the specific BK channel blocker paxilline (pax, 1 μM,
open triangles) and after acetic acid application in the presence of
paxilline (pax + AA 0.02% uncorr., n = 6, filled triangles). cDose depen-
dence of the current amplitude at + 20 mV and + 40 mV in response to
various concentrations of acetic acid (0.005%, n = 10; 0.01%, n = 5;
0.02%, n = 10) compared with control (100%, stippled line). *p < 0.05
compared with control
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1.19 to − 71.34 ± 1.84 mV (n = 16, p < 0.05) with cessation of
spontaneous action potentials (Fig. 4a, top, b). AA (0.02%)
with corrected pH to 7.2 or sodium acetate had basically sim-
ilar, but smaller effects. AA with pH corrected to 7.2 induced
hyperpolarization from − 41.38 ± 0.87 mV to − 50.76 ±
1.46 mV (n = 13, p < 0.05) and sodium acetate (0.02%) from
− 41.2 ± 0.57 mV to − 51.87 ± 2.5 mV (n = 4, p < 0.05) (Fig.
4b). Low pH solution (pH 5.7, no AA added) depolarized the
membrane potential from − 42.25 ± 2.42 mV to − 23.47 ±
2.01 mV (n = 4, p < 0.05) (Fig. 4b). The effects of all sub-
stances were completely washable. Inhibition of BK channels
by TEA (1 mM) or paxilline (1 μM) induced slight depolari-
zation of membrane: − 44.26 ± 1.13 mV to − 42.76 ± 1.41 in
case of TEA (n = 25, p < 0.05) and from − 43.39 ± 1.06 mV to
− 40.68 ± 1.05 mV in case of paxilline (n = 20, p < 0.05).
Subsequent application of AA uncorrected induced an initial
hyperpolarization during the first 30 s of the application to −
63.45 ± 2.84 mV in the presence of TEA (n = 15) (Fig. 4a,
bottom) and to − 59.97 ± 4.36 mV in case of the BK channel
inhibitor paxilline (n = 6). After 1 min, the membrane poten-
tial recovered to − 54.55 ± 3.59 mV in case of TEA (Fig. 4a,

bottom) and to − 49.58 ± 3.15 mV (n = 6) in case of paxilline
which was significantly lower than the effect of AA (0.02%,
uncorrected) alone (p < 0.05). In case of AA with corrected
pH = 7.2, the changes of membrane potential after inhibition
of BK channels were not significant (− 2.37 ± 1.72mV in case
of TEA, n = 6 and − 2.51 ± 1.23mV in case of paxilline, n = 7,
p > 0.05) (Fig. 4b).

Acetic acid decreases exocytosis of secretory granules
and Ca2+-oscillations

For analysis of the effect of AA on exocytosis of secretory
granules, the fluorescent dye FM 1-43 was used, which labels
membranes undergoing exocytosis [16, 32]. In pituitary
somatotrophs, diffuse plasma membrane fluorescence in the
presence of FM dye is proportional to the amount of
vesicular membrane added during exocytosis [7, 26].
AA was added 3 min before dye application to allow
for a maximum AA effect. In control conditions, the
basal membrane fluorescence was 0.38 ± 0.01 ΔF/F0

(n = 12, 63 cells) reflecting spontaneous exocytosis

Fig. 2 Effects of acetic acid, sodium acetate, and low pH bath solution on
outward K+ currents. a I-V plot of K+ currents in response to a series of
depolarizing voltage pulses from a holding potential of − 80 mV to +
140 mV in 20 mV steps before (control, open circles) and after applica-
tion of acetic acid 0.02%with corrected pH = 7.2 (AA corr, n = 10). b I-V
plot of K+ currents before (control, open circles) and after application of
sodium acetate (SA 0.02%, n = 11). c I-V plot of K+ currents in bath

solution (control, open circles, pH = 7.2) and in low pH solution (pH =
5.7, n = 9). d Average current amplitudes (%) at voltage step + 40 mV in
response to application of 0.02% acetic acid uncorrected (AA uncorr),
0.02% acetic acid with corrected pH = 7.2 (AA corr), sodium acetate
0.02% (SA), and low pH 5.7 bath solution; control (100%) is indicated
as horizontal stippled line. *p < 0.05 compared with control, #p < 0.05
compared with AA uncorrected
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(Fig. 4c). Incubation of cells in a solution containing
0.02%, AA with uncorrected pH reduced the intensity
of basal fluorescence to 0.27 ± 0.01 ΔF/F0 (n = 10, 78
cells; p < 0.05) In the presence of 0.02% AA with
corrected pH to 7.2, the fluorescence was reduced to
0.32 ± 0.01 ΔF/F0 (n = 9, 63 cells; p < 0.05) (Fig.
4c). Depolarization of cells by extracellular high KCl
containing solution (100 mM) to induce Ca2+ influx into
cells increased membrane fluorescence up to 0.59 ±
0.03 ΔF/F0 in control (n = 11, 73 cells) (Fig. 4b).
KCl-evoked fluorescence was significantly lower in cells
incubated in 0.02% AA uncorrected (0.47 ± 0.03ΔF/F0, n =
8, 35 cells, p < 0.05, p < 0.05) and in cells treated with AA

corrected pH to 7.2 (00.51 ± 0.03ΔF/F0, n = 9, 40 cells, p <
0.05; Fig. 4c). Preliminary incubation of cells in TEA (1 mM)
prevented the decrease of membrane fluorescence, induced by
AA with uncorrected and corrected pH (Fig. 4d).

For recording of [Ca2+]i oscillations, GH3 cells were loaded
with Fluo-4 AM. Application of 0.02% AA (uncorrected) in-
duced a rapid decrease of the oscillations (Fig. 5a, b). The am-
plitude of oscillations was almost 25% less than under control
conditions at 1 min (from 2.06 ± 0.19 to 0.58 ± 0.15 relative
units (r.u.), n = 34, p < 0.05) and further decreased to 15% of
control by 3–5 min (Fig. 5a, b). The frequency of oscillations
significantly decreased from 4.21 ± 0.50 to 1.30 ± 0.27 pulses
per 30 s within the first minute (p < 0.05) and after 2 min in 75%

Table 1 Effects of acetic acid (0.02%), sodium acetate (0.02%), and acidic bath solution on BK channel open probability (Po), amplitude, and mean
channel open time (Dwell time) at control and 1 min after application

Po control Po, 1 min Amplitude,
pA, control

Amplitude,
pA, 1 min

Dwell time,
ms, control

Dwell time,
ms, 1 min

Acetic acid uncorrected pH = 5.7 n = 14 0.042 ± 0.007 0.072 ± 0.012* 10.96 ± 0.12 11.48 ± 0.25 1.65 ± 0.21 1.68 ± 0.23

Acetic acid corrected pH = 7.2 n = 6 0.093 ± 0.027 0.126 ± 0.034* 11.28 ± 0.56 11.71 ± 0.74 2.09 ± 0.34 1.93 ± 0.41

Sodium acetate n = 6 0.125 ± 0.025 0.156 ± 0.039* 11.63 ± 0.22 12.20 ± 0.40 3.33 ± 0.62 3.79 ± 1.00

pH 5.7 n = 6 0.088 ± 0.023 0.058 + 0.018* 12.53 ± 0.30 11.23 ± 0.41 3.27 ± 0.23 2.54 ± 0.25

Acetic acid pH = 8 n = 6 0.069 ± 0.013 0.076 ± 0.015 12.12 ± 0.58 12.18 ± 0.49 1.93 ± 0.21 1.65 ± 0.21

Acetic acid pH = 4.5 n = 8 0.034 ± 0.006 0.117 ± 0.034* 11.76 ± 0.26 12.09 ± 0.38 1.6 ± 0.13 1.58 ± 0.15

*p < 0.05 compared with control

Fig. 3 Effects of acetic acid on
BK single channel open
probability (Po). a Original traces
of channel activity during control
and after application of acetic acid
0.02% uncorrected pH (AA
uncorr). Recordings were taken at
+ 30 mV and 0.5 μM free Ca2+ in
the pipette solution. b Po of BK
channels during 3-min application
of acetic acid 0.02% (AA uncorr,
horizontal bar). c Percentage (%)
of BK single channel open prob-
ability (Po) during application of
0.02% acetic acid uncorrected
(AA uncorr., white column, n =
6); AA 0.02% with corrected pH
= 7.2 (AA corr., dashed column, n
= 5,); sodium acetate (SA) 0.02%
(gray column, n = 5), and bath
solution with low pH 5.7 (gray
dashed column, n = 6) compared
with control (stipples line 100%).
d Effect of 0.02% acetic acid at
different pH bath solutions: pH
5.7 (uncorrected), pH = 8.0, and
pH = 4.5 (stipples line 100%), *p
< 0.05 compared with control
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of cells Ca2+ oscillations had completely vanished. AA with pH
corrected to 7.2 showed similar effects, but they were less pro-
nounced (Fig. 5a, b). In this case, Ca2+ oscillations did not come
to a halt after 5 min of AA application, whereas the amplitude of
oscillations decreased from 1.85 ± 0.14 r.u. under control

conditions to 1.67 ± 0.14 r.u. by 1 min and to 1.23 ± 0.12 r.u.
by 3 min in the presence of AA (n = 64, p < 0.05) (Fig. 5a, b).
The frequency of oscillations decreased from 7.32 ± 0.41 to 4.23
± 0.34 pulses per 30 s after 1min (n = 64, p < 0.05) and to 4.41 ±
0.38 pulses per 30 s after 3 min (p < 0.05).

Fig. 4 Effects of acetic acid (0.02%) on membrane potential and
exocytosis of secretory granules. a Original trace of membrane potential
recordings after application of AA with uncorrected (AA uncorr) in
control (a, top) and after preliminary incubation with the BK channels
inhibitor tetraethylammonium (TEA,1 mM) (a, bottom). b Membrane
potential changes (ΔV) after application of AA uncorr (AA uncorr, n =
16) in control and in the presence of TEA (1 mM, n = 15); AA corrected
pH = 7.2 (AA corr, n = 13) in control and AA corr + TEA (n = 6); sodium
acetate (SA, n = 4) and low pH 5.7 bath solution (n = 4). *p < 0.05
compared with control; # p < 0.05 compared with AA uncorr and & p <

0.05 compared to AA corr. c Membrane fluorescence (ΔF/F0) due to
basal and KCl (100 mM) evoked exocytosis in control, and after
preliminary incubation of cells with AA uncorr and AA corr. Inserts
show fluorescence images of GH3 cells incubated in FM 1-43 (4 μM)
for 5 min before (basal) and after stimulation with high KCl containing
bath solution in control (1) and after incubation in AA uncorr (2), and AA
corr (3). Scale bar 5 μm. cMembrane fluorescence due to basal and KCl
evoked exocytosis after incubation in AA uncorr, TEA + AA uncorr, AA
corr, and TEA + AA corr relatively to control conditions expressed as
100%. *p < 0.05 compared with control values

Table 2 Effects of acetic acid (0.02%), sodium acetate (0.02%), and acidic bath solution on BK channel open probability (Po) in time

Po control, control 1 min 2 min 3 min Wash

Acetic acid uncorr (pH = 5.7) n = 14 0.042 ± 0.007 0.72 ± 0.012* 0.068 ± 0.011* 0.072 ± 0.017* 0.042 ± 0.01

Acetic acid corrected pH = 7.2 n = 6 0.093 ± 0.027 0.126 ± 0.034* 0.078 ± 0.022 0.072 ± 0.02 0.061 ± 0.014

Sodium acetate n = 6 0.125 ± 0.030 0.156 ± 0.03* 0.122 ± 0.053 0.124 ± 0.051 0.066 ± 0.013

pH 5.7 n = 6 0.088 ± 0.023 0.058 + 0.018* 0.059 ± 0.015 0.067 ± 0.026 0.066 ± 0.01

Acetic acid pH = 8 n = 6 0.069 ± 0.013 0.076 ± 0.015 0.041 ± 0.009 0.034 ± 0.007 0.029 ± 0.005

Acetic acid pH = 4.5 n = 8 0.034 ± 0.006 0.117 ± 0034* 0.104 ± 0.028* 0.095 ± 0.019* 0.036 ± 0.008

*p < 0.05 compared with control
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To reveal the role of BK channels in the inhibitory effects of
AA, cells were first incubated in TEA (1 mM). Application of
AA uncorrected in the presence of TEA decreased the amplitude
of Ca2+ oscillations by 53% by 1min (from 2.09 ± 0.17 to 0.87 ±
0.10 r.u., n = 72, p < 0.05); however, Ca2+ oscillations did not
stop as compared with the effects of AA in control conditions
(Fig. 5a, c). The frequency of Ca2+ oscillations (TEA + AA
uncorr) decreased after the first minute from 4.64 ± 0.27 to
2.67 ± 0.28 pulses per 30 s (n = 72, p < 0.05) and recovered
by 3 min to control values (4.02 ± 0.28, p > 0.05). AA with pH
corrected to 7.2 did not significantly change the amplitude of
Ca2+ oscillations (n = 86, p > 0.05 (Fig. 5a, d). The frequency
of oscillation decreased in this condition after the first minute
from 4.41 ± 0.23 to 3.25 ± 0.25 pulses per 30 s (n = 86, p < 0.05)
and recovered to 4.02 ± 0.28 pulses per 30 s (p > 0.05) after 3
min. These data indicate that inhibition of BK channels partially
prevented the inhibitory effects of AA on Ca2+ oscillations.

Discussion

The metabolic products of EtOH receive increasing attention
in the context of EtOH action. In addition to EtOH, acetalde-
hyde and AA/acetate appear to contribute effects of their own
to the pharmacological impact of alcohol. In addition to post-
translational modifications at target sites, EtOH action may be
different in various cell types or organs caused by their meta-
bolic capacity. In this report, we focused on the effects of
acetic acid (AA) on BK channels present in GH3 cells.

The primary source of exogenous acetate in our body is
bacterial metabolism of indigestible carbohydrates resulting
in production of short-chain fatty acids acetate, propionate,
and butyrate in a 3:1:1 stoichiometry [31]. Independent of
the bacterial metabolism of dietary fiber alcohol consumption
is another considerable source of AA. After metabolism of
ethanol, about 70% of the formed acetate is released into the

Fig. 5 Effects of acetic acid (0.02%) on calcium oscillations. a (top)
Representative traces of Ca2+ oscillations during a 5-min application of
AA uncorrected (AA uncorr) in control and after incubation with the BK
channel inhibitor TEA (1 mM). a (bottom) Representative traces of Ca2+

oscillations during a 5-min application of AA corrected (AA corr) in
control and after incubation in TEA (1 mM). High KCl (100 mM) con-
taining solution was added at the end of traces causing strong depolari-
zation and Ca2+ influx. b Average amplitudes of Ca2+ oscillations during
a 5-min application of AA uncorrected pH = 5.7 (open circles) and pH

corrected to 7.2 (black circles). *p < 0.05 compared with control values. c
Amplitude of Ca2+ oscillations during 5-min application of AA uncorr in
control (open circles) and after incubation of TEA (black circles) com-
pared with control values (100%). *p < 0.05 compared with control, #p <
0.05 compared with AA uncorr. d Amplitude of Ca2+ oscillations during
5-min application of AA corr in control (open circles) and after the incu-
bation in TEA (black circles) compared with control values (100%). *p <
0.05 compared with control, #p < 0.05 compared with AA corr
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bloodstream and transported through the body where it rather
easily accesses all organs. Acetate after passing the blood-
brain barrier via carrier-mediated processes may affect glial
cells/neurons in the brain [14]. Another source of acetate in the
brain is the metabolism of ethanol via the catalase system.
Finally, acetate is metabolized to CO2 and H2O or if it is not
metabolized may be used in the formation of acetyl-coA, ke-
tone bodies, fatty acids, and steroids [12, 37]. In the brain,
acetate is metabolized in glia cells—not in neurons [46].
While plasma concentrations of acetate in humans under nor-
mal conditions range between 50 and 200 μM [39, 41, 45],
alcohol consumption can increase plasma acetate to 0.5 mM
which is more evident during chronic alcohol consumption
[34]. After EtOH application in rodents, blood acetate concen-
trations were reported to rise up to 1.5 mM [9]. Endogenously,
acetate can be also generated during deacetylation of proteins
such as histones [48] and can be further used in the production
of acetyl-CoA. Recent studies suggest a pathway of de novo
acetate production from pyruvate, when the metabolic supply
exceeds requirement resulted in the accumulation and excre-
tion of intermediate products [6, 30].

AA is a weak acid and in water dissociates to acetate anions
and protons, which induces acidification of the solution. In our
experiments, both AA and sodium acetate increased BK chan-
nel activity; however, AA appeared more efficient. The only
difference between AA and sodium acetate is the pH change
caused by addition of AA to the perfusate. We, therefore,
suspected that H+ influenced the efficacy of AA at the chan-
nels. Indeed, AA solution with pH corrected to 7.2 was less
effective—similar to sodium acetate which is not acidic. The
potentiating effect appears not to be caused by the pH-
sensitive site at the channels since H+ inhibits BK channels
by interfering with its external voltage sensor [50]. Indeed,
acidification of extracellular solution (without AA added)
had the expected inhibitory effect at BK channels.

AA at lower pH (pKa = 4.7) contains a larger non-ionized
fraction compared with basic pH where acetate ions predomi-
nate in solution. Therefore, we consider that the molecular form
of AA is responsible for its effects on BK channels. Indeed, AA
uncorrected at pH 5.7 increased K+ channel activity about 1.5
times. Acidification of AA solution to pH 4.5 further increased
Po 3-fold compared with control. At neutral pH, the stimulating
effect of AA was only about 30% and alkalization of AA con-
taining solution to pH 8 did not change BK channel activity.
This suggests that the acidic environment plays a role in the
efficacy of the acetate effect on BK channels. Our findings may
explain results obtained by of Ghatta et al. (2007) where AA
(0.01–0.05%) increased whole-cell BK currents in recombinant
CHO cells and sodium acetate failed to do so which may be
explained by pH dependence of AA effects on BK channel
activity. Similar to our results in their work, acidification of
the external solution did not activate BK currents [17]—in fact
acidification decreased BK activity.

Acetate has both potentiating and antagonizing effects on
cellular activity. General anesthesia was found to be potentiat-
ed whereas locomotor activity was reduced by acetate which
was three times more effective compared with EtOH [9, 11,
37]. In a mouse model of pyruvate dehydrogenase (PDH) de-
ficiency, i.p. acetate injections were shown to decrease epilep-
tiform activity due to recovery of inhibitory neurone firing
[25]. In hippocampal dentate granule neurons, acetate hyper-
polarizes the membrane and decreases spike frequency adap-
tation [12]. One of the cellular mechanisms of inhibitory ef-
fects of acetate could be activation of BK channels which
results in a reduction of excitability. In fact, in our experiments,
AA induced a fast and substantial hyperpolarization and ces-
sation of spontaneous action potentials in GH3 cells, which
was followed by decrease of the amplitude and frequency of
spontaneous Ca2+ oscillations. Inhibition of BK channels
completely prevented the inhibitory effects of AA corrected;
however, AA uncorrected still produced some hyperpolariza-
tion although less pronounced compared with control.
Therefore, the participation of other channels contributing to
the resting membrane potential in GH3 cells appears feasible
[44]. It is also possible that AA impairs Ca2+ oscillations by
inhibition of Ca2+ release from intracellular stores [49].

GH3 cells produce prolactin and growth hormones packed
into secretory vesicles which traffic towards and finally fuse
with the plasma membrane to release hormones by the exocy-
tosis process [8]. In previous studies, it was shown that acetate
inhibits growth hormone hypersecretion in humans; however,
cellular mechanisms of acetate effects were not investigated
[36]. In our studies, we used the membrane-bound fluorescent
dye FM1-43 to analyze spontaneous and KCl-evoked exocy-
tosis of secretory granules [26]. The reduction of the fluores-
cence signal during basal and KCl stimulated conditions by
AA suggests that less vesicles fuse to the plasma membrane
and the discharge of their content, such as growth hormone
into the extracellular space, is reduced. Hence, we interpret the
reduction in fluorescence as reduction of secretory granule
exocytosis. A decrease of Ca2+ oscillation due to membrane
hyperpolarization will also decrease basal exocytosis.
Massive exocytosis triggered by KCl-evoked depolarization
depends on activation of voltage-gated Ca2+ channels and
AA-mediated BK channel activation decreases the duration
of Ca2+ influx. Indeed, inhibition of BK channels prevented
the inhibitory effects of AA on basal and KCl stimulated exo-
cytosis of secretory granules.

Impaired growth hormone release and decreased level of
the insulin-like growth factors (IGF) during pregnancy due to
alcohol intoxication results in growth retardation and delayed
development of the offspring [2]. Our results indicate that AA
may impact ethanol effects on growth hormone release which
plays a role not only on growth and development but is also
involved in regulation of cognitive function and neuroprotec-
tion in brain pathologies [1, 35].
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Conclusion

Alcohol/ethanol and its major metabolic products, acetalde-
hyde, and acetic acid/acetate have effects of their own on
Ca2+-activated K+ (BK) channels. The changes in cellular ex-
citability and intracellular signaling caused by acetic acid/
acetate may contribute to the action of ethanol. In tissues, such
as the nervous system or the gut where pH changes occur
physiologically in the microvicinity of cells or during ische-
mic events, AA/acetate could potentiate the activity of BK
channels. Since BK channels are known to constitute a prom-
inent target of alcohol which is creating a multitude of behav-
ioral and medical symptoms, alcohol metabolites have to be
also taken into account for further assessment of the diversi-
fied and complicated mechanism of alcohol action.
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