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Abstract Androgens produce nongenomic effects in several
cells by different mechanisms, including ion channel modu-
lation. Adenohypophyseal cells express several K+ channels,
including voltage and Ca2+-dependent K+ (BK) channels,
which might be the target of androgens to modulate cellular
action potentials and hormonal secretion. Androgen effects
were studied in GH3 cells (from anterior pituitary rat tumor)
by means of the patch-clamp technique. Cells were continu-
ously perfused with saline solution, in the absence or presence
of the androgens studied, while applying 40 mV pulses of
400 ms from a holding potential of −60 mV in whole-cell
configuration with nystatin-perforated patches. Androgens
reversibly blocked noninactivating K+ currents in a
concentration-dependent manner without a latency period
and with an order of efficacy of: 5β-dihydrotestosterone
(DHT)>testosterone>5α-DHT. RT-PCR showed two isoforms
of the α-pore forming subunits of BK channels. These chan-
nels are responsible for one third of the noninactivating cur-
rent, according to the blockade of paxilline, a selective BK
antagonist. Androgens seem to directly interact with BK
channels since they were blocked in excised inside-out
patches and independent of the whole-cell configuration and
the NO-cGMP-dependent pathway. Testosterone, but not 5α-
or 5β-DHT, increased BK currents in HEK-293 cells

overexpressing the short isoform, suggesting a cellular selec-
tivity based on the α-subunits. The effect on noninactivating
currents may be responsible for the decrease of spontaneous
action potential frequency. Long-term cellular incubation with
testosterone did not modify noninactivating currents density
in GH3 cells. It is remarkable that 5β-DHT, a reductase
metabolite with weak androgenic activity, was the most effi-
cient blocker.
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Introduction

Sex hormones modulate the function of hypothalamic-
pituitary-adrenal and gonadal axes, acting on different cells
of the hypothalamus and adenohypophysis regulating hor-
monal secretion.

In males, overall, androgens produce negative feedback on
the pituitary gland. This effect varies depending on the partic-
ular type of cell (Tobin and Canny 1998; Viau and Meaney
2004) and the species studied (Gunzel-Apel et al. 2009;
Martin et al. 2006). Regarding the cellular secretion, the
metabolism of testosterone to estradiol (Finkelstein et al.
1991a; Finkelstein et al. 1991b; Pitteloud et al. 2007;
Rochira et al. 2006), by aromatization (Roselli et al. 1997),
or to 5α-dihydrotestosterone (DHT) (Martin et al. 2006), a
reduced nonaromatizable derivate (Denef 1983; Lephart
1993), may also be important.

The reported effects of testosterone on pituitary cells are
mainly produced by genomic mechanisms, though other
mechanisms may be involved. Adenohypophysis cells ex-
press several ion channels, including voltage-dependent K+

channels. Of this large family, large-conductance voltage- and
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Ca2+-activated K+ (BK) channels are critical for cellular repo-
larization, spontaneous excitability at resting conditions, and
for the modulation of the Ca2+ influx necessary for cellular
secretion (Stojilkovic et al. 2010). This contribution was
shown in female mice deficient for the BK channel pore-
forming α-subunit whose corticotrope secretion was inhibited
during stimulation, but not under basal conditions (Brunton
et al. 2007).

Ion channels are one of the proposed molecular targets for
the nongenomic effect of androgens in several cell types and
tissues (Michels and Hoppe 2008). They have been widely
studied due to existing sex differences in the physiology and
pathology of the cardiovascular system, such as in the heart
(Furukawa and Kurokawa 2007) and in several vascular
smooth muscles androgens regulate voltage-dependent K+

channels (Kelly and Jones 2013; Perusquia and Stallone
2010).

The reported acute regulation of androgens on voltage-
dependent K+ channels led us to hypothesize that androgens
may also affect adenohypophysis cell function via the modu-
lation of activity of these channels, especially the BK which
plays a critical role in modulating Ca2+ channel permeability
and cellular secretion. Rat pituitary prolactinoma GH3 and
HEK-293 cells (for transient transfection of BK channels)
were used to perform electrophysiological studies by means
of different configurations of the patch-clamp technique.

Material and methods

Experimental procedure for electrophysiological studies

The study was performed using GH3 cells provided by Dr. F.
Barros (Departamento de Bioquímica y Biología Molecular,
Universidad de Oviedo, Spain), and HEK-293 cells from Dr.
C. Rodriguez and Dr. V. Martin (Departamento deMorfología
y Biología Celular, Universidad de Oviedo, Spain). GH3 cells
were grown at 37 °C and 5 % CO2 in Dulbecco’s modified
Eagle’s medium/Ham’s F12 nutrient (Sigma-Aldrich ) mixture
(1:1, v/v) supplemented with 15% horse serum and 2.5% fetal
bovine serum (PAA, Austria) (Barros et al. 1991). HEK-293
cells were grown in Dulbecco’s modified Eagle’s medium-
high glucose (Biowest), supplemented with 10 % fetal bovine
serum. One hundred units of penicillin per milliliter and
0.1 mg of streptomycin per milliliter (Biowest SAS, Nuaillé,
France) were added to both media.

Recordings in GH3 cells were performed 1–4 days after the
passage of the cells and in HEK-293 cells 24–48 h after
transient transfection, which was carried out 24 h after pas-
sage, with plasmid encoding the BK pore forming α-subunit.
Microelectrodes created from borosilicate glass (Drummond
Scientific, PA) and coated with bees wax were used. Electrode
resistances were 1.5 to 2.5 MΩ when filled with the pipette

solutions and immersed in the bath. The reference electrode
was a silver-silver chloride wire within an agar bridge (4 %
agar in 200 mM KCl). No corrections for junction potentials
were used. Membrane currents were recorded using whole-
cell (conventional and perforated by nystatin 0.25 mg/ml) and
inside-out patches of the patch-clamp technique (Hamill et al.
1981), with an Axopatch 1D amplifier controlled by PULSE
software (HEKA Elektronik, Lambrecht, Germany) and an
ITC-16 computer interface (Instrutech, Port Washington, NY,
USA). Currents were digitized at 10 kHz and filtered at 3 kHz
and the action potential at 2 kHz. Capacitative and leak
currents were subtracted by means of the P/4 protocol.

Current–voltage relation was performed by applying
400 ms voltage steps of 10 mV every 3 s from a holding
membrane potential of −60 mV. To determine the effect of the
androgens (testosterone, 5α-, and 5β-dihydrotestosterone),
tetraethylammonium (TEA), and paxilline, 400 ms voltage
steps of 40 mV were applied every 15 s, from a holding
potential of −60 mV, and also to −30 mV for the androgens.
Once the steady state of blockade was reached for each
concentration, in some experiments, a current–voltage curve
was performed to study the voltage dependence on the effect
of these agents; otherwise, the drug was washed out from the
perfusion solution.

For whole-cell configuration extracellular Na+ solution
contained (millimolar (mM)): NaCl 160, KCl 3, CaCl2 2,
MgCl2 1, HEPES 10, and glucose 10, pH adjusted to 7.2 with
NaOH. Pipette solution (intracellular solution) for convention-
al whole-cell consisted of (mM): KCl 150, MgCl2 2, HEPES
10, and CaCl2 0.01, pH 7.2, and for nystatin, perforated
patches consisted of (mM): KCl 65, K2SO4 35, NaCl 10,
MgCl21, and HEPES 10, pH 7.2, with KOH.

Perfusion solutions were continuously applied to the ex-
perimental chamber (0.2–0.3 ml) by gravity at approximately
1 ml/min. Testosterone, 5α-, and 5β-DHT in whole-cell con-
figurations (conventional or by nystatin-perforated patch-
clamp) were added directly to perfusion solutions while volt-
age pulses of 400 ms at 40mVwere applied every 15 s, from a
holding potential of −60 mV. The effect of paxilline (10 to
300 nM) was studied by continuous perfusion of the cells by
whole-cell mode nystatin-perforated patch-clamp. In addition,
the effect of androgens was studied after the steady-state with
paxilline (300 nM) was reached. The effect of NO modifier
agents, Nω-Nitro-L-arginine methyl ester hydrochloride (L-
NAME; 10 μM) and sodium nitroprusside (10 and 100 μM),
andmethylene blue (10 μM), or the cGMP analog 8-Br cGMP
(10 μM), on voltage-dependent K+ currents was studied by
adding these drugs 20–30 min before the perfusion of the
androgens.

For inside-out excided patches, the solution in the bath
contained (mM): KCl 150, CaCl2 4.198, EGTA 5, and
HEPES 10, and in the electrode (mM): KCl 150, CaCl2
0.01, MgCl2 2, and HEPES 10, pH adjusted to 7.2 with
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KOH, in both cases. The cells were continuously perfused
while a depolarization voltage of 40 mV was applied. The
drugs assayed were perfused after a stable control of at least
12 min, and then observed in the presence of the drug for
12 min, before washout of the drugs, when possible. The right
configuration was confirmed by the rapid suppression of BK
channel activity chelating the internal Ca2+ with EGTA.

Current-clamp recordings were performed to study the
effect of androgens on spontaneous action potentials of GH3

cells, perforating the seal with nystatin, in the same extracel-
lular solution, previously described, and using the same am-
plifier and devices. All experiments were performed at room
temperature (22–25 °C).

HEK-293 cells were transiently transfected with plasmids
containing green fluorescent protein (GFP) and the BK α
subunit. Transfected cells were identified by the green color
of GFP when exposed to blue light using fluorescence based
optics (Nikon). Transfection was performed using the jetPEI
reagent (Polyplus transfection, Illkirch France). Plasmids were
donated by Dr. Martin Kholer (Merck RL, NJ, USA).

A group of GH3 cells were incubated with testosterone (30
or 100 μM) for 24 or 48 h to estimate the density of outward
current, applying pulses of 60 mV from a holding potential of
−60 mV. The controls were GH3 cells of the same passage
incubated with the same concentration of dimethyl sulfoxide
(DMSO) used as solvent for the androgens. The currents were
recorded alternating cells incubated with testosterone and
control.

RT-PCR analysis of RNA extracted from GH3 cells

For these experiments, total RNAwas isolated from GH3 cell
cultures and rat tissues as previously described (Chomczynski
and Sacchi 1987) and then reverse transcribed using random
hexamers as primers and SuperScriptTM reverse transcriptase
(Invitrogen, Carlsbad, CA) following the instructions of the
manufacturer. For each sample a negative control was pre-
pared without transcriptase.

Target cDNAs were amplified by PCR using Taq DNA
polymerase (Biotools) and pairs of specific primers for each
gene product, 5′-GCCTGTCATGATGACGTC-3′and 5′-
GCTGTCATCAAACTGCATAG-3′ for α subunit, 5′-CCAG
GAATCCACCTGTCACT-3′ and 5′-CAGAGAGGGACC
TGTTGAGC-3′ for β1 subunit, and 5′-CAATACAGGACT
CTTTCGAG-3′and 5′-TTATGGTCGGAACTAACGACG-3′
for 18S rRNA, used as an internal control for relative RT-PCR.

Reactions were performed in a thermocycler (MyCycler,
BioRad) with an initial 4 min denaturation step at 95 °C
followed by 35 cycles (of 95 °C for 15 s, 55 °C for 30 s and
72 °C for 30 s) in the case of the α and β1 subunits coding
genes and twenty cycles for 18S rRNA. Amplified products
were resolved by electrophoresis in a 1.2 % agarose gel in
TBE buffer (Tris 89 mM, ethylenediaminetetraacetic acid

2 mM, boric acid 89 mM, pH 8.3). DNA bands were visual-
ized under UV after ethidium bromide staining and
photographed using a Wilber Lourmat Photodocumentation
system. The size of the specific bands matched with the
predicted length of the amplicons.

Drugs

The following drugs were used: testosterone (17β-hydroxy-4-
androsten-3-one), 5α-dihydrotestosterone (17β-hydroxy-5α-
androstan-3-one), 5β-dihydrotestosterone (17β-hydroxy-5β-
androstan-3-one), L-NAME, 8-bromoguanosine 3′,5′-cyclic
monophosphate sodium salt (8-Br-cGMP), TEA, paxilline,
nystatin (mycostatin), and ethylene glycol-bis(2-
aminoethylether)-N,N,N′,N′-tetraacetic acid from Sigma-
Aldrich, sodium nitroprusside and methylene blue from
Merck (Darmstadt, Germany).

Testosterone, 5α-, 5β-DHT, and paxilline were dissolved
in DMSO. The solvent was ineffective at concentrations
≤0.1 %, the maximum concentration used. The rest of the
drugs were dissolved in purified water.

Analysis of data

Current amplitudes of voltage-dependent K+ channels were
measured averaging 30 ms at the end of the 400 ms pulses
with PULSEFIT software (HEKA Elektronik, Lambrecht,
Germany). Single-channel analysis was carried out using
Clampfit 10.0.4.36 (Molecular Devices Corporation, CA,
USA) and the action potentials using AxoGraph X Version
1.4.4 software (John Clements, CA, USA). The graphs and
examples were plotted using IGOR software Version 6.0
(Wavemetrics, Lake Oswego, OR, USA). The effect of the
androgens was referred to as the fraction blocked: (Icontrol −
Idrug)/Icontrol. In a group of experiments, BK current was
abolished by the incubation with a selective blocker, paxilline
300 nM, and the fraction blocked by the androgens was
calculated taking into account paxilline-insensitive current as
the control current.

Inhibitory concentration (IC)50 was described by the Hill
equation of the form: Fraction Blocked = Maximal Block/[1+
(IC50/[Drug])

n], where IC50 is the concentration that produces
50 % of the maximal block and n is the apparent Hill
coefficient.

The probability of a channel being open (Popen) was given
by: Popen=to/N×T, where to is the total time that the channel
was observed in the open state, T is the total observation time,
and N is the number of channels in the patch. The outward
current density was expressed in pA/pF.

The results were expressed as the value of the mean±
standard error of the mean (SEM) of at least five experiments
in equal numbers of cells. Pearson correlation coefficient was
used to indicate the relationship between the fraction blocked
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by paxilline and by the androgens on outward currents.
Statistical significance was determined using the Student’s t
test, with a cutoff value of p≤0.05.

A one-way between-groups analysis of variance (ANOVA)
with post hoc tests, Tukey’s honest significance test (HSD),
was conducted to explore the impact of different androgens on
the fraction outward currents blocked in the presence of
paxilline and on the opening of BK channels in inside-out
excided membrane patches in GH3 cells.

Results

Effect of androgens on whole-cell outward currents in GH3

cells

In whole-cells, using perforated patches with nystatin, with a
holding potential of −60 mV and applying pulses at 40 mV,
testosterone (3 to 200 μM), 5α- (3 to 200 μM), and 5β-DHT
(1 to 100 μM) reversibly blocked outward currents in a
concentration-dependent manner (Fig. 1a–c). This effect had

no observable latency period. The IC50’s were in μM: 24.22±
1.77, 6.71±0.68 and 11.13±2.44, respectively, for testoster-
one, 5α- and 5β-DHT, with a time constant of blockade at the
concentration of 30 μM of 24.46±3.17, 34.65±3.25 and
28.19±3.04 s, and at 100 μM of 23.69±1.79, 31.59±3.87
and 20.04±1.54 s, respectively.

The incubation with androgens for 4 min, without the
application of depolarization pulses, produced a similar
blocked fraction to that produced when continuous pulses of
40 mVevery 15 s were applied while perfusing the androgens.

The block of outward K+ currents by androgens occurred at
all voltages (Fig. 2a–c). The fraction blocked was similar at a
holding potential of −30mV, at which some inactivating current
are suppressed, when applying pulses at 40 mV, and when the
outward current was studied in conventional whole-cell config-
uration, where intracellular cytoplasm is diluted (Fig. 3).

Effect of TEA (30 and 100 mM) and paxilline (10 nM
to 3 μM) on outward currents in GH3 cells

The contribution of K+ channels to the outward current was
studied by extracellular administration of TEA, a nonselective

a

b c

Fig. 1 Representative membrane currents (a) and (b) time-course block-
ade and recovery, after washout, of voltage-dependent K+ current in
whole-cell (nystatin perforated patches) in response to 400 ms voltage
steps to 40 mVevery 15 s from −60 mV holding potential, in the absence
(control) and in the presence of testosterone, 5α- or 5β-

dihydrotestosterone (DHT; 100 μM) when the current amplitude
remained unchanged after applying several pulses. (c) Fraction blocked
of the current, the lines plot to the data with a Hill equation with an n
value close to one. Each point represents the mean±SEM for at least
seven different cells
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K+ channel blocker, or paxilline, a selective BK channel
blocker (Sanchez and McManus 1996).

TEA (30 and 100 mM) blocked, in a concentration-
dependent manner, GH3-elicited outward current. The
blocked fraction was 0.43±0.03 (N=6) and 0.83±0.11, re-
spectively (N=9; results not shown).

The fraction blocked by paxilline (10 nM to 3 μM) varied
from cell to cell. The mean fraction blocked was similar for 10
to 300 nM, and superior for 1 and 3 μMwith lower variability
(Fig. 4a).

Effect of paxilline (300 nM) preincubation
on androgens-elicited outward current blockade in GH3 cells

Paxilline, 300 nM, was used to establish the fraction of inhi-
bition of voltage-dependent K+ currents by androgens

independent of BK channels. For this, the effect of the
androgens was studied after a steady-state of the blockade
by previous incubation with paxilline was reached. In this
case, paxilline (300 nM)-insensitive current was used as
reference to calculate the fraction blocked by the andro-
gens. The androgens blocked voltage dependent K+ current
in the presence of paxilline (300 μM). One-way ANOVA
showed a statistically significant difference in the fraction
blocked between drugs (F (2, 24)=3.89, p=0.034). The
effect size, calculated using eta squared, was 0.24 and was
considered as a large effect according to Cohen’s classifi-
cation (Cohen 1988). Post hoc comparisons using the
Tukey HSD test indicated that the mean effect for 5β-
DHT was significantly different from testosterone
(p=0.028); 5α-DHT did not differ significantly from either
testosterone or 5β-DHT (Fig. 4b).

a

b

c

Fig. 2 Mean I–V relationship of
(a) testosterone, (b) 5α-, and (c)
5β-DHT (100 μM) on voltage-
dependent opening of outward
current in GH3 cells, normalized
to cell capacitance (pA/pF), and
its representative membrane
currents (a, b, and c, respectively)
in whole-cell nystatin-perforated
patches in response to 400 ms
voltage steps of 10 mV from −60
to 60 mV, every 3 s, and −60 mV
holding potential, in the absence
(control) and the presence of
androgens. Values represent the
mean±SEM of at least seven
different experiments.*p≤0.05
and **p≤0.01, for paired data by
means of the Student’s t test
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The effect of testosterone (30 μM) was weaker than in the
absence of paxilline and showed a significant inverse linear
correlation between the fraction blocked for paxilline (previ-
ous to the addition of testosterone) and the fraction blocked by
testosterone on paxilline-insensitive currents (R, −0.826,
p=0.003, N=10; Fig. 4c). The fraction blocked by paxilline
was not significantly correlated with the effect of 5α- or 5β-
DHT (30 μM) on paxilline-insensitive current.

Determination of BK channels in GH3 cells by RT-PCR

RT-PCR experiments were carried out to determine the BK
channel mRNA profile. This showed that BKα-pore forming,
but not β1 subunit, is expressed in GH3 cells. In contrast,
strong expression of both subunits was observed in rat colon
tissues, which were used as a positive control. In the case of
theα subunit, two different alternative spliced transcripts were
detected due to inclusion of the STREX exon in the largest
one (Fig. 5).

Effect of androgens on BK channels in excided inside-out
patches in GH3 cells

To determine the direct effect of androgens on BK channels,
androgens were studied in single-channel recordings in an
inside-out configuration with symmetrical KCl solutions and
an internal CaCl2 of 1 μM (Fig. 6a, b). Single-channel activity
was suppressed by EGTA perfused to the intracellular face of
the channel (results not shown). Only recordings sensitive to
EGTA were taken into account to analyze the effect of the
androgens. Testosterone (30 μM) significantly (p<0.05) de-
creased the Popen of the channel, without differences in the
mean opening of the channel, 0.44±0.05 ms in the control
and 0.44±0.04 ms in the presence of testosterone. The ratio
of testosterone Popen/control Popen was 0.76±0.07 (N=19).
Similarly, for 5α-DHT (30 μM), the average openings of the
channel were, respectively, for the control and in the presence
of 5α-DHT, 1.14±0.24 vs 1.21±0.29 ms and a ratio of Popen of
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Fig. 3 Fraction blocked of voltage-dependent K+ current in GH3 cells by
testosterone, 5α-, and 5β-DHT (100 μM) at different whole-cell (WC)
configuration, nystatin-perforated patches or conventional and at −30 or
−60 mV holding potentials. Values represent the mean±SEM of 8 differ-
ent experiments

a b c

Fig. 4 Fraction of voltage-dependent K+ current blocked in GH3 cells by
paxilline (10 nM to 3 μM), representing the effect on each cell (open
circles) and the average for each concentration (open squares) (a) and by
testosterone, 5α- and 5β-DHT (30 μM), in the presence of paxilline

300 nM (b); vertical lines represent the SEM for at least six different
experiments in each case. (c) Linear correlation between the fraction
blocked by paxilline (300 nM) and the blockade elicited by testosterone
(30 μM) on the remaining current after the exposure to paxilline

GH
3

colon

KCNMA

KCNMB1

18S rRNA

Fig. 5 Expression of maxi-K channel subunits in GH3 cells. Levels of
mRNA corresponding to α (KCNMA) and β1 (KCMB1) subunits were
measured by RT-PCR in GH3 cells and rat colon. 18S rRNAwas used as
an internal control for relative RT-PCR. Two alternative spliced tran-
scripts were detected for KCNMA1
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0.79±0.17 (N=8), and for 5β-DHT (30 μM), the average
opening of the channel was, respectively, 1.11±0.56 vs 0.97±
0.48 and a ratio of Popen of 0.52±0.20 (N=8). 5α- and 5β-DHT
significantly decreased the Popen of BK channels (p<0.05 and
p<0.01, respectively). One-way ANOVA detected a significant
difference in the magnitude of the ratios (androgen Popen/con-
trol Popen) between groups (F (2, 30)=4.91, p=0.014). The
effect size, calculated using eta squared, was 0.25 and was
considered as a large effect according to Cohen’s classification.
Post hoc comparisons using the Tukey HSD test indicated that
the mean effect for 5β-DHT was significantly different from
testosterone (p=0.021); 5α-DHT did not differ significantly
from either testosterone or 5β-DHT (Fig. 6c).

Effect of androgens on BKα-pore forming subunit transiently
expressed in HEK-293 cells

HEK-293 cells transiently transfected with BKαwere used to
study the effect of androgens on these channels in nystatin-
perforated whole-cell configuration. Testosterone (30 μM)
elicited a reversible increase of BK α current (Fig. 7a, b),
while 5α- and 5β-DHT (30 μM) blocked the channels. The
current modified fraction was 1.39±0.23 (N=5), 0.26±0.07
(N=5), and 0.38±0.08 (N=5), respectively. A significant

difference exists in the fraction of current modified by andro-
gens with respect to the control, in the absence of these agents,
but not between 5α- and 5β-DHT (Fig. 7c).

Effect of nitric oxide (NO) modifying agents
on androgen-elicited effect on outward currents in GH3 cells

NO has been implicated as mediator of androgen-elicited
opening of BK channels in vascular smooth muscle
(Fernandes et al. 2012). To study its role in androgen-
elicited blockade in GH3 cells, the cells were incubated for
30 min with L-NAME (10 μM), sodium nitroprusside
(10 μM), methylene blue (10 μM), or 8-Br-cGMP
(10 μM).These drugs did not modify noninactivating currents
nor did they modify androgen-elicited blockade in nystatin
perforated patches, when pulses were applied to 40mV from a
holding potential of −60 mV (results not shown).

Effect of GH3 cells long-term incubation with testosterone (30
and 100 μM) on their outward current

The incubation of GH3 culture cells with 30 or 100 μM
testosterone for 24 or 48 h did not significantly modify the

a

b

c

Fig. 6 Effect of testosterone
(30 μM), after 10 min of
incubation, in excised inside-out
membrane patches, during
continuous 40 mV depolarization
in 1 μM internal calcium (a and
b), and (c) ratio of androgen Popen/
control Popen of BK channels for
testosterone, 5α-, or 5β-
dihydrotestosterone (DHT).
Each point represents the mean±
SEM for at least six different
cells. One-way ANOVA detected
differences between groups,
being significant, according to
post hoc tests, the effect of 5β-
DHT by comparison with
testosterone, *p<0.05
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density of BK current expressed as pA obtained at
60 mV from a holding potential of −60 mV divided
by the capacitance in pF. Density of BK currents after
24 h incubation with testosterone was: 153.86±24.83,
154.91±35.93, and 141.88±21.91 pA/pF; and for 48 h,
87.98±10.91, 88.43±14.34, and 98.03±25.57 pA/pF, in
both cases, respectively, for control (testosterone free)
cells, testosterone 30 μM, and testosterone 100 μM
(results not shown).

Effect of androgens on spontaneous action potentials of GH3

cells at resting conditions

GH3 cells presented spontaneous action potentials at
resting conditions in current-clamp recordings with an
average of 0.55±0.09 Hz. The depolarization was pro-
duced at 0.52±0.09 mV/ms, with a width of 245.95±
42.37 ms, and the maximum repolarization was −50.62
±2.41 mV (N=21).

Testosterone (30 μM), and qualitatively similar 5α-
and 5β-DHT (10 to 100 μM), decreased the frequency
of spontaneous action potentials in GH3 cells, without
an apparent latency period (Fig. 8a, b). In some cells,
an increase in the frequency of action potentials was
observed during the first 1–3 min of exposure to tes-
tosterone, followed by a decrease or suppression of
activity (Fig. 8b). The slope (measured in mV per ms)
and the magnitude of depolarization and the width of
the action potentials were also decreased. The effects
were concentration-dependent, and in some cells, a par-
tial reversal of the effects was observed (results not
shown).

Paxilline (10 nM) blocked spontaneous action potential
activity, preceded by cellular depolarization and an increase
in its activity, in association with a decrease in the slope and
the width of the action potentials (Fig. 8c).

Discussion

These results demonstrate that androgens block voltage-
dependent K+ currents, including the BK channels of which
α-pore forming subunits are expressed in GH3 cells. These
effects are associated with a decrease in spontaneous action
potentials.

Nystatin perforated-patch recordings (Horn and Marty
1988) were mainly used in the whole-cell configuration of
the patch clamp technique to allow the study of ion channel
modulation by intracellular mediators and current-clamp re-
cordings of spontaneous action potential.

Testosterone and the nonaromatizable metabolites, 5α- and
5β-DHT, blocked outward potassium currents without an
apparent latency period, reaching the steady-state in approxi-
mately 3 min. Therefore, it is unlikely that the effect of
testosterone could be due to its conversion by aromatases or
reductases. The blockade was completely reversed after the
washout of these compounds.

The kinetics of the effect is compatible with a nongenomic
response of androgens, being qualitatively similar for the 3
compounds. But the fraction blocked was not related to the
androgenic potency nor with the androgen-receptor affinity,
which should be stronger for 5α-DHT (Wilson and French
1976) than for the β isomer, which has weaker androgenic
activity (Balthazart et al. 1984). However, in GH3 cells, 5α-
DHTwas less effective at blocking outward currents than 5β-
DHT, 25 % and 50 % of blockade, respectively.

The IC50’s for the studied androgens were in the micromo-
lar range, similar to several in vitro assays (Perusquia and
Stallone 2010). The blockade of the channel was produced in
the absence of depolarizing pulses, suggesting that they bind
to the resting state of the channels.

GH3 cells expressed several outward potassium channels.
Some are noninactivating K+ currents, which may include
Kv1.5 (Takimoto et al. 1993) and the BK channels (Lang and

a b c

Fig. 7 Time-course (a) and recordings (b) of testosterone (30 μM)
increase of BK current and recovery on HEK-293, after washout, of
BK currents in whole-cell (nystatin perforated patches) in response to
400ms voltage steps to 40mVevery 15 s from −60mV holding potential,
in the absence (control) and the presence of testosterone (30 μM) when
the current amplitude remained unchanged after applying several pulses.

(c) Current modified fraction by testosterone, 5α-, and 5β-
dihydrotestosterone (DHT; 30 μM). Values represent the mean±SEM
for at least five different cells.*p≤0.05, by comparing the effect of the
androgens with respect to BK current in the absence of these compounds,
for paired data by means of the Student’s t test
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Ritchie 1987). This current was measured at the end of the
400 ms depolarization pulses where channels with short time
constants of inactivation are not present. The current was
almost completely removed by the nonselective K+ channel
blocker TEA and partially blocked by paxilline, a selective
BK channel antagonist (Sanchez and McManus 1996), with
wide variability in the blocked fraction from cell to cell. This
is in agreement with the variations in the expression rate and
the density of the BK channels during the cell cycle (Ouadid-
Ahidouch et al. 2004). It seems that 30 nM paxilline might be
enough to block BK channels in GH3 cells, since there are no

differences in the average effect observed up to 300 nM.
Higher concentrations might not be selective and also block
noninactivation currents other than the BK.

Considering the fraction blocked by paxilline (a selective
antagonist of BK channels) as the BK current, it can be
assumed that these channels are functionally present in GH3

cells, representing one third of the whole outward current
measured at the end of the pulse. This supports the findings
of the RT-PCR, where two splicing variants of the α-pore
forming subunit were observed without the β1 subunit, a
regulatory subunit of BK channel.

a

b

c

Fig. 8 Effect of testosterone
(30 μM), without (a) and with (b)
an increase of resting potential,
and (c) paxilline (10 nM) on the
spontaneous action potentials
recorded in GH3 cells
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To characterize the contribution of BK channel blockade
on the effect of the studied androgens, these were functionally
suppressed by paxilline. A concentration of 300 nM was
chosen since it causes faster blockade than lower concentra-
tions, apparently without losing selectivity. The fraction
blocked by testosterone on the paxilline-insensitive current
was weaker than that of the total noninactivated current and
negatively correlated to the previous blockade by paxilline.
This suggests that a significant part of the effect of testoster-
one is on BK channels, given that when these channels are
functionally absent the magnitude of the blockade is lower.
However, there is no correlation between the blockade elicited
by paxilline and 5α- or 5β-DHT. This suggests, especially for
5β-DHT, an additional binding site on paxilline-insensitive
currents.

For a more precise characterization of the effect of andro-
gens on BK channels, they were assayed isolating the chan-
nels using excised inside-out patch recordings in GH3 cells
and whole-cell configurations in HEK-293 cells overexpress-
ing the short length human BK α-pore forming subunit. In
inside-out patches of GH3 cells the 3 androgens studied de-
creased the Popen of BK channels, without modification in the
mean open time. The decrease in the Popen by the androgens is
independent of the mean open time of the channels in the
control.

The inside-out effect means that androgens directly
interacted and blocked the BK channels, suggesting that the
effect is produced in the absence of intracellular mediators, as
was suggested by the similar magnitude of blockade observed
in nystatin-perforated or conventional whole-cell patch-
clamp. This configuration allows the diffusion of intracellular
constituents making it difficult for intracellular mediators to
elicit the effect (Akaike and Harata 1994). The blockade
seems independent of potential modifications in Ca2+ channel
permeability, as reported for testosterone in L-type Ca2+ chan-
nels when inducing vasodilatory effects (Kelly and Jones
2013), given that a holding potential of −30 mV inactivates
these channels but, at the same time, did not modify the
fraction blocked compared to that at −60 mV.

However, the interaction of testosterone with short length
BKα in HEK-293 did increase the current, while 5α- and 5β-
DHT blocked the channel. The qualitative difference shown
by testosterone is not explained by the side of the membrane
to which the androgen was applied, external for whole-cell
and internal for inside-out, since in both configurations, the
channel was blocked. This may be related to the different α-
subunits present in both cells (two in GH3, that might form
hetero-tetramers of their α-pore forming subunits, and one in
HEK-293) or the type of cell studied which may differ in the
binding sites of the androgens to allow the effect on the
channel. It has been reported that androgens might selectively
produce nongenomic effects via the presence of target proteins
and/or the coupling of transducer mechanisms in the different

tissues (Fakler and Adelman 2008; Frye et al. 2008; Hu and
Zhang 2012; Torres et al. 2007). Similar to the effect on BK α
overexpressed in HEK-293 cells, androgens activated BK
channels in smooth muscle of several species and tissues via
NO- and cGMP-dependent pathways (Deenadayalu et al.
2011; Deenadayalu et al. 2001). This transduction pathway
did not qualitatively nor quantitatively modify the inhibition
of voltage-dependent K+ currents by androgens in GH3 cells.
The incubation with an NO donor (sodium nitroprusside), an
inhibitor of NO synthesis (L-NAME), an inhibitor of guanylyl
cyclase (methylene blue), or a cGMP analog (8-Br cGMP),
did not modify the fraction blocked by the studied androgens.
This suggests the existence of different coupling mechanisms
which might be related to tissue selectivity (Lin et al. 2006).

Sex hormones regulate K+ channel expression (Jamali et al.
2003; Ohno et al. 2009) and degradation (Korovkina et al.
2004), an effect less studied in androgens. In order to study
this regulation of expression, GH3 cells were long-term incu-
bated with supraphysiological concentrations of testosterone,
30 and 100 μM, for 24 or 48 h. These treatments neither
significantly increased (compatible with an increase in expres-
sion) nor decreased (compatible with repression or proteolytic
degradation) the density of outward noninactivating currents,
expressed in pA/pF.

Voltage-dependent K+ channels play an important role on
the repolarization of spontaneous action potentials and the
maintenance of the membrane potential in GH3 cells. The
ion channels that constitute the macroscopic noninactivating
current or their individual contribution have not been
completely characterized. The existence of a selective antag-
onist for each channel, except for the BK, has not been
characterized either, making it difficult to study the contribu-
tion of a particular ion channel to the spontaneous action
potentials and secretion. The role of BK channels has been
pharmacologically characterized. They contribute to stopping
the action potentials and limiting Ca2+ influx (Stojilkovic et al.
2010). This might have effects on hormone secretion, since
the frequency of action potentials is relevant to this regulation.

The concentration of the studied androgens blocked
voltage-dependent K+ currents and, in the same extracellular
solution, modified the action potential in GH3 cells in a similar
way. They decreased or suppressed the frequency of action
potentials, which was preceded by an initial increase during
the first minutes of exposure. Furthermore, they decreased the
slope and the magnitude of voltage depolarization and short-
ened the width of action potentials. Differences existed in the
sensitivity between cells and in the effect on voltage repolar-
ization, which was not modified or caused depolarization.

The availability of paxilline, a selective BK channel
blocker, allows a functional characterization of the effect of
these channels on the spontaneous action potentials. Paxilline
at a concentration close to the IC50 (Sanchez and McManus
1996) depolarized the cells and decreased the amplitude of
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action potentials. These effects were initially associated with
an increase in the frequency of action potentials. These effects
are similar to that elicited by testosterone, 5α-, and 5β-DHT
on the action potentials in some cells. The suppression of this
effect did not allow the quantification of the response to these
compounds. This suggests that depending on the component
of the outward current, paxilline-sensitive (blocking BK chan-
nels) or paxilline-insensitive (not related to BK channels),
androgens might elicit a different phenotype, depolarizing
the cells or not, respectively. It seems that BK channels, in
addition to the small contribution to the delayed K+ current in
GH3 cells, are of functional importance to the modulation of
action potentials and on Ca2+ permeability critical for the
excitation-secretion coupling (Turner et al. 2011). This may
be related to the colocalization of Ca2+ channels and the BK,
forming macrocomplexes and allowing a rapid functional
interaction (Berkefeld et al. 2006; Fakler and Adelman 2008).

The hypothalamic-pituitary-gonadal axis is an intercon-
nected system of stimulatory and inhibitory mechanisms.
Elevated prolactin often leads to mild hypogonadism and is
usually associated with decreased testosterone levels (Carter
et al. 1978), though it is unclear if this relationship is causal
(Carani et al. 1996), and androgens might suppress
hypothalamic-pituitary function (Seminara 2006). According
to our results androgens might directly modulate adenohy-
pophysis secretion, independently of the effect described on
the hypothalamus (Tang 1991).

The results give evidence of an involvement of androgens
on the regulation of BK channels and on action potential
activity that might modulate adenohypophysis secretion.

Of interest is the fact that 5β-DHT showed a higher effica-
cy than testosterone or 5α-DHT, suggesting a potential bio-
logical role for β-reductases converting testosterone into a
compound with weak or no androgenic effect that may mod-
ulate ion channels and cellular secretion.
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