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Modulation of the human ether-a-go-go-related gene (HERG) K™ channel was studied in two-
electrode voltage-clamped Xenopus oocytes co-expressing the channel protein and the

Addition of TRH caused clear modifications of HERG channel gating kinetics. These
variations consisted of an acceleration of deactivation, as shown by a faster decay of hyper-
polarization-induced tail currents, and a slower time course of activation, measured using an
envelope of tails protocol. The voltage dependence for activation was also shifted by nearly
20 mV in the depolarizing direction. Neither the inactivation nor the inactivation recovery

The alterations in activation gating parameters induced by TRH were demonstrated in a
direct way by looking at the increased outward K™ currents elicited in extracellular solutions

The effects of TRH were mimicked by direct pharmacological activation of protein kinase C
(PKC) with g-phorbol 12-myristate, 13-acetate (PMA). The TRH-induced effects were
antagonized by GF109203X, a highly specific inhibitor of PKC that also abolished the PMA-

1.
thyrotropin-releasing hormone (TRH) receptor.
2.
rates were altered by TRH.
3.
in which K* was replaced by Cs™.
4.
dependent regulation of the channels.
5.

It is concluded that a PKC-dependent pathway links G protein-coupled receptors that
activate phospholipase C to modulation of HERG channel gating. This provides a
mechanism for the physiological regulation of cardiac function by phospholipase C-activating

receptors, and for modulation of adenohypophysial neurosecretion in response to TRH.

The human ether-a-go-go (eag)-related gene (HERG) encodes
a K*' channel (the HERG channel) that constitutes the
molecular basis of the cardiac repolarizing K* current, I,
(Sanguinetti et al. 1995; Trudeau et al. 1995). Malfunction
of HERG channels is the cause of both inherited and
acquired long-QT syndromes, characterized by an unusually
slow repolarization of cardiac action potentials leading to
cardiac arrhythmia and eventually ventricular fibrillation
and sudden cardiac death (Curran et al. 1995; Sanguinetti
et al. 1995; Spector et al. 1996a). Furthermore, HERG
channels are molecular targets for widely used pharmaco-
logical agents such as class III anti-arrhythmics (Spector et
al. 1996a) and some histamine receptor antagonists
(Suessbrich et al. 1996). HERG channels were initially
isolated from hippocampus, but their role in neuronal
function is not completely understood. However, they have
been implicated in the changes of the resting membrane
potential associated with the cell cycle and in the control of
neuritogenesis and differentiation in neuronal cells

(Arcangeli et al. 1993, 1995; Faravelli et al. 1996). Finally, a
recent report by Chiesa et al. (1997) indicated an important
role for HERG channels in neuronal spike-frequency
adaptation.

In spite of the physiological importance of HERG channels,
little is known about their regulation by different neuro-
transmitters and/or hormone receptors. In GH, rat anterior
pituitary cells, regulation of an inwardly rectifying K*
current constitutes an important point for control of
pacemaker activity in response to thyrotropin-releasing
hormone (TRH; Barros et al. 1994, 1997). Such a regulation
is exerted by means of a phosphorylation/dephosphorylation
cycle triggered by a still unknown protein kinase, which is
specifically reverted by protein phosphatase 2A (Barros et
al. 1992, 1993; Delgado et al. 1992). Recent kinetic and
pharmacological evidence indicates that a HERG-like K*
channel is the cause of the TRH-regulated inwardly
rectifying K* currents (Barros et al. 1997). The availability
of cloned TRH receptors (TRH-Rs) and HERG channels



334 F. Barros and others

allowed us to develop an in witro assay to study the
mechanism (s) of HERG regulation by co-expression of
receptor and channel proteins.

Expression of HERG product in Xenopus oocytes yields
depolarization-activated K* currents which, as for GH, cell
currents, show strong inward rectification (Sanguinetti et al.
1995; Trudeau et al. 1995; Schonherr & Heinemann, 1996;
Spector et al. 1996b; Wang et al. 1996, 1997). Recently it
has been shown that this rectification arises from a C-type
rapid inactivation mechanism (Schénherr & Heinemann,
1996; Smith et al. 1996; but see Wang et al. 1996, 1997)
that reduces conductance at positive voltages and strongly
limits the level of outward current after depolarizing the
membrane. This precludes an accurate estimation of
activation and inactivation parameters
measurements of outward currents, in which activation and
inactivation properties overlap. In this report, we performed
a characterization of the HERG gating properties by using
an envelope of tail currents protocol. Both in oocytes and
adenohypophysial cells, activation of phospholipase C (PLC)
and generation of the two second messengers, inositol
1,4,5-trisphosphate (IP,) and diacylglycerol (DAG) are the
prototypical consequences of TRH-R activation (de la Pefia
et al. 1992; Corette et al. 1995; Gershengorn & Osman,
1996). Our results with oocytes co-expressing HERG and
TRH-R demonstrate clear alterations of HERG channel
gating by TRH. Such alterations are manifested as an
acceleration of deactivation and a slower time course of
channel activation without any significant change in
inactivation or inactivation recovery rates. The parallel
between the effects of TRH and the protein kinase C (PKC)-
specific activator f-phorbol 12-myristate, 13-acetate (PMA)
indicates that a PKC-dependent pathway links the TRH-R
to modulation of HERG. Our data also indicate that a
phosphorylation triggered by activation of PKC is able to
regulate channel gating properties by G protein-coupled
receptors that generate PLC-dependent signals.

from direct

METHODS
Microinjection and electrophysiology of oocytes
Mature female Xenopus laevis (Nasco, Fort Atkinson, WI, USA)

were anaesthetized by immersion in benzocaine solutions and
subsequently maintained on ice in order to obtain oocytes. Ovarian
lobes were removed through a small incision in the abdominal wall.
After removal of the ovarian lobe, the frogs were sutured in the
abdominal wall and in the external skin, and allowed to recover in a
small water-filled container, with their heads elevated above water
level. Once the animal had recovered from anaesthesia, it was
placed in a separate aquarium by itself and periodically monitored
until healed. Typically, lobes were obtained two or three times from
a single frog, with several months in between. When individual
frogs no longer yielded acceptable oocytes, anaesthetized frogs were
killed by an overdose of benzocaine.

Procedures for microinjection and two-electrode voltage-clamp of
oocytes have been described elsewhere (de la Pefia et al. 1992, 1995;
del Camino et al. 1997). Oocytes were maintained in OR-2 medium
(mm: 825 NaCl, 2 KCI, 2 CaCl,, 2 MgCl,, 1 Na, HPO, and 10 Hepes,
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at pH 7:5). Cytoplasmic microinjections were performed with
30—50 nl of in vitro synthesized cRNA per oocyte. HERG currents
and TRH-induced responses were studied in manually
defolliculated oocytes (de la Pefia et al. 1992) using extracellular
high-K* OR-2 medium in which 50 mm KCl was substituted for an
equivalent amount of NaCl. When indicated, a Cs*-containing
extracellular solution was used constituted from OR-2 medium
without K¥, and in which NaCl was substituted with an equivalent
amount of CsCl.

Functional expression was typically assessed 2-3days after
microinjection. Current measurements were performed at room
temperature (20—25°C) using the two-electrode voltage-clamp
method with a Turbo TEC 01C (NPI, Tamm, Germany) amplifier
and 2 M KCl-filled glass capillaries showing DC resistances between
05 and 2:0 MQ. Current recordings were obtained in an
experimental chamber of 0:2 ml volume continuously perfused at
4-5ml min~", Membrane potential was clamped at —80 mV.

Channel deactivation and inactivation recovery Kkinetics were
obtained from tail currents upon membrane repolarization,
following depolarizing pulses that displaced the channels to open
and inactive states. Repolarizations following depolarizing pulses
lasted for 1-5s to ensure total relaxation of tail currents and
proper fits, but only the initial portion of the tails is shown in some
graphs for clarity. By fitting an exponential to the initial rising
phase and a second one to the decaying portion of the tails, both
the rate of recovery from inactivation and the deactivation rate
were measured, respectively.

The simultaneous occurrence of closed to open and open to inactive
transitions at positive voltages due to the fast rate of HERG
channel inactivation precludes an accurate estimation of activation
and inactivation kinetic parameters by looking at the time-
dependent development of outward currents. As an alternative, the
time course of transitions from closed to open plus inactive states
upon depolarization was monitored indirectly with an envelope of
tail currents protocol, varying the duration of the depolarization
pulse, fitting the relaxation of the tail currents recorded once the
membrane is stepped back to a negative voltage, and extrapolating
the current magnitude to the moment the depolarizing pulse was
ended (Trudeau et al. 1995).

The time dependence of HERG fast inactivation from the open
state can be determined by a dual-pulse protocol (Smith et al. 1996,
Spector et al. 1996 b; Schonherr & Heinemann, 1996) in which after
a depolarization pulse to activate (and inactivate) the channels, the
membrane is hyperpolarized briefly to allow them to recover from
inactivation, entering the open state. Once the maximum inward
current is obtained at negative voltages, the membrane is again
depolarized to re-inactivate the channels. This re-inactivation is
seen as a single exponential decline in current along the second
depolarization pulse, from which the rate of the open to inactive
transition can be obtained.

The data acquisition and analysis were performed using Apple
Macintosh computers with Pulse/PulseFit (HEKA, Lambrecht,
Germany) and IGOR (Wavemetrics, Lake Oswego, OR, USA)
software. The output of the amplifier was digitized at 1 kHz.
Records are shown without leak and capacitive correction unless
otherwise indicated. In some cases, a P/4 protocol was performed
for leak and capacitive current subtraction with a leak holding
potential of —80 mV and a scaling factor of —0-2. Because the
efficiency of the channel and receptor protein expression varied
among oocyte batches, the data collected for the source batch of
oocytes were compared for each set of experiment in the graphs.
Nevertheless, the experiments were repeated at least three times
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with different batches from different donors. Data are presented as
means + S.E.M.
Plasmids and preparation of cRNA

Isolation of the TRH-R ¢DNA has been described previously
(de la Pefia et al. 1992). The plasmid containing the ¢cDNA for the
HERG channel was generously provided by Dr E. Wanke
(University of Milano, Italy). Plasmids were linearized and capped
cRNA was synthesized in vitro from the linear cDNA templates by
standard methods using T7 or SP6 RNA polymerases as described
(de la Pefia et al. 1992).

Chemicals

TRH, PMA, KN-62, benzocaine and genistein were purchased
from Sigma. GF109203X was from Calbiochem (San Diego, CA,
USA). All other reagents were purchased from Sigma and were the
highest quality available.

RESULTS

Effect of TRH-R activation on HERG channel gating
transitions studied in K*-containing solutions

To determine whether the HERG channels may be modulated
by receptor pathways that regulate PLC-dependent signals,
we co-expressed the HERG channel protein with the TRH-R
from rat adenohypophysial cells (de la Pefia et al. 1992).
Treatment of oocytes with 1 um TRH resulted in fast
activation of transient inward Cl™~ currents when the oocyte
membrane was maintained at —80 mV (Fig. 14, left). These
currents, due to IP,-triggered release of Ca’* from intra-
cellular stores, were indistinguishable from those measured
in oocytes without HERG channel transcripts (Fig. 1.5, left;
see de la Pena et al. 1992, 1995; del Camino et al. 1997). To
test for receptor-mediated modulation of HERG currents,
the co-injected oocytes clamped at —80 mV were submitted
to a 400 ms depolarization at regular intervals followed by a
repolarization to —100 mV. Without TRH addition, HERG-
expressing oocytes bathed in solutions containing 50 mm
K* displayed only small outward currents (Fig.14, right).
On repolarization to a negative membrane potential, a slow
inward tail current is obtained with an initial rising phase
as a result of fast inactivation removal, followed by a slow
decay due to channel closing.

Application of TRH caused a transient enhancement of
outward currents recorded upon depolarization and of hyper-
polarization-evoked inward tail currents. The transiently
enhanced currents correspond to the Ca’ -activated CI~
currents triggered by the sudden release of Ca’* from intra-
cellular stores (see above). However, 1 or 2 min after the
introduction of TRH, the hyperpolarization-evoked tail
currents were obviously reduced (Fig.14, right). Such a
reduction was mainly shown by a marked acceleration of
decay. It is important to note that the reduction in tail
currents was detected even before the basal current at
—80mV completely returned to its initial magnitude.
However, an increased Cl™ permeability in response to TRH
would yield a bigger current at the negative voltages at
which the tail currents are recorded. Further evidence that
TRH-induced increases of oocyte Cl™ conductance do not
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contribute significantly to the observed effects on the tail
currents are as follows. (i) The modifications of the inward
tail current kinetics lasted long after the initial Ca’*-
dependent Cl” current increase was almost completely
reverted (trace b in Fig.14). (ii) Delayed development of
IP,-induced Cl™ currents is associated with appearance of
slowly rising non-inactivating hyperpolarization-evoked
inward currents (Hartzell, 1996). This would cause an
increase in the size of the tail currents and a slower rate of
decay. However, the opposite effect is seen, and (iii) in
oocytes expressing only TRH-Rs, 2 or 3 min after TRH
addition the membrane currents recorded at —100 mV
consisted exclusively of an instantaneous small inward
current followed by a fast mono-exponential decay (Fig. 1.B).
This yields almost undetectable currents over the time
range at which deactivation of HERG tail currents takes
place. Altogether, this indicates that although the
modifications induced by TRH treatment can be even larger
than observed, the alterations in tail current kinetics are
due to variations in the deactivation gating of the expressed
HERG channels.

The results shown in Fig. 14 and € indicate that in spite of
a certain variability in the kinetic parameters obtained from
different oocytes, addition of TRH reduced the deactivation
time constant by nearly a half (see also Table 1). The
acceleration of the current deactivation was reversed several
minutes after washing out TRH from the recording chamber.
Interestingly, the reversion of the TRH eftect was usually less
than 50 % during an exposure to the neuropeptide lasting up
to 10 min. Furthermore, although a short (20—30 s) exposure
to the hormone was systematically followed by a quite rapid
recovery of the initial rates of tail current decay, only a slow
and partial recovery was sometimes achieved following
addition of TRH for several minutes (not shown).

HERG channel deactivation is a voltage-dependent process
that occurs at a faster rate when the membrane potential is
set at more negative voltages (Sanguinetti et al. 1995;
Schonherr & Heinemann, 1996; Spector et al. 1996b). We
measured a deactivation time constant of nearly 1s at
—60 mV, which was reduced to 20 ms at —140 mV. This
time constant was 50 % smaller in the presence of TRH at
all voltages between —60 and —140 mV (data not shown).

As shown in Table 1, the rate of HERG recovery from
inactivation was not significantly changed by TRH. Thus
only minor variations in the time constant of the tail
current rising phase were obtained in the presence of the
hormone. A similar lack of effect was obtained at all
voltages between —60 and —140 mV, at which the recovery
process was studied (data not shown).

Due to superposition of relatively slow activation transitions
and particularly fast inactivation rates upon depolarization,
rigorous estimations of HERG activation rates can only be
indirectly achieved by using an envelope of tail currents
protocol (see Methods). As shown in Fig. 2, we obtained
clear sigmoidal activation kinetics using this procedure.
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Figure 1. Effect of TRH-R activation on HERG tail current kinetics

A, left, inward Ca”"-dependent CI~ currents in response to TRH. Representative inward Cl™ currents in a voltage-
clamped oocyte 2 days after co-injection of TRH-R and HERG channel cRNA are shown. The start of perfusion
with high-K™ OR-2 plus 1 g TRH is indicated. The current trace represents continuous segments obtained at
—80 mV. The gaps on the trace indicate times at which a depolarization pulse was applied according to the voltage
pulse diagram shown on the right. Right, membrane currents elicited by membrane depolarization at different times
before (trace a) and after challenging the cell with TRH (traces b and ¢). Depolarization steps of 400 ms from —80 to
+40 mV were delivered to the oocyte every 10s, followed by a 400 ms repolarization to —100 mV. Membrane
currents shown correspond to pulses delivered either 10 s before TRH addition (trace a), or 50 s after starting
perfusion with 1 um TRH (trace b), respectively. A current trace elicited with an identical protocol after 6 min of
TRH washout (trace c) is also shown to illustrate the reversibility of the TRH effect. The TRH application lasted for
about 9 min. Bi-exponential fits superimposed to the current traces are shown for —100 mV tails. Note the
correspondence of current kinetics along the tail rising phase for control and TRH traces. B, left, inward Ca’*-
dependent CI™ currents obtained in an oocyte injected with TRH-R ¢RNA but not with HERG channel messages.
Right, membrane currents elicited by membrane depolarizations at the times marked A to C on the left. Identical
conditions to those indicated in A were used. Note the fast monoexponential decay of the CI™ tail currents and their
small magnitude 1 min after start of the TRH addition. C; time course of deactivation time constant variations in
response to TRH. The time constant was quantified by fitting a double exponential to the tail as shown in A (right).
Subsequently, the plotted deactivation time constant and the time constant for inactivation recovery were obtained
from the decaying portion and the initial rising phase of the tail, respectively. The periods without data points
correspond to times at which I-V curves were generated. Time constant values for the two pulses following
introduction of TRH in the chamber, corresponding to periods of huge increases in inward Cl~ currents, have not
been included in the graph. Start of perfusion with 1 gm TRH and hormone washout is signalled by arrows.
a—c correspond to the experimental times at which current traces marked with the same lettering in A were
obtained.
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Table 1. Effect of thyrotropin-releasing hormone on HERG kinetic parameters

Treatment External solution ~ Activation ¢, n N Deactivation 7 Inactivation recovery 7 n N
(ms) (ms) (ms)

Control 50 mm K* 306+ 35 21 3 589 + 64 94404 48 7

TRH 50 mm K* 660 +£10-0* 21 3 348+ 30F 104 £ 0'5 48 7

Control Cs* 13:3+0-8 3 — 100 + 4 142426 3

TRH Cs* 195+ 1-8%* 3 64 + 3% 12:6 £ 2:7 3 —

* P<0:05; + P<0-001 vs. control; Student’s paired ¢ test. Times for half-maximal current activation (4,)
were obtained from envelope of tail currents following the voltage protocol shown at the top of Fig. 2.
Deactivation and inactivation recovery time constants (7) were measured from bi-exponential fits to tail
currents after repolarizing the membrane to —100 mV. n represents the number of oocytes used for the
number of donors indicated by N.
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Furthermore, the time necessary to attain a half-maximal
current magnitude was increased about twofold after
treatment of the oocytes with TRH (Fig. 2 and Table 1).

The voltage dependence of the gating transitions during the
depolarization pulses can be studied following a similar
protocol in which the membrane potential is stepped to
different voltages for a fixed time, and the extrapolated
instantaneous tail current is measured after repolarizing the
membrane to —100 mV (Fig.3). The plot of the current
magnitude vs. voltage was described by a Boltzmann equation
with a V), of near —20 mV. Treatment of the oocyte with
TRH shifted the Vi, value by 18 £ 2mV (n=3) in the
depolarizing direction.

The time dependence of HERG fast inactivation from the
open state was determined by a dual-pulse protocol, looking
at the single exponential decline in current along the second
depolarization pulse (see Methods). As shown in Fig. 4, the
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rate of inactivation was voltage dependent (see also
Schonherr & Heinemann, 1996; Smith et al. 1996; Spector et
al. 1996 b; Wang et al. 1996). However, it remained unaltered
at all voltages tested after challenging the cell with TRH.
Failure to detect any change in the time course of
inactivation was not due to a lack of TRH effects in this
particular cell. As shown in the inset of Fig. 4, a clear
acceleration of deactivation was induced in the same oocyte
by the TRH treatment.

Altogether, these results indicate that activation of the TRH
receptor modifies the activation and deactivation gating
properties of HERG channels. Such a modification causes an
acceleration of channel deactivation, a slower activation,
and a shift in the voltage dependence of activation towards
more positive voltages. However, neither the inactivation
transitions from the open state nor the inactivation recovery
process are influenced by treating the cells with TRH.

Figure 3. Effect of TRH on HERG channel
voltage dependence of activation

Voltage dependence of activation was studied in the
absence (control) or the presence of 1 ym TRH by
varying the magnitude of a 400 ms prepulse according
to the voltage protocol shown at the top. Test pulses
were applied once every 20 s. When the effect of TRH
was tested, data collection started 2 min after
challenging the cell with the neuropeptide. The
magnitude of the instantaneous tail current at —100 mV
was determined by fitting an exponential to the
decaying portion of the tail as shown superimposed on
the tail currents, and extrapolating the current to the
moment the depolarizing pulse was ended. The
continuous lines in the lower panel correspond to
Boltzmann curves: h(V) = I, (1/(1 +exp

(V= W)/ k)), which best fitted to the data with V,, of
—20and =5 mV, I, of 9-4and 91 A, and k values of

> “max

—8-1 and —8:7 for control and TRH, respectively.
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Figure 4. Lack of TRH effects on HERG channel inactivation kinetics

Onset of fast inactivation was studied using the voltage protocol shown at the top. HERG was activated and
inactivated with a 400 ms prepulse to +40 mV. A 20 ms pulse to —100 mV was used to recover the channels
from inactivation, followed by a test pulse to different voltages to re-inactivate the channels. Test pulses were
applied once every 20 s. The decaying portion of the current during the test pulse is shown starting 2:5 ms after
the hyperpolarizing pulse to —100 mV was ended. Membrane currents recorded at the end of the depolarization
prepulse and along the 20 ms hyperpolarization pulse are also shown. The two families of current traces shown
at the top were obtained in the absence (control) or starting 2 min after challenging the cell with 1 gm TRH.
Inactivating decaying currents along the test pulses to —40, 0, +40 and +80 mV both in the absence or in the
presence of TRH are shown superimposed in the lower panel. Note the almost exact correspondence of both
currents at all tested voltages. TRH effects on inactivation kinetics were not observed even though the hormone
induced a clear acceleration of the deactivation rate in the same oocyte, as shown in the inset. In this case,
inward tail currents during long hyperpolarizations to —100 mV are shown. Currents were recorded either
before (C), 90 s after start the TRH treatment (TRH), or after 10 min of hormone washout (W).
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Figure 5. Effect of TRH on activation gating of HERG channels in Cs*-containing extracellular
solutions

A, comparison of membrane currents elicited by membrane depolarization before (control) or 3 min after
starting the treatment with 1 gm TRH (TRH). Pulses (400 ms) were applied to test potentials of —60 to
+60 mV in 20 mV steps from a holding potential of —80 mV. Test pulses were applied once every 20 s. Current
traces shown have been subtracted for leak. Extracellular solutions containing Cs* instead of K* were used.
B, slower activation rates are induced by TRH on outward K*currents studied in Cs*-containing extracellular
solutions. Outward currents obtained in the absence (control) or the presence of TRH are shown for depolarizing
pulses to 440 (left) or 4+20 mV (right). For comparison, currents were normalized to peak. C, left, effect of TRH
on the magnitude of outward currents as a function of membrane potential. Outward current magnitudes at the
peak are plotted wvs. test pulse potential (k) for the currents shown in A. The data points are connected by
straight lines. Right, effect of TRH on the magnitude of Cs™ inward tail currents as a function of membrane
potential. The magnitude of the tail currents is plotted vs. test pulse potential for the currents shown in A. The
continuous lines correspond to Boltzmann curves that best fitted the data with Vi, of —23 and —1 mV, [, of
1-0 and 11 gA, and k values of —9-5 and —14-2 for control and TRH, respectively.
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TRH-mediated modification of outward current
kinetic parameters in Cs*-containing solutions

As indicated above, the superposition of quite unusual fast
inactivation and slow activation kinetics makes it necessary
to perform an indirect estimation of activation gating
parameters through measurements of the recovery from
open (O) plus inactive (I) states along the tail currents.
However, as discussed below, this estimation can be biased
by occurrence of inactivation directly from a closed state,
that deviates from a sequential model for channel behaviour.
To obtain a more direct demonstration of alterations in the
activation rate, we took advantage from the fact that
replacement of extracellular K™ by Cs™ causes a marked
increase in outward currents (Schonherr & Heinemann,
1996). Although a direct effect of Cs™ replacement on closed
(C) to O transitions cannot be completely excluded, we found
that this outward current increase can be induced, at least
in part, by a twofold slower rate of inactivation in the
presence of external Cs” (data not shown). In any case, we
compared the speed of channel activation before and after
challenging the oocytes with TRH, by measuring the time
necessary to reach the peak of the outward current in
extracellular Cs*. Figure 54 and B shows that, as predicted
from the results obtained in K'-containing extracellular
solutions, the activation time course was slowed by TRH at
all voltages between —20 and 60 mV (see also Table 1).
Furthermore, the neuropeptide caused a shift of near 20 mV
in the voltage dependence for activation also in Cs'-
containing solutions (Fig. 5C). Again, the kinetic alterations
were not related to a modification of inactivation rates, since
the time course of the O to I transitions remained unaltered
after challenging the oocytes with TRH in Cs'-containing
solutions (not shown). These results demonstrate in a more
direct way that activation of the TRH-R is indeed able to
slow down the activation kinetics of the HERG channels.

The effects of TRH on activation and deactivation
kinetics are mimicked by direct activation of PKC
with f-phorbol 12-myristate, 13-acetate (PMA)

TRH-R activation of PLC leads to formation of diacyl-
glycerol and activation of PKC, a Ca’"- and lipid-dependent
kinase. To examine whether PKC modulates HERG channels
we exposed oocytes expressing these channels to PMA, a
pharmacologically specific activator of PKC. As with TRH,
addition of PMA (100 nm) caused an acceleration of
deactivation in a time-dependent manner. Although the
PMA effect developed more slowly than that of TRH,
5—10 min after starting the treatment the time constant of
tail current decay at —100 mV was reduced by 20% and
50—-60% with 10 and 100 nm PMA, respectively (Fig. 64).
The effect of PMA was due to its action activating PKC.
Thus pre-incubation of the oocytes with 3 gm GF109203X
(a highly specific, non-toxic inhibitor of PKC; Crespo et al.
1994) for 1-3 h abolished the effect of 10 nm PMA and
significantly reduced that of 100 nm PMA. Almost complete
inhibition of the effect elicited by 100 nm PMA was achieved
by raising the GF109203X concentration to 10 um and the
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incubation time to 2—6 h (Fig. 6 4). It is interesting that the
effects of PMA were not accompanied by any modification
of oocyte Ca’*-dependent C1™ currents. This further supports
our conclusion that the alterations in current Kinetics
induced by TRH are not related to any effect of the
hormone on Ca’*-dependent C1~ conductance.

To extend further the parallel between the actions of PMA
and TRH, we also studied the effects of the PKC activator
on activation and inactivation kinetic parameters. The rate
of recovery from inactivation remained largely unaltered in
the presence of PMA (not shown). This indicates that, as for
TRH, the effects on tail current kinetics caused by direct
activation of PKC with PMA are predominantly manifested
in an acceleration of deactivation.

The results shown in Fig. 6B indicate that the activation
gating transitions are slowed by challenging the cell with
PMA. The time course of transitions from C to O plus I
states was initially studied by varying the duration of the
depolarization pulses and looking at the magnitude of the
tail currents along a subsequent hyperpolarization (see above).
In this case, a progressive increase in the activation time
constant was obtained in the presence of PMA, leading to a
twofold enhancement after 10 min of PMA treatment. This
increase was significantly reduced in oocytes incubated with
GF109203X (not shown). For a more direct demonstration
that the C to O transition is slowed by PMA, we compared
the speed of the outward current onset in Cs*-containing
extracellular solutions. As shown in Fig. 65, the activation
time course of the current was clearly slowed by treatment
with 100 nm PMA for 10 min. Furthermore, as with TRH,
a nearly 20 mV shift in the depolarizing direction was also
induced by PMA on the voltage dependence of activation in
Cs™-containing solutions. Interestingly, the increase in the
time to reach the peak of the outward current was
paralleled by a 30% reduction in the time constant of the
tail current decay (inset, Fig.6B). This indicates that the
acceleration of the deactivation process by PKC activation is
exerted regardless of the nature of the permeant ion
carrying the inward current: Cs*™ instead of K¥ in the
experiment shown in Fig. 6 B.

The clear parallel between the effects of TRH and PMA on
kinetic properties of HERG channels is strengthened by the
lack of PMA effects on fast inactivation. As shown in
Fig. 60, the time course of inactivation from the open state
remained unaltered in the presence of PMA, although the
tail inward currents were ostensibly modified by the drug in
the same cell (Fig. 6C, inset). Altogether, this suggests that
modulation of HERG channel gating properties by the PLC-
activating TRH-R is probably achieved through a pathway
at least partially dependent on PKC activation.

Effects of protein kinase inhibitors on regulation of
HERG deactivation by TRH

As a final demonstration that a PKC-dependent mechanism
participates in regulation of HERG gating by TRH, the
effect of the neuropeptide was studied in the presence of
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Figure 6. Effect of PMA on HERG channel kinetics

A, acceleration of deactivation rates in response to PMA. Superimposed current traces in response to the
indicated potential protocol are shown on the left. Test pulses were delivered once every 20 s to an oocyte
bathed in extracellular high-K* medium. Only traces obtained before (control) and every minute after the start
of 100 nm PMA addition are shown. Tail currents normalized to peak are shown in the inset for a better
comparison of current kinetics. Note the correspondence of the initial rising phase of the tails. Averaged values
of deactivation time constants for 6 control oocytes and 3 oocytes preincubated with 10 um GF109203X for
2—-3h from the same donor are shown on the right. Similar results were obtained in 4 additional experiments
with control oocytes (19 oocytes from 5 frogs) and 2 additional experiments with oocytes treated with
1F109203X (11 oocytes from 3 frogs). Time constants were normalized to that measured at the time of PMA
addition. B, slow-down of outward HERG current kinetics by PMA in Cs™-containing extracellular solutions.
Membrane currents obtained with the voltage protocol shown at the top in the absence (control) or 5 min after
addition of 100 nm PMA are shown superimposed. Outward currents normalized to peak are shown in the inset
on the lower left for comparison. Normalized tail currents are also shown (inset, upper right). C, lack of PMA
effect on HERG channel inactivation kinetics. Onset of fast inactivation was studied using an oocyte bathed in
extracellular high-K* medium, using the double-pulse protocol shown at the top (see legend to Fig. 5).
Inactivating decaying currents along the test pulses to —40, 0 and +40 mV are shown both in the absence or
presence of 100 nm PMA for 10 min. Note that currents in both conditions are practically indistinguishable.
However, a clear effect of PMA on deactivation rates was observed in the same oocyte, as shown by a marked
acceleration of hyperpolarization-induced tail current decay (inset, lower left corner).
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GF109203X, under conditions known to eliminate the
PKC-dependent PMA-mediated modification of HERG
kinetics (see above). As shown in Fig. 74, the acceleration of
HERG tail current decay in response to TRH was abolished
in oocytes treated with GF109203X. In this case, a limited
but persistent increase of deactivation rates was usually
induced by the hormone, which paralleled the reversion of
the TRH effect in control untreated oocytes upon hormone
washout. The reason for this behaviour is not known.
However, it seems to be a consequence of the TRH
treatment, since it was not observed upon addition of PMA
to oocytes incubated with GF109203X.

Besides an activating effect of TRH on PKC-dependent
protein phosphorylation, it could also be expected that
elevations of cytoplasmic Ca®" concentration after liberation
of the cation from intracellular stores would lead to
activation of Ca’*-dependent enzymatic activities such as
Ca**—calmodulin protein kinase II. This prompted us to
check whether this Ca>*-dependent phosphorylating activity
is involved in the effects of the neuropeptide. As shown in

Figure 7. Effect of different protein kinase inhibitors on TRH-

induced modification of HERG deactivation kinetics
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Fig.7B, the TRH-dependent acceleration of deactivation
kinetics remained unaltered in oocytes treated with the
highly specific Ca®*—calmodulin protein kinase IT inhibitor
KN-62. Finally, a similar acceleration of tail current decay
was also induced by TRH in the presence of the tyrosine
kinase inhibitor genistein (Fig.7C). This indicates that,
unlike previous results obtained with Kv1.2 K* channels
(Huang et al. 1993), the PKC-dependent effects on HERG
channel gating are not exerted through a transduction
cascade, which implicates a tyrosine kinase that directly
phosphorylates the channel protein.

DISCUSSION

In this study we show that the gating of HERG channels
expressed in oocytes is modulated by the G protein-coupled
TRH-R through a pathway involving PLC stimulation and
activation of PKC. By co-expressing the cloned TRH-R and
HERG channel in the oocyte model system, our results
demonstrate that activation of TRH-R accelerates channel
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A, blockade of the TRH effect by the PKC inhibitor GF109203X.
Deactivation time constants normalized to that measured at the moment of
TRH addition are shown for untreated oocytes (control) or oocytes
incubated for 4—6 h with 10 gy GF109203X. Test pulses were delivered to
the cells every 20 s. Time constant values for the two pulses following
introduction of TRH into the chamber have been deleted for clarity. The
start of a 30 s perfusion with medium containing 1 gm TRH is indicated.
B, TRH-induced effects in the presence of the Ca>*—calmodulin protein
kinase II inhibitor KN-62. Variations in the deactivation time constant for
untreated oocytes (control) and oocytes incubated for 1-3 h with 20 gm
KN-62 are shown. The start of a 30 s perfusion with medium containing

1 um TRH is indicated at the top of the graph. ¢, TRH-induced effects in
the presence of the tyrosine kinase inhibitor genistein. Normalized
deactivation time constant values are shown for oocytes injected with a
micropipette filled with 100 g genistein (final intracellular concentration
approximately 5 uMm genistein) or vehicle (control) 30 min before start of
HERG current recordings. The start of perfusion with 1 gm TRH is
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experiments.
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deactivation and slows down the activation rate. These
effects are specifically exerted on voltage-dependent
conformational changes leading to channel activation and
closure, since neither the inactivation transitions from the
open state nor the inactivation recovery rates are modified
after challenging the oocytes with TRH.

PKC is activated physiologically by the co-ordinate action
of DAG and Ca’* in the presence of phosphatidylserine. Our
data indicate that the PKC branch of the PLC signalling
cascade participates in modulation of HERG channel gating.
Thus the effect of TRH was mimicked by direct pharmaco-
logical activation of PKC with PMA. Interestingly, as with
TRH, only channel activation and deactivation parameters,
but not the onset or recovery rates of inactivation were
modified by PMA, emphasizing the parallel between the
actions of both regulators. Furthermore, the TRH effect
was antagonized by GF109203X, a highly specific inhibitor
of PKC that also abolished the PMA-dependent regulation
of the channels, but not by the inhibitors of tyrosine kinases
and Ca®"—calmodulin serine/threonine kinase, genistein
and KN-62. However, it is important to note that our data do
not allow us to distinguish between a direct phosphorylating
action of PKC on the channel (or an auxiliary subunit
associated to it), or an indirect effect of PKC on an early
step of the transduction cascade.

A remarkable characteristic of HERG channels is the
presence of a rapid and voltage-dependent inactivation
process that reduces conductance at positive voltages and
strongly limits the
depolarizing the membrane. This precludes the accurate
estimation of activation kinetic parameters by looking at
the time-dependent development of outward currents.
Assuming a sequential model for channel behaviour
(C1...Cn=0=1), the activation transitions can be
characterized by using an envelope of tail currents protocol
(see Methods). However, this would yield an estimation only
of the rate at which the channels leave the closed state either
through the open state or directly to the inactive state, if
inactivation occurs directly from a closed state with a
similar time dependence. Such a direct inactivation pathway
has been previously observed for other structurally related
voltage-dependent K* channels such as Kv1.3 (Marom &
Levitan, 1994) and Kv1.4 (F. Barros and P. de la Pefia,
unpublished data). It could also constitute a relevant pathway
for HERG, in which inactivation seems to develop more
quickly than activation (Spector et al. 1996b). Furthermore,
this would complicate the interpretation of the regulatory
effects of TRH and PMA on channel kinetics. Nevertheless,
our results strongly suggest that both agents certainly
induce a slowing of the activation time course besides an
acceleration of deactivation. Thus the delaying actions of
TRH and PMA were also demonstrated in a more direct
way by looking at the markedly increased outward currents
elicited in extracellular solutions in which K* had been
replaced by Cs*. It would be interesting to know whether
similar effects to those reported here can be obtained with

level of outward current after
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channel variants from which inactivation has been removed
by site-directed mutagenesis (Schonherr & Heinemann,
1996; Smith et al. 1996).

The more generalized model for K* channel behaviour
(Zagotta & Aldrich, 1990; Hoshi et al. 1994) involves a
voltage-dependent channel gating. Subsequently, many
channels of the Shaker superfamily undergo inactivation by
N-type or C-type mechanisms. The inactivation is generally
regarded as a voltage-insensitive process in which any
apparent voltage dependence arises from direct coupling to
activation. In such a theoretical background it could be
possible that, as shown here for HERG channels,
phosphorylation may act by altering the voltage-dependent
gating without significant modifications of the intrinsically
voltage-independent transitions leading to inactivation.
However, the fast time-dependent inactivation of HERG is
strongly voltage dependent, both in the hyperpolarized and
depolarized ranges of membrane potentials. Such a voltage
dependence does not seem to arise from activation (Wang et
al. 1996, 1997). Thus if phosphorylation of HERG exclusively
disrupts the electrostatic interactions that control gating
(Perozo & Bezanilla, 1990), it would be necessary that the
activation and the inactivation apparatus lie in a different
protein domain. Further knowledge of the structure of this
channel would be necessary to prove such a hypothesis.

Previous work with Kv3.4 channels showed a reduction of
channel inactivation through a direct PKC-dependent phos-
phorylation of sites located at the N-terminus (Covarrubias
et al. 1994). The phosphorylation of the Kv3.4 inactivation
gate modulates N-type inactivation in this channel.
However, a C-type and not an N-type mechanism governs
the inactivation of HERG (Schénherr & Heinemann, 1996;
Smith et al. 1996; but see also Wang et al. 1996, 1997).
Furthermore, the N-terminal domain has been implicated
in the activation and deactivation of HERG, but not in the
inactivation mechanism (Schénherr & Heinemann, 1996;
Spector et al. 1996b). Thus the specificity of the TRH and
PMA effects on activation and deactivation parameters would
be coherent with the idea that a direct phosphorylation of the
N-terminal domain by PKC regulates the gating properties
of HERG channels. This is also supported by the marked
acceleration of channel deactivation caused by deletion of
the HERG cytoplasmic amino terminus without a severe
change in inactivation kinetics (Schonherr & Heinemann,
1996; Spector et al. 19968). As for other related channels, a
net positive charge is present within the first thirty amino
acids of HERG. It remains to be established whether
phosphorylation of this or a nearby domain may disrupt
some electrostatic interactions affecting channel gating.

It is important to note that although it is possible that PKC-
dependent phosphorylation of the HERG N-terminal domain
participates in channel regulation, other possibilities also
exist. Thus phosphorylation of a C-terminal site by protein
kinase A modifies interaction of the Shaker N-terminal
domain with its receptor site(s) in the core of the protein
(Drain et al. 1994). Similarly, phosphorylation of the ‘chain’
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connecting the N-terminal inactivation ball of Kv1.4 with
the core of the channel protein seems to regulate the
interactions between the inactivation particle and its receptor
site (Roeper et al. 1997). Clearly, further experiments are
necessary to define the specific site(s) phosphorylated by
PKC and its relevance in channel function.

The importance of HERG currents in regulating cardiac
beat and action potential duration has been largely
recognized. More recently, HERG (Curran et al. 1995;
Sanguinetti et al. 1995; Spector el al. 1996a) and minK/
KvLQT1 (Chouabe et al. 1997) channel malfunction has
been implicated in some types of cardiac arrhythmia. The
physiological relevance of the regulatory mechanism
described here is twofold. Firstly, it is unlikely that TRH
receptors are expressed in cardiac tissues, but the
participation of a PKC-dependent pathway in channel
regulation makes it generally applicable to other PLC-
coupled receptors. Thus analogous effects to those caused by
TRH-R activation are observed in response to serotonin
when oocytes co-expressing HERG and serotonin-1¢
receptors are used (K. Barros and P. de la Pefia, unpublished
data). Since different transducers are used to couple TRH
and serotonin-1c receptors to oocyte PLC activation (Quick
et al. 1994; de la Pena et al. 1995), these results further
emphasize the general significance of the mechanism
described here for regulation of HERG channels, and
subsequently of cardiac function. Interestingly, PMA-
induced phosphorylation of minK by PKC also inhibits the
cardiac slow delayed rectifier current I, and shifts its
activation voltage dependence to more depolarized voltages
(Busch et al. 1992). Thus our results implicate for the first
time the activation of physiologically active hormone and
neurotransmitter receptors coupled to PLC in the concerted
regulation of the two K* current components that repolarize
the cardiac action potential: I,, contributed by HERG
(Sanguinetti et al. 1995; Trudeau et al. 1995), and I,
contributed by minK/KvLQT1 (Barhanin et al. 1996;
Sanguinetti et al. 1996). Secondly, although obtained in the
oocyte model system, our results can provide an answer to a
long-standing question about how TRH modulates
neurosecretion along the named second phase of hormone
action. Inwardly rectifying K currents constitute an
important TRH target for control of electrical activity in
adenohypophysial cells (Barros et al. 1994, 1997). Recent
kinetic and pharmacological evidence indicates that a
HERG-like channel is the cause of such TRH-regulated
currents (Barros et al. 1997). Furthermore, a phosphorylation
mechanism is involved in both inwardly rectifying current
inhibition and action potential frequency increases in
response to TRH (Barros et al. 1992, 1993; Delgado et al.
1992). It should be noted, however, that the participation of
PKC in electrical responses to TRH has remained
controversial (Barros et al. 1992, 1993, 1994), and an
unknown protein kinase distinct from PKC and protein
kinase A has been implicated in regulation of GH, cell
HERG-like currents by TRH (Barros et al. 1993). Whether

this is due to differences in some molecular characteristics
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between HERG channels and their adenohypophysial
counterparts remains to be established. It would be
interesting to know if a mechanism similar to that reported
here modulates the function of the rat erg channel recently
isolated from GH,/B6 cells (contributed by B. Engeland and
J. Ludwig, under accession number Z96106).
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