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Abstract While the thyrotropin-releasing hormone (TRH)
effect of raising intracellular Ca2+ levels has been shown to
rely on Gq/11 and PLC activation, the molecular mechanisms
involved in the regulation of ERG K+ channels by TRH are
still partially unknown. We have analysed the effects of βγ
scavengers, Akt/PKB inactivation, and TRH receptor (TRH-
R) overexpression on such regulation in native and heterol-
ogous expression cell systems. In native rat pituitary GH3

cells β-ARK/CT, Gαt, and phosducin significantly reduced
TRH inhibition of rERG currents, whereas in HEK-H36/T1
cells permanently expressing TRH-R and hERG, neither of
the βγ scavengers affected the TRH-induced shift in V1/2.
Use of specific siRNAs to knock Akt/PKB expression down
abolished the TRH effect on HEK-H36/T1 cell hERG, but
not on rERG from GH3 cells. Indeed, wortmannin or long
insulin pretreatment also blocked TRH regulation of ERG
currents in HEK-H36/T1 but not in GH3 cells. To determine
whether these differences could be related to the amount of
TRH-Rs in the cell, we studied the TRH concentration
dependence of the Ca2+ and ERG responses in GH3 cells
overexpressing the receptors. The data indicated that inde-
pendent of the receptor number additional cellular factor(s)
contribute differently to couple the TRH-R to hERG chan-
nel modulation in HEK-H36/T1 cells. We conclude that
regulation of ERG currents by TRH and its receptor is
transduced in GH3 and HEK-H36/T1 cell systems through

common and different elements, and hence that the cell type
influences the signalling pathways involved in the TRH-
evoked responses.
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Introduction

The human ERG (hERG) K+ channel has been recognized
as an important determinant of action potential character-
istics in heart muscle and its inhibition by inherited muta-
tions or many cardiac-related and non-cardiac-related
prescribed drugs has been associated with an increased risk
of cardiac arrhythmia and sudden death [16, 30]. Further-
more, ERG channels also seem to play a key role setting the
electrical behaviour of other cell types including neurones
and pituitary, glial, chromaffin, pancreatic β, and tumour
cells [1, 55]. Interestingly, the observation that arrhythmo-
genic syncopes are usually associated with physical, emo-
tional or auditory stress, suggests a link between hormonal
(e.g. adrenergic) stimulation and cardiac ion channel func-
tion including hERG [53]. For that reason, many research
groups have focussed on hormonal control of the channel,
and the regulatory pathways used by such agents have been
studied using both native and heterologous systems. While
some pathways involved in control of hERG by different
hormones have been elucidated, the molecular mechanisms
of hERG regulation by different physiological agents remain
unclear.

In native lactotrophs and clonal GH adenohypophysial
cells, endogenous ERG currents are inhibited by activation
of the G-protein and phospholipase C (PLC)-coupled
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thyrotropin-releasing hormone receptor (TRH-R) [3, 4, 8, 9,
47, 48]. The TRH-R is coupled to a G-protein of the Gq/11

family for activation of phosphatidylinositol 4,5-bisphos-
phate hydrolysis leading to a “classical” Ca2+ and diacyl-
glycerol/protein kinase C cascade (reviewed in [22]).
However, TRH-induced inhibition of ERG currents in pitu-
itary cells does not depend on protein kinase C or protein
kinase A activation [3, 4, 8, 9, 47, 48] and a pathway for
ERG regulation by TRH involving Gs and/or G13 has been
recognized by our group in GH3 cells [40]. Our initial
results also showed a significant attenuation of the TRH-
induced inhibition in cells overexpressing the α subunit of
transducin (Gαt; [40]), an agent known to sequester free βγ
complexes released from G-proteins [43].

Heterologous expression in Xenopus oocytes and mam-
malian cells, such as CHO and HEK293 cells, is extensively
used to better understand the electrophysiological properties
of ion channels, but also the signalling pathways involved in
its hormonal modulation. Specifically, HEK293 cells per-
manently expressing hERG channels and hormone receptors
have been used as a simple and defined model system to
better define these parameters in the case of hERG [40, 58,
60], and it has been reported that basal activity of Akt/
protein kinase B [13, 21, 24] is required for normal function
of hERG channels stably expressed in these cells [58].
However, the possible participation of this kinase in hor-
monal regulation of ERG channels either in this heterolo-
gous expression system or in native GH3 cells remains
unknown. Interestingly, preliminary experiments in a
HEK293 cell line (HEK-H36/T1) permanently expressing
hERG channels and TRH-Rs suggested that some differ-
ences could exist between the G-protein coupling and the
transduction cascades involved in the TRH-induced modu-
lation of the native ERG currents in GH3 cells and hERG in
the heterologous expression system [40].

In this work, we have checked the possibility that the cell
type could be affecting which elements are involved in the
modulation of ERG currents. We have used scavengers of
G-protein βγ dimers and found that they impair the ability
of TRH to modulate ERG currents in GH3 but not in HEK-
H36/T1 cells. We also blocked the activity of Akt/PKB
kinase using siRNAs or pharmacological agents and found
that whereas it is indeed necessary for the TRH-induced
modulation of hERG in HEK-H36/T1 cells, it is not a
requisite for the modulation of endogenous ERG currents
in native GH3 cells. Finally, we present results indicating
that, although only a single population of TRH binding sites
is present in both cell types, channel regulation shows
different dependence on hormone concentration in GH3

and HEK-H36/T1 cells not related to the level of receptor
expression in the cells. All these data strongly support that
the TRH pathway can lead to distinct downstream signalling
patterns as a function of the cell type.

Materials and methods

Plasmids and chemicals

The original plasmid containing the cDNA for the HERG
channel was a generous gift of Dr. E. Wanke (University of
Milano, Italy). Gαt cDNA (provided by Dr. J.S. Gutkind,
NIDCR, NIH, Bethesda) was cloned as an EcoRI/XhoI
fragment in pcDNA3 (Invitrogen). Bovine phosducin cDNA
was cloned as a Hind III fragment in pcDNA3.1/Hygro
(Invitrogen). The carboxy-terminal segment of the β-
adrenergic receptor kinase (β-ARK/CT or β-ARK1 (438-
689) carboxyl-terminal minigene [34]) cloned en pREP4
(Invitrogen) was a gift of Dr. F. Mayor (CBM, CSIC,
Madrid). TRH-R/YFP was prepared in our lab by cloning
TRH-R cDNA [19] as a Hind III-Bam HI fragment in
pEYFP-N1 (Clontech). Plasmid pEGFP-C1 (Clontech) was
also used as a transfection reporter. Fura-2 and Fura-2/AM
were from Molecular Probes, and TRH, insulin, nystatin,
and RIPA buffer were from Sigma-Aldrich. E-4031 was
from Alomone Labs. Specific siRNAs were ordered from
Thermo-Fisher, and negative control siRNAs were ON-
TARGETplus Non-targeting pool from Dharmacon. Anti-
Akt antibodies were from Cell Signaling or from Santa
Cruz, anti-β-actin was from Sigma, and anti-GAPDH from
Santa Cruz. Anti-mouse and anti-rabbit secondary antibod-
ies were either HRP-linked from Cell Signaling or
fluorophore-linked from LI-COR Biosciences.

Cell culture and transfection

GH3 rat anterior pituitary cells (ATCC-CCL 82.1) were grown
in poly-L-lysine coated coverslips as previously detailed [23,
40, 41]. Generation and culture conditions of HEK-H36/T1
cells have been detailed elsewhere [40, 41]. Cells trypsinized
24 h prior to transfection were transiently transfected using
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions. Unless otherwise indicated, 5.0 μg of
plasmids containing the different constructs and 0.5 μg of
pEGFP-C1 coding for green fluorescent protein (EGFP) as a
marker for transfection (ratio 10:1) were used. The mixture of
5.5 μg of total DNA and Lipofectamine 2000 was incubated
in serum-free medium for 20 min and added to the plates
containing the cells in serum-containingmediumwithout anti-
biotics. Recordings were performed 48–72 h after transfec-
tion. Sometimes cells were plated in standard dishes without
poly-L-lysine and used to measure Akt expression.

Electrophysiological recordings, solutions and data analysis

Current recordings were performed at room temperature
with the perforated-patch variant of the patch-clamp tech-
nique using nystatin and as detailed elsewhere [2, 3, 5, 6, 23,
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40, 41]. Electrode resistance amounted to 2–5 MΩ when
filled with the pipette solution containing (in mM): 65 KCl,
30 K2SO4, 10 NaCl, 1 MgCl2, 50 sucrose, and 10 HEPES
(pH 7.4 with KOH). rERG current data are shown without
correction for leakage and capacitive transients. A P/n meth-
od was used for leak and capacitive current subtraction of
the hERG recordings in HEK-H36/T1 cells.

The standard extracellular saline used for perforation and
monitoring [Ca2+]i (see below) contained (in mM): 137 NaCl,
4 KCl, 1.8 CaCl2, 1 MgCl2, 10 glucose, and 10 HEPES
(pH 7.4 with NaOH). Recordings of rERG currents in GH3

cells were performed after changing the extracellular medium
to high-K+, Ca2+-free solution once permeabilization of the
patches had been completed [2, 3, 5, 6, 23, 40]. This solution
contained (in mM): 140 KCl, 4 MgCl2, 10 EGTA, and 10
HEPES titrated to pH 7.4 with KOH. In this case, inward
currents were studied during hyperpolarization pulses to
−100 mV from a holding potential of −10 mV. The magnitude
of the inward currents was estimated as the total inward charge
computed between cursors located at 0.5 and 100% duration
of the hyperpolarization pulses [40]. hERG currents were
recorded in HEK-H36/T1 cells in standard extracellular saline
following the pulse protocols indicated in the figures. Kinetic
parameters of activation and deactivation were obtained as
previously described [7, 40, 41]. The voltage dependence of
current activation was assessed using standard tail current
analysis. Tail current magnitudes normalized to maximum
were fitted with a Boltzmann function:

hðV Þ ¼ Imax 1= 1þ exp V � V1=2

� �
=k

� �� �� �

where V is the test potential, V1/2 is the half-activation voltage,
and k is the slope factor. The rates of deactivation in the HEK-
H36/T1 cells were determined from negative-amplitude biex-
ponential fits to the decaying phase of tail currents. Mono-
exponential fits to the decaying currents at −100 mV after
subtracting the currents remaining in the presence of E-4031
were used in the case of the GH3 cells. In all cases, the first
cursor of the fitting window was advanced to the end of the
initial hook due to the recovery of inactivation [40, 41].

Intracellular calcium measurements

Measurements of intracellular Ca2+ concentrations ([Ca2+]i)
were performed in cells plated on poly-L-lysine-coated cov-
erslips as indicated above. Procedures for cell loading with
the Ca2+-sensitive dye Fura-2 and [Ca2+]i recordings have
been detailed elsewhere [40]. Ca2+ concentrations were
estimated from the ratio of the Fura-2 emission intensities
for 340/380 nm excitations, after comparison with Fura-2
standards [5, 40]. In this case, YFP instead of GFP was used
as a marker of transfection to prevent interference with the
Fura-2 fluorescence.

RNA interference

Expression of Akt/PKB genes in HEK-H36/T1 or GH3 cells
was blocked by using siRNAmixtures prepared against human
Akt1 (NM_001014432.1) or rat Akt1 (NM_0033230.1)
sequences, prepared as follows. Total RNA from HEK-H36/
T1 or GH3 cells was retrotranscribed using a human (5′-
AGCTGCAGAAGTCCTTAACATTTG) or rat (5 ′-
GAGAAACAAAACCATCAGGTACAG) Akt1 primer.
Then, human or rat Akt1 cDNAswere amplified by PCR using
specific primers with a T7 promoter sequence (5′-CGCTAA-
TACGACTCACTATAGGG) attached to their 5′ end. Human
Akt1 cDNAwas amplified from positions 1335 to 2105 (for-
ward: 5′-T7-CCACCATGAAGACCTTTTGC; reverse: 5′-T7-
ACACCCGGAGAACAAACTGG) and rat Akt1 cDNA was
amplified from positions 359 to 1427 (forward: 5′-T7-
TGGCTGATGGACTCAAACGG; reverse: 5′-T7-TCCACA
CACTCCATGCTGTC). After amplification, PCR products
were purified, quantified, and sequenced. Next, human or rat
Akt1 cDNA fragments were in vitro transcribed from the T7
promoter with MEGAscript® T7 High Yield Transcription Kit
(Ambion), and the dsRNAs were purified and quantified.
Finally, dsRNAs were treated with BLOCK-iT™ Dicer En-
zyme (Invitrogen), and siRNAs mixtures purified from uncut
dsRNA fragments using BLOCK-iT™RNAi Purification Kits
(Invitrogen), quantified, and checked for the correct size. In
some experiments, specific siRNAs were used targeting rat
Akt1 (1112: 5′-UGUUCGAGCUCAUCCUAAUTT) or hu-
man Akt1 (501: 5′-ACUUCCUCCUCAAGAAUGATT),
which had been designed using available siRNA prediction
programs and checked by a BLAST search to have no relevant
sequence homology to other genes. HEK-H36/T1 and GH3

cells were transfected with 0.5–1.0 μg of the corresponding
siRNAs mix or 100 pmol of the specific siRNA, plus 1 μg of
pEGFP-C1 plasmid, using 3 μl of Lipofectamine 2000 in
300 μl of serum-free medium. This mixture was incubated
for 20 min and added to the 35 mm dishes containing the cells
in serum-containing medium without antibiotics. Control cells
were transfectedwith 1μg ofON-TARGETplusNon-targeting
pool (Dharmacon) containing a mix of four siRNAs non-
targeting for human and rat genes. The amount of transfection
reagent was selected to keep the cell membranes suitable for
electrophysiological measurements.

Western blot analysis

The expression levels of Akt/PKB proteins were measured
48 h after transfection with the siRNAs. Due to their very
low transfection efficiency, expression of Akt/PKB proteins
in GH3 cells was only measured in fluorescent cells (i.e.
transfected with pEGFP-C1) after sorting them with a FAC-
Star Plus Cell Sorter (Becton Dickinson), in order to better
estimate the siRNAs effects. Cells were washed and
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collected in PBS, resuspended in 100 μl of RIPA buffer and
disrupted by sonication three times for 2 min followed by
1 min incubations on ice. After centrifugation of lysates at
16,000×g for 15 min at 4°C, the supernatants were recov-
ered, and the concentration of protein was determined using
the BCA™ Protein Assay Kit (Pierce). Samples were mixed
with SDS-PAGE loading buffer, heated at 95°C for 5 min,
and resolved in 8% or 10% SDS-PAGE gels. Then, proteins
were transferred to PVDF Hybond-P membranes (Amer-
sham-GE Healthcare) and blocked according to the anti-
bodies manufacturer´s instructions. Signal was detected
using either SuperSignal West Pico Chemiluminescent Sub-
strate (Pierce) with Kodak X-Omat LS films, or the Odyssey
(LI-COR Biosciences) infrared detection system.

Statistics

Data values given in the text and in figures with error bars
represent mean±S.E.M. for the number of indicated cells.
Comparison between data groups was at first performed by
parametric Student’s unpaired t test (2-tailed) or ANOVA.
Due to dispersion of the data in individual cells after some
treatments, non-homogeneous variances (as evidenced after
a Bartlett’s test) were sometimes obtained. Therefore, alter-
nate Welch t test assuming Gaussian populations with un-
equal SD’s was used. In all cases, p values <0.05 were
considered as indicative of statistical significance. When
indicated, n represents the number of tested cells and N the
number of transfections.

Results

Effect of G-protein βγ scavengers on TRH-induced
modulation of ERG channels

Previous work from our laboratory indicated that introduc-
tion in GH3 adenohypophysial cells of Gαt, able to act as a
scavenger of βγ dimers released from G-proteins by recep-
tor stimulation, significantly attenuated rERG inhibition by
TRH. However, the presence of Gαt did not appear to alter
the TRH-induced shifts in hERG activation voltage depen-
dence in HEK-H36/T1 cells, a permanently transfected
HEK-293 cell line showing high hERG current densities
and consistent hormonal responses following activation of
the TRH-Rs also introduced in the cells [40]. As an initial
step to confirm the existence of differences in the transduc-
tion cascade coupling the TRH-R to ERG channels regula-
tion as a function of the cell type, we compared the TRH
effects on ERG currents in the presence and the absence of
the COOH-terminal part of β-adrenergic receptor kinase (β-
ARK/CT), an agent able to effectively bind and sequester
free βγ complexes when dissociated from Gα subunits

upon receptor stimulation [34]. Only cells identified by
fluorescence of EGFP used as a reporter of transfection were
selected for recording. We also used perforated-patch con-
ditions to minimize cell dialysis and to preserve intact the
intracellular components necessary for the hormonal
response.

Thus, we first quantified the strong and reproducible
rERG current reductions triggered by TRH in GH3 cells
measuring the total inward charge elicited during the hyper-
polarizing pulses (see the “Materials and methods” section
and [40] for details). Due to the strong TRH-induced dim-
inution of the current magnitude and the need to perform a
subtractive method for isolation of the endogenous rERG
current (see below), we found technically unsuitable to
perform a direct and accurate comparison of the current
activation voltage dependence in the presence and the ab-
sence of the hormone, particularly in cells previously sub-
jected to transfection. However, it has previously been
shown that the charge reductions are due to a rightward shift
in activation voltage dependence combined with a relatively
small reduction of maximal current density at positive
potentials [33]. In this case, isolation of the endogenous
rERG current present in GH3 cells and quantification of its
TRH-induced inhibition was performed in high-K+ low-Ca2
+ extracellular solutions using hyperpolarization pulses to
−100 mV from a depolarized holding potential of −10/
−20 mV. As previously reported, these conditions would
increase the otherwise inwardly rectifying ERG currents,
reducing the Ca2+ currents and the subsequent activation
of the Ca2+-dependent K+ currents also present in these cells
[3, 6, 8]. Furthermore, 5 μM of the ERG-specific blocker E-
4031 was added at the end of each experiment to totally
block the rERG currents and to subtract the E-4031-
insensitive current, allowing quantification of the TRH
effects exclusively on the rERG currents in every individual
cell [23, 40, 56]. This subtractive method allowed for com-
parison of the TRH effects on the rERG current of GH3 cells
transfected with or without βγ dimer scavengers (Fig. 1). It
can be observed that, analogous to the results observed with
Gαt (Fig. 1 and [40]), the inhibition of rERG by TRH was
attenuated from 76.8±3.5% (n04) in control cells to 35.5±
7.2% (n06) in the presence of βARK/CT (p<0.005). As
final confirmation that free βγ dimers are indeed necessary
for the TRH effects in GH3 cells, we also used phosducin,
another agent known to bind free βγ dimers with high
affinity, blocking their action [12]. In this case, the TRH-
induced inhibition of the GH3 rERG was reduced to 37.2±
3.6% (n06, p<0.001) in GH3 cells overexpressing phosdu-
cin (Fig. 1). Interestingly, the impairment of the TRH-
induced inhibition of the currents caused by the βγ dimer
scavengers was not paralleled by a similar antagonization of
the accelerations in deactivation kinetics promoted by the
hormone at −100 mV. Thus, whereas in control cells the 230
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Fig. 1 G protein βγ dimer scavengers decrease TRH-induced inhibition
of endogenous rERG currents in GH3 cells. a Effect of TRH on rERG
currents. Representative current traces are shown for three cells 48 h after
transfection with vector pcDNA.3 or with plasmids encoding the βγ
scavengers β-ARK/CTand phosducin. Currents were elicited in response
to the voltage protocol shown at the top. The hyperpolarization step was
preceded by a 100-ms ramp from 0 to −50 mV [23]. Superimposed traces
correspond to those obtained before (Control) and after addition of 1 μM
TRH and 5 μM E-4031. For more details, see text. b Time course of the
TRH and E-4031 effects. Current estimations were performed in the same
cells as in panel a from total inward charge during the hyperpolarization
steps at −100 mV as described in the “Materials and methods” section.
Averaged charge values before any addition and after adding 5 μM E-
4031 were considered as 0% and 100%, respectively. Filled circles

correspond to the current traces shown in a. The first or first and second
data points after starting the TRH addition, when total inward currents
become transiently enhanced by activation of Ca2+-dependent K+ chan-
nels due to massive liberation of Ca2+ from intracellular stores, have been
deleted for clarity. Duration of TRH perfusion and addition of E-4031 to
the recording chamber are indicated with a thick line and an arrow,
respectively. Current levels in the absence and presence of TRH are
indicated by horizontal dashed lines. The Y-axis label on the left applies
to the three panels. c Averaged percentages of rERG current inhibition
induced by TRH in GH3 cells transfected with βγ scavengers. Data
corresponding to β-ARK/CT, phosducin, and Gαt are shown and com-
pared with those from cells transfected with pcDNA.3. Current inhibi-
tions were estimated from total inward charge as described in b. *p<0.05
vs. control vector
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±23 ms deactivation time constant was reduced by TRH to
123±10 ms (n04; p<0.01), these values amounted 234±16
and 156±15 ms (n06; p<0.01) in cells transfected with
βARK/CT. Furthermore, in cells expressing phosducin, the
deactivation time constants corresponded to 292±37 and
164±30 ms (n06; p<0.02) in the absence and the presence
of TRH, respectively.

It is important to note that, as reported for Gαt [40], the
inhibitory effects of β-ARK/CT and phosducin are specific
for the TRH-induced reduction of the rERG currents, be-
cause the elevations in [Ca2+]i triggered by the hormone
remained unaltered in the cells transfected with the βγ
dimer scavengers (Suppl. Fig. 1). Thus, the addition of
1 μM TRH to control cells only expressing the transfection
marker EGFP elicited an initial peak of [Ca2+]i elevation
that raised the cation from a basal averaged level of 124±
2 nM up to 253±44 nM (n013). These values amounted to
120±20 and 221±20 nM, respectively, in the β-ARK/CT-
transfected cells (n013). Finally, the basal 115±1 nM [Ca2
+]i was raised to an initial peak of 257±20 nM (n018) after
adding TRH to the GH3 cells transfected with phosducin.
Interestingly, these hormone-induced [Ca2+]i increases were
almost the same than those observed in the cells from the
same plates in which the presence of the transfection marker
was not detected (YFP—in supplementary Fig. 1).

To confirm the presence of differences in the TRH-
induced effects related to cell type, we performed experi-
ments with human HEK-H36/T1 cells similar to those in rat
adenohypophysial GH3 cells, measuring the rightward shift
in hERG activation voltage dependence triggered by the
hormone in the EGFP fluorescent cells. It has been repeat-
edly demonstrated that the native ERG current of GH3 cells
is almost undetectable using external solutions with physi-
ological levels of K+, and that careful formulation of the
high-KCl recording medium and the recording protocols is
necessary for native ERG isolation from other endogenous
currents [3, 6, 8, 23, 33, 40, 47, 48, 56]. However, our
attempts to extrapolate such conditions to hERG recordings
using HEK-H36/T1 cells were hampered by the systematic
appearance of huge E-4031-insensitive currents when the
extracellular K+ concentration was increased (e.g. to 40 or
140 mM both plus and minus EGTA). Therefore, the stan-
dard extracellular saline with low mM levels of K+ and Ca2+

was used for recordings in these cells. As shown in Fig. 2,
addition of TRH to cells transfected with a control pcDNA3
vector (without any βγ scavenger) induced a rightward shift
of the hERG I/V curve that amounted to 21.3±1.1 mV (n0
8). This shift remained the same in the β-ARK/CT-trans-
fected cells (21.8±2.0 mV, n07). As stated in the legend of
Fig. 2, the steepness of the activation curves was not signif-
icantly modified by the hormone either in the absence or the
presence of the scavenger. It is interesting to note that the
presence of the βγ scavenger did not also impair the ability

of the hormone to accelerate tail currents decay. Fitting a bi-
exponential function to the decaying tail current phase at
−50 mVyielded fast and slow deactivation time constants of
138±11 and 973±114 ms (n07) in the β-ARK/CT-trans-
fected cells before TRH addition. These values were re-
duced by the hormone to 94±11 and 627±65 ms (p<
0.05), respectively. This behaviour paralleled that observed
in control cells without β-ARK/CT, showing fast and slow
deactivation time constants of 136±13 and 775±46 ms (n0
5), that were reduced by TRH to 85±6 and 460±30 ms (p<
0.01).

It seems unlikely that failure to modify these TRH-
induced effects was due to lack of efficient expression of
β-ARK/CT in these cells, since they showed much higher
transfection efficiencies than those exhibited in the pituitary
cells, in which the scavenger clearly reduced the hormone
effects (see above). This interpretation is further supported
by the data obtained with phosducin. In this case the acti-
vation voltage dependence shift amounted to 20.2±2.2 mV
(n04), a value again similar to that observed in the control
cells (Fig. 2). Besides confirming the results previously
obtained with Gαt (Fig. 2 and [40]) and β-ARK/CT, these
data indicate that free βγ dimers are not involved in the
TRH-induced modulation of hERG kinetics in the HEK-
H36/T1 cells. Therefore, our results suggest that some cel-
lular components involved in hormone action may vary as a
function of the cell type in which they are taking place.

Effect of Akt/PKB-directed siRNAs on enzyme protein levels
and TRH-induced modulation of ERG currents

It has been previously reported that basal activity of Akt/
protein kinase B (PKB) is required for normal function of
hERG channels stably expressed in HEK293 cells [58].
Since an unknown kinase(s) activity has long been impli-
cated in the transduction pathway from TRH-R to ERG
channels [23], we studied the implication of Akt/PKB in
this pathway performing experiments with siRNAs devel-
oped against the kinase.

To check whether the hormonal modulation of the rERG
channels in GH3 cells was dependent on the presence of
Akt/PKB, we initially generated an siRNA mixture designed
to block the expression of the rat Akt/PKB genes from these
cells, using the rat Akt1 mRNA stretch between positions
359 and 1427 as target. Note that this siRNA mixture is
expected to interfere not only with the expression of rat
Akt1, but also Akt2 and Akt3 genes, since they show
identities of 79% and 71% to rat Akt1, respectively. As a
negative control we used a pool of non-targeting siRNAs
and as a positive control a mixture of siRNAs against the α
subunit of the Gq protein. Whereas the anti-Gαq was very
effective at minimizing the Gq-dependent and IP3-dependent
initial [Ca2+]i elevations triggered by TRH in the GH3 cells
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(not shown), the inhibitions of the rERG currents induced
by the hormone in these cells remained almost the same in
the presence of up to 1 μg of the siRNA mixture against Akt
(Fig. 3). To confirm that this amount of silencing agent was
effective at knocking Akt/PKB expression down, we esti-
mated the protein levels by Western analysis. As for elec-
trophysiological analysis, only successfully transfected
cells, identified by their EGFP fluorescence and selected

from the rest by a cell sorter, were used. This allowed us
to detect a prominent reduction of the protein levels of the
three rat Akt/PKB isoforms (Akt1 of 55.7 kDa, Akt2 of
55.5 kDa, and Akt3 of 55.8 kDa) in the presence of the
anti-Akt/PKB siRNAs, close to 75% in cells transfected
with 1 μg of the siRNAs mixture (Fig. 3a). As confirmation
that Akt/PKB expression is not involved in the hormonal
inhibition of rERG in the GH3 cells, we also used a specific

Fig. 2 TRH-induced hERG
modulation is not altered by βγ
scavengers in HEK-H36/T1
cells. a Representative current
traces in response to the voltage
protocol depicted at the top are
shown for two cells transfected
with pcDNA.3 vector alone
(Control) or with β-ARK/CT.
Currents correspond to those
recorded before (−TRH) and
2 min after adding 1 μM TRH
(+TRH). Note that the tail cur-
rents during the repolarization
step to −50 mV almost exclu-
sively correspond to those me-
diated by hERG channels, since
they are largely abolished in the
presence of E-4031 [40]. b Ef-
fect of β-ARK/CT on TRH-
induced modifications of hERG
activation voltage dependence.
Averaged I/V curves normal-
ized to maximum before TRH
addition are shown for the
number of indicated cells. V1/2

values before and after adding
TRH are indicated with arrows
in the graphs. Similar steepness
of the activation curves was
observed upon TRH addition.
Thus, the slope factor amounted
12.1±1.1 and 11.3±0.9 (n08)
with and without TRH in the
control cells, and 12.1±0.6 and
10.4±0.6 (n07) in the cells
transfected with β-ARK/CT.
The Y-axis label on the left
applies to both panels. c Com-
parison of TRH-induced shifts
in hERG activation voltage de-
pendence in the presence of βγ
dimer scavengers
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siRNA (named 1112) directed against the sequence of rat
Akt1. In this case, equivalent results to those obtained with
the siRNA mix were observed, since although similar reduc-
tions in the level of Akt expression were elicited in cells
transfected with 1 μg of 1112 siRNA, an averaged rERG
current inhibition of 71.36±6% (n011) was induced by
TRH in the cells treated with this amount of the silencing
agent (Fig. 3)

To check for possible differences as a function of the cell
type, we also studied the implication of Akt/PKB in the
response to TRH in HEK-H36/T1 cells. We therefore pre-
pared an siRNA mix against human Akt1 mRNA (from

positions 1339 to 2105), intended to block the expression
of the Akt/PKB genes in HEK-H36/T1 cells, and the knock-
down of Akt/PKB expression was assessed by western blot
(Fig. 4). As shown in Fig. 4a, a reduction of the three Akt/
PKB isoforms described in human cells (Akt1 of 65 kDa,
Akt2 of 60 kDa, and Akt3 of 58 kDa) is clearly induced by
the siRNAs mixture that produced a marked decrease in
protein levels when transfecting with 500 ng of siRNAs.
Despite the fact that the mix was directed against Akt1, the
decrease is also observed in the Akt2/Akt3 bands, which
could be due to the fact that Akt2 and Akt3 show 80% and
72% identity to Akt1, respectively.

Fig. 3 Knockdown of Akt/
PKB does not interfere with
rERG regulation by TRH in
GH3 cells. a Blockade of Akt/
PKB expression by siRNAs in
EGFP positive GH3 cells. Cells
were transfected with 1 μg of
non-targeting (n.t.) siRNAs,
1 μg of anti-rat Akt1 siRNAs
mix, or 1 μg of anti-rat Akt1
siRNA 112, plus 1 μg of
pEGFP-C1 in each case, and
after 48 h selected with a FAC-
Star Plus Cell Sorter. Cell
extracts were separated by 10%
SDS-PAGE and subjected to
immunodetection with anti-Akt
and anti-GAPDH antibodies. b
Effect of TRH on GH3 cell
rERG currents in the presence
of anti-Akt siRNAs. Represen-
tative current traces from one
cell transfected with 1 μg of
anti-Akt siRNA mix are shown
on the left. Currents were
recorded as indicated in Fig. 1
before and after addition of
1 μM TRH and 5 μM E-4031.
Monoexponential fits to the
decaying phase of the currents
at −100 mVafter subtracting the
current remaining in the pres-
ence of E-4031, yielded deacti-
vation constants of 258 and
150 ms before and after adding
TRH, respectively. The time
course of the TRH and E-4031
effects in the same cell is shown
on the right. Filled circles cor-
respond to the current traces
shown on the right. c Averaged
percentage of rERG current in-
hibition induced by TRH in
GH3 cells transfected with 1 μg
of non-targeting siRNAs, anti-
rat Akt siRNA mix, or anti-rat
Akt1 specific 1112 siRNA
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The efficacy of the siRNA mixture in suppressing Akt/
PKB expression in HEK-H36/T1 cells prompted us to check

the effects of TRH-R stimulation on hERG currents in the
siRNA-transfected cells. Again, only successfully

Fig. 4 Knockdown of Akt/PKB blocks hERG regulation by TRH in
HEK-H36/T1 cells. a Blockade of Akt/PKB expression by siRNAs in
HEK-H36/T1 cells. Cells were transfected with 1 μg of non-targeting
(n.t.) siRNAs, 0.5 μg of anti-human Akt siRNA mix or 1 μg of anti-
human Akt1 siRNA 501. Cell extracts were separated by 8% SDS-
PAGE and subjected to immunodetection with anti-Akt and anti-β-
actin antibodies. b Effect of TRH on hERG currents in the presence of
anti-Akt siRNAs. Representative currents from one cell transfected
with 500 ng of siRNA mix (left) or 1 mg of siRNA 501 (right), before
(−TRH) and after (+TRH) adding 1 μM TRH. The voltage protocol

used to elicit the currents is shown at the top. c Effect of anti-Akt
siRNAs on TRH-induced modifications of hERG activation voltage
dependence. Averaged I/V curves normalized to maximum before
TRH addition are shown for cells transfected with siRNAs non-
targeting (1 μg), anti-Akt mix (0.5 μg), or 501 (1 μg). The slope
factors of the curves in the cells transfected with the siRNAs mix
amounted 12.0±0.9 and 11.5±0.9 (n06) without and with TRH, re-
spectively. These values corresponded to 11.2±0.3 and 12.4±0.5 (n0
6) in the siRNA 501-containing cells. The Y-axis label on the left
applies to the three panels
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transfected cells identified by their EGFP fluorescence were
selected for recording. As shown in Fig. 4b, c, the shift to
more positive voltages caused by TRH in the hERG I/V
curve when siRNAs had not been added to the cells
(21.3 mV, see above), was drastically reduced both in cells
transfected with 500 ng of the anti-Akt1 siRNA mixtures
(shift value 3.5±1.9 mV, n06; p<0.01). The introduction of
the silencing agent also impaired the ability of the hormone
to accelerate tail current deactivation. Thus, the fast and
slow deactivation time constants in the untransfected cells
were 136±13 and 775±46 ms (n05) before and 85±6 and
460±30 ms (p<0.01) after TRH treatment. On the other
hand, whereas in the cells transfected with 500 ng of siRNA
the constants amounted to 152±28 and 824±43 ms (n03)
without TRH treatment, no significant alterations of these
values were observed upon hormone addition to the cells,
that showed values of 132±13 and 727±73 ms. Interesting-
ly, the antagonization of the TRH effect by anti-PKB siR-
NAs was less marked on the relatively small current
reductions induced by the hormone in these cells, since
maximal peak tail currents were lowered by TRH 36.2±
4.4% (n08) in non-transfected cells, whereas TRH addition
produced 24.6±4.0% (n06, p00.08) smaller peak tail cur-
rents in cells transfected with 500 ng of siRNA. To confirm
that the effect of the siRNA mix was indeed due to the
knockdown of Akt/PKB expression and not to an off-
target action on other gene(s) due to the multitude of differ-
ent siRNAs present in the mix, we designed and used the
siRNA 501, specific for the sequence of human Akt1
mRNA. Cells transfected with 1 μg of this siRNA showed
an effective and specific block of Akt1 expression (Fig. 4a),
and also an impaired response to TRH, since the hERG
current shift in activation voltage dependence was reduced
to 10.4±1.9 mV (n06, p<0.05; Fig. 4c).

It is important to note that, as expected, the influence of the
interference agent impairing the TRH effect is exerted in a
component of the signalling cascade distal to the receptor
itself, since the TRH-R coupling to Gq/11 leading to elevations
of intracellular Ca2+ upon TRH addition [40] remained unal-
tered in the presence of anti-Akt siRNA. Thus, the initial peak
of [Ca2+]i elevation induced by TRH in untransfected Fura-2-
loaded HEK-H36/T1 cells increased the cation levels from 39
±1 to 198±3 nM (n035, N02). Almost identical results were
obtained in the siRNA-transfected cells: the [Ca2+]i increased
from 39±2 to 183±6 nM (n039, N03) in cells in which
fluorescence of the transfection marker EGFP was detected,
and from 35±2 to 173±11 nM (n011, N03) in the cell
subpopulations in which EGFP fluorescence was negligible.

The fact that Akt/PKB presence is essential for the trans-
duction of the TRH signal in HEK-H36/T1 but not in GH3

cells emphasizes again the influence of the cell type on the
molecular mechanisms used by the hormone to modulate
ERG channel functionality.

Cell-dependent effect of pharmacological blockade of Akt/
PKB activation on TRH-induced ERG modulation

The results presented above strongly suggest that Akt/PKB is
involved in TRH modulation of hERG currents in HEK-H36/
T1 cells. Even though potent and specific inhibitors of Akt/
PKB are not available, the participation of PI3K in the signal-
ling cascade linking different stimuli to Akt/PKB activation
has been firmly established [13, 24, 26]. Therefore, we used
wortmannin to inhibit PI3K activation and thereby the down-
stream PI3K-dependent Akt/PKB activation in HEK-H36/T1
cells. The effects of the inhibitor were assessed following a 5-
min incubation of the patch-perforated cells prior to TRH
addition. The results in Fig. 5 show that in the presence of
100 nM wortmannin the TRH-induced shift in the hERG I/V
curves is strongly reduced [from 21.3 mV in controls to 4.6±
1.8 mV (n04) with wortmannin; p<0.01]. Almost identical
results were obtained increasing the wortmannin level to
10 μM, a concentration at which not only PI3K, but also
PIP2 resynthesis by phosphatidylinositol 4-kinase is impaired
[42]. These results contrast with our previous data demon-
strating that treatment of GH3 cells with up to 10 μM wort-
mannin does not modify the TRH-induced inhibition of the
endogenous rERG currents [23]. They also indicate that,
unlike the results obtained in the HEK-H36/T1 cells heterol-
ogous expression system, Akt/PKB activity is not necessary
for TRH effects in native GH3 cells. Finally, they further
suggest that the cell specific protein composition/availability
can indeed modulate which elements in the signal transduc-
tion pathways are involved in the TRH response.

Hormonal activators of Akt/PKB impair the ability of TRH
to modulate ERG channels in a cell-dependent way

As additional confirmation that the influence of wortmannin
and siRNAs blocking the TRH effect on ERG in HEK-H36/
T1 but not in GH3 cells is due to impairment of Akt/PKB
action, we studied the TRH-induced shifts in hERG activa-
tion voltage dependence following treatment of the cells
with insulin, a potent and very well-known physiological

Fig. 5 Abolishment of TRH-induced modulation of in HEK-H36/T1
hERG channel modulation by wortmannin. a Representative currents
in response to the voltage protocol shown at the top before (Control),
5 min after treatment with 100 nM wortmannin (wortmannin), and in
the presence of wortmannin plus 1 μM TRH (wort + TRH). b Elim-
ination of the TRH-induced modulation of hERG activation voltage
dependence in the presence of low (100 nM) and high (10 μM) con-
centrations of wortmannin. The Y-axis label on the left applies to the
three panels. c Quantification of the wortmannin and wortmannin plus
TRH effects on hERG activation voltage dependence. Note the small
but not significant left shift in the I/V curves induced by wortmannin,
and also that the shift values in the presence of TRH plus wortmannin
refer to the displacement of the curves respect to those elicited in the
presence of the inhibitor alone

b
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activator of the PI3K-Akt signalling cascade in a variety of
cells [13, 21, 29]. In these experiments, 1 μM insulin was
used to ensure proper and complete activation of Akt/PKB

through either the insulin receptor or the IGF-1 receptor that
have been co-localized in HEK293 cells [11, 35]. In HEK-
H36/T1 cells, the V1/2 value of the isochronal I/V curves for

Pflugers Arch - Eur J Physiol (2012) 463:685–702 695



hERG activation remained unaltered following exposure to
insulin for 5 or 15 min (Fig. 6a). However, whereas a
normal rightward shift in activation voltage dependence
was still observed when adding TRH after a 5-min insulin
treatment (averaged shift value 21.0±5.7 mV, n03, p0
0.93), the TRH-induced displacement of the I/V curves
was nearly abolished in cells exposed to insulin for a longer
period of 15 min (2.9±1.7 mV shift, n08, p<0.0001).

As shown in Fig. 6b–d, the reduction of the E-4031-
sensitive current induced by TRH in GH3 cells (78.9±

5.4%, n011) was not significantly altered when they were
previously incubated with 1 μM insulin for 5 min (61.0±
8.1%, n08; p00.07), even though maximum Akt/PKB ac-
tivation in response to insulin has been observed in these
cells under similar conditions [27]. Increasing the insulin
treatment up to 15 min did not change the ability of TRH to
inhibit rERG (77.0±2.6% inhibition, n04; p00.84). Almost
identical results pertaining to insulin effects and TRH treat-
ments were obtained using GH4C1 cells (data not shown), a
cloned variant of the GH3 cells in which activation of the

Fig. 6 Cell-selective blockade
of TRH-induced regulation of
ERG currents by long-term
treatment with insulin. a Quan-
tification of insulin and TRH
effects on activation voltage
dependence shifts of HEK-H36/
T1 cell hERG currents. Note
that the shift values in the pres-
ence of TRH plus insulin refer
to the rightward displacement
of the curves respect to those
elicited in the presence of insu-
lin alone. b Effect of insulin and
insulin plus TRH treatment on
GH3 cell rERG currents. c Time
course of insulin and TRH
effects on GH3 cell rERG cur-
rents. Filled circles correspond
to the current traces shown in
panel b. Values of total inward
charge (see the “Materials and
methods” section) respect to
that measured in the presence of
E-4031 are represented vs time.
d Quantification of the insulin
effect on TRH-induced inhibi-
tion of GH3 cell rERG currents
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PI3K-Akt signalling cascade by insulin via IGF-1 receptors
has also been demonstrated [14].

Differences in the hormone concentration dependence
of the ERG channel modulation as a function of the cell type

As indicated before, it seems unlikely that the observed
differences in the components involved in the hormonal
regulation of ERG channels as a function of the cell type,

occur at the level of the TRH-R itself, since they are specific
for the ERG current modulation without altering the TRH-
induced calcium responses. It is evident that only the exog-
enously expressed TRH-R1 subtype of TRH-R is present in
the heterologous HEK-H36/T1 system. Furthermore, only a
single class of TRH binding sites has been recognized in the
GH3 pituitary cells that selectively express the TRH-R1
receptor [51]. Even though two alternatively spliced iso-
forms of TRH-R1 have been recognized in GH3 cells [21],

Fig. 7 Concentration dependence of TRH effects in HEK-H36/T1
cells and in GH3 cells with and without overexpressed TRH-Rs. a
Dose–response curves for TRH-induced modulation of ERG currents
in HEK-H36/T1 (open circles) and GH3 (closed circles) cells. Contin-
uous lines correspond to Hill curves: y ¼ baseþ ðmax�baseÞ=½1
þðEC50=xÞh� that best fitted the data. Values of the fitting parameters
and number of cells tested at each hormone concentration are indicated
in the graph. b Dose–response curves for the TRH-induced initial
increase in [Ca2+]i levels. [Ca

2+]i increases at the initial peak following
TRH addition relative to the averaged Ca2+ level before adding TRH

are shown. Data from HEK-H36/T1 and GH3 cells are depicted as in
panel A. c Effect of TRH-R overexpression on TRH-induced [Ca2+]i
increases in GH3 cells. Data values were obtained from cells in which
the fluorescence of the labelled TRH-R was detected (TRHR-YFP) or
not (no TRHR), respectively. d Concentration dependence of the TRH
effect on rERG currents from GH3 cells overexpressing TRH-Rs. A
dose–response curve corresponding to cells without exogenous TRH-
Rs (dotted line) as in panel a, is also shown for comparison
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they show almost identical affinities for TRH and display
similar abilities to interact with Gq-like proteins, thus being
able to activate the same signalling pathways [20, 22, 36].
To further explore the possible existence of differences in
the coupling of the TRH-R to the signalling pathways, we
compared the hormone concentration dependences for the
Ca2+ and ERG responses in HEK-H36/T1 and GH3 cells.
When the dose dependence of the rERG inhibition and the
[Ca2+]i responses to TRH were examined in GH3 cells,
similar sigmoidal shaped curves were observed yielding
extrapolated EC50 values of around 30 and 80 nM, respec-
tively (Fig. 7a, b), close to the Kd of TRH for its receptor
and to the EC50 for stimulation of inositol phosphate gener-
ation, electrical activity, and secretory responses in GH cells
[2, 19, 46]. The TRH concentration dependence of the [Ca2
+]i response remained quite similar in the HEK-H36/T1 cells
(EC500270 nM, Fig. 7b). Surprisingly, examination of the
ability of the hormone to rightward shift the hERG I/V
curves demonstrated a strong displacement of the EC50 for
TRH to lower values of around 4 nM (Fig. 7a). This dis-
placement was accompanied by a narrowing of the dose-
response curve along the x axis, increasing the cellular Hill
equivalent from 0.7 to 2.7, and yielding a maximum re-
sponse at ca. 10 nM TRH.

It is known that the presence of spare receptors (also
referred to as receptor reserve), a phenomenon of some
second messenger-coupled receptor cascades in which a
fraction of the receptor population is sufficient to maximally
activate the effector population, can provide a mechanism
for obtaining a response at lower agonist concentrations also
increasing the Hill coefficient [17, 39, 46]. The presence of a
receptor reserve would be consistent with a TRH-R over-
expression in the HEK-H36/T1 cells. However, receptor
number does not appear to be the sole determinant of hor-
mone dependence, since the dose-response displacement is
not similarly observed for the HEK-H36/T1 cells calcium
response. To check for the possibility that the intrinsic cell
composition could also be involved in the different modu-
lation of ERG currents parameters, we studied the hormone
concentration dependence of the Ca2+ and ERG responses in
GH3 cells in which the number of TRH-Rs was increased by
transient transfection of fully functional TRH-Rs carrying a
YFP fluorescent label at their carboxy terminus. The use of
a labelled receptor not only allowed us to identify the
successfully transfected cells, but also ensured that the indi-
vidual fluorescent cells were indeed expressing a much
larger amount of receptors than their non-fluorescent coun-
terparts. As expected, the GH3 cells overexpressing the
receptor exhibited [Ca2+]i responses showing some dis-
placement toward lower hormone concentrations. However,
unlike the modulation of the hERG kinetic parameters in
HEK-H36/T1 cells, no significant differences in the Hill
equivalent were caused by the increase in the cell receptor

content (Fig. 7c). Finally, the strong shift in concentration
dependence of the TRH-induced modulation of the HEK-
H36/T1 hERG currents was not manifested on the inhibition
of the endogenous rERG currents of the fluorescent trans-
fected GH3 cells (Fig. 7d). These data indicate that in
addition to the increased number of receptors, some cellular
factor(s) contribute differently to couple the receptor to the
hERG channel modulation in the HEK-H36/T1 cells, further
emphasizing the influence of the cell type in the molecular
mechanism(s) involved in the TRH-evoked responses.

Discussion

The transduction pathway between TRH-R and the ERG K+

channels has been partially established by our group and
others in cell types in which the two elements are natively or
heterologously expressed [3, 4, 6, 8, 23, 40, 47, 48]. Binding
of TRH to its receptor at the plasma membrane initiates a
variety of intracellular signalling events with distinct phys-
iological outcomes. While studying the roles of various G
proteins and downstream cellular effectors in the context of
ERG inhibition by TRH in GH3 and HEK-H36/T1 cells, we
found several discrepancies between them, specifically re-
garding the coupling to G proteins and the implication of βγ
dimers in the transduction of the signal [40]. To critically
address this issue, we have studied the biomolecular pro-
cesses beyond G protein coupling in these cell types. Sig-
nalling pathways are typically studied using different cell
lines, and knowledge is compiled assuming that the cell line
background is not important. However, different cell lines
may not respond to a particular stimulus in the same way
since they may not have the same basic cellular machinery
and may show differences in their transduction pathway
dynamics [49, 59]. Our results here using GH3 and HEK-
H36/T1 cells show that the TRH pathway can implicate
different downstream signalling elements in a cell-
dependent way. We have also verified that those differences
are not exclusively due to the overexpression of TRH-Rs in
HEK-H36/T1 cells.

While Miranda et al. [40] described that regulation of
ERG currents by TRH is coupled to Gs in GH3 cells but not
in HEK-H36/T1 cells, in this article we have analysed in
depth the possible implication of βγ dimers and Akt/PKB
kinase in the transduction of the TRH signal to ERG. Thus
we have studied the effects of several βγ dimer scavengers
such as β-ARK/CT [34] and phosducin [12], as well as the
previously employed Gαt [40]. All three scavengers were
able to significantly reduce the TRH-evoked rERG current
inhibition in GH3 cells, demonstrating an evident implica-
tion of βγ dimers as a necessary element of the signalling in
these cells. Noticeably, the role of the dimers is specific for
the modulation of the GH3 cell rERG currents, since the
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presence of the scavengers did not modify the Gq/11- and
PLC-dependent intracellular Ca2+ rise also caused by TRH
in these cells. In contrast to the behaviour observed in GH3

cells, none of the βγ dimer scavengers was able to modify
the hERG channels response to TRH in HEK-H36/T1 cells.
Thus, whereas the transduction pathways activated by TRH
in both cell types do share some common elements, they
also implicate different ones converging on the same effec-
tor, i.e. the ERG channels. Since equivalent receptor and
effectors are present in both cell types, such differences
must rely on the cell-specific molecular compositions.

One of the proposed elements involved in the modulation
of the endogenous pituitary cell ERG channels by TRH is a
phosphorylation/dephosphorylation event [4, 23]. Whereas
the possible implication of some specific protein kinases (e.
g. PKA and PKC) in this effect has been discarded [23, 47,
48], the identity of the phosphorylating enzyme and the
molecular target of its action remains unknown. Neverthe-
less, phosphorylation by PKA [32, 53] and PKC [18] (but
see [52]) of heterologously expressed hERG channels has
been recognized as a modulatory mechanism. Although the
basal activity of Akt/PKB has been previously reported to
be necessary for the correct function of hERG in HEK293
cells [58], no data about its possible implication in the
hormone-induced regulation of the channel is available to
date. To study the involvement of this kinase in the TRH
response, we have used an RNAi strategy, using siRNA
mixes derived from human or rat Akt1 sequences. These
siRNA mixes strongly reduced (more than 80%) the expres-
sion of not only Akt1, but also of Akt2 and Akt3 that show
between 71% and 82% identity with the corresponding
human and rat Akt1. More importantly, whereas knocking
down Akt expression did not affect the TRH-induced rERG
modulation in GH3 cells, it effectively impaired the HEK-
H36/T1 cell hERG kinetic modifications induced by the
hormone. The effect of the siRNA mix was specific and
not an off-target one, since it was mimicked by a specific
siRNA for the human Akt1 mRNA. Pharmacological inhi-
bition of Akt/PKB activation with wortmannin and deple-
tion of the PI3K/Akt route following a quite long-term pre-
treatment with insulin (an effective activator of this route)
further demonstrated that Akt/PKB is indeed necessary for
transduction of the signal from TRH-R to ERG channels in
HEK-H36/T1 cells, but not in GH3 cells. Apart from being
the first demonstration of Akt/PKB participation in an ERG
channel response to a hormonal stimulus, these data again
emphasize the importance of the cell type in such a signal
transduction. The final indication that this is the case is
provided by our data showing a different hormone concen-
tration dependence for the TRH-induced effects on ERG in
GH3 and HEK-H36/T1 cells.

Our findings raise the question as to what underlies the
difference in TRH-R/G-protein/effector coupling seen

between the two cell lines. At this moment, we cannot
provide a definitive molecular explanation for the cell-
dependent differences in this coupling. Since the same
TRH-R is expressed in the GH3 and the HEK-H36/T1 cells,
such differences should lie distal to the receptor itself. It also
seems unlikely that the very few amino acid changes (96%
amino acid identity) between the rat and human ERG chan-
nel sequences [10] could explain the observed differences.
Indeed, although it is plausible that some single amino acid
alterations may affect the functional properties of the chan-
nels modifying their biophysical and/or regulatory charac-
teristics, it has been demonstrated that hERG channels and
their rat counterparts do not significantly differ in respect to
their modulation by TRH when they are exogenously
expressed in the same GH3 cells [33, 48]. Also, the exis-
tence of a different set of auxiliary β subunits in the two cell
types cannot be disregarded [54]. As an alternative, the
possibility of an interaction of the receptor with different
G proteins may explain the diverse mechanism(s) involved
in ERG modulation. Whereas in many natural receptor
systems the amount of G protein available for interaction
with receptors is not limiting, in some cases the availability
of G protein becomes a limitation [31]. This phenomenon
can be observed more often in recombinant systems, where
the natural stoichiometry is altered by expressing receptors
in surrogate cells, opening up the possibility that the high
levels of receptor expression may tend to produce saturation
of stimulus–response mechanisms and to recruit other cel-
lular response elements [31]. As a consequence, either
through activation of more than one α-subunit of multiple
G proteins or through a significant increase in βγ-subunits,
the increased receptor expression level may change the
observed response. Note, however, that although receptor
overexpression has been shown to induce some promiscu-
ous coupling to G proteins [15, 28, 38], this cannot fully
explain the differences observed here, since some of them
still remain after overexpressing the TRH-R in the GH3

cells. This would also tend to disprove the hypothesis that
an increased number of receptors leads to a higher dimer-
ization/oligomerization level, a phenomenon previously
detected with the TRH-R [25, 45, 50] that in some receptors
has been shown to allow for a differential coupling to the
transduction cascades [37, 44].

Another possibility to explain the observed differences is
that the receptor/G-protein interaction is partially dependent
upon the complement of downstream effectors present in
each cell type. Thus, it has been shown that the efficiency of
D3 dopamine receptor coupling to α-Go is much greater in
SH-SY5Y compared to HEK293 cells, despite a similar
abundance of α-Go in both cell types [57]. This led to the
proposal that it is the endogenous level of the appropriate
downstream effector(s) which determines the efficiency of
specific receptor/G-protein interactions. It remains to be
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established whether a similar mechanism is involved in the
differences in the TRH-induced pathways.

In summary, the results presented here show that, besides
using common elements for signal transduction such as the
Gq/11-PLC route, TRH action also causes a cell-dependent
regulation of the ERG channels through some different
elements, since it implicates βγ dimers but not Akt/PKB
in GH3 cells, whereas in HEK-H36/T1 cells it implicates
Akt/PKB but not βγ dimers. Noticeably, βγ dimers liber-
ated by GPCRs from Gi proteins reportedly bind to and
activate PI3Kγ [26, 29]. However, TRH-R coupling to Gi

is not apparently involved in the modulation of rERG chan-
nels of the GH3 cells, since the effect of TRH on rERG is not
impaired by pertussis toxin [9, 40], and because the effect
remains intact when the hormone is added to cells in which
the continuous presence of saturating levels of an agonist (e.
g. somatostatin and oxotremorine M) maintains activated
classic inward rectifier K+ channels via Gi (Barros F. and
Miranda P., unpublished results). This could explain the
inability of the hormone to modulate the GH3 rERG current
via Akt/PKB. It would also be consistent with our proposal
that a specific set of βγ subunits released from a Gs or G13

transducer is responsible for the TRH-induced ERG regula-
tion in the GH3, but not in the HEK-H36/T1 cells [40].
Further work would be necessary to identify other molecular
components of the signalling cascade leading to the Akt/
PKB-dependent modulation of hERG in this heterologous
cell expression system.
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