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Introduction
KCNQ4, a novel potassium channel, plays a part in regulat-
ing the membrane potential and function of various cell types 
in the body[1].  The KCNQ4 current is a low-threshold, slow 
activating and noninactivating current that is expressed in 
the outer hair cells of the cochlea, brain, and heart.  Mutations 
in KCNQ4 give rise to an inherited syndrome of deafness[2].  
Therefore, the regulatory pathways of KCNQ4 channels play 
an important role in adjusting the function of outer hair cells.  
The KCNQ gene subfamily is composed of five K+ channels, 
KCNQ1 to KCNQ5.  The KCNQ4 channel was included in the 

Kv nomenclature as Kv 7.4 (voltage-gated potassium chan-
nel subunit Kv7.4)[3].  The heteromers of KCNQ2/KCNQ3 
underlie the neuronal M-current, which modulates neuronal 
excitability.  Many intracellular messengers, eg, PIP2, IP3, dia-
cylglycerol (DAG), calmodulin, calcineurin, activators/inhibi-
tors of PKC, tyrosine kinases, and myosin light chain kinase, 
have been reported to modulate M currents[4–6].  Moreover, 
the A-kinase-anchoring protein AKAP150, which binds PKC, 
facilitates the inhibition of KCNQ2 current[7].  Analysis of 
recombinant KCNQ2 channels suggests that targeting of PKC 
through association with AKAP150 is important for inhibition.  
However, the effect of PKC activation on KCNQ channels is 
still controversial[8].  The inhibition of the metabolism of DAG 
by DAG kinase blockers cannot mimic the effect of muscarinic 
modulation by muscarinic agonist, and it has been suggested 
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that activated PKC and its targets are not essential players in 
the acute muscarinic modulation of KCNQ channels in mam-
malian expression systems[8].  By contrast, the activation of 
PKC induced a large positive shift in the conductance-voltage 
curve for KCNQ channels expressed in Xenopus oocytes[9].  The 
activation of PKC had a different effect on KCNQ channels 
expressed in mammalian cells and Xenopus oocytes, which 
could be due to the different intracellular environment and 
basal levels of channel phosphorylation.

The electrophysiological properties of KCNQ4 channels are 
similar to those of heteromers of KCNQ2/KCNQ3, such as 
the shifting effect of the conductance-voltage response curve 
induced by M1 receptor stimulation[10], but the information 
about interactions between PKC and KCNQ4 is not clear.  
PKC, by phosphorylating its target protein and modulating 
its function, could interact with phosphatases.  Protein phos-
phatases mediate the physiological dephosphorylation of 
target proteins, an activity that might be expected to reverse 
the effect induced by PKC.  However, the inhibition of phos-
phatases can sometimes enhance the effect induced by a PKC 
activator.  Therefore, the ser/thr phosphatase inhibitors, 
cyclosporine, okadaic acid, and calyculin A, were used in this 
study to investigate the role of phosphatase on the activity of 
KCNQ4 channels expressed in Xenopus oocytes.  Our results 
demonstrated that phosphatase inhibitors induced a shift in 
the voltage dependence of KCNQ4 channels to more positive 
potentials.  Furthermore, the PKC activator PMA potentiates 
the effects of okadaic acid and calyculin A in the modula-
tion of KCNQ4 channels.  Thus, we propose that endogenous 
phosphatases play a role in the regulation of KCNQ4 channels 
and balance the excess activity of PKC in the Xenopus oocytes 
expression system.

Materials and methods
Preparation of RNA
The molecular biological procedures were performed much 
as previously described[11].  The plasmid cDNA encoding 
the human KCNQ4 channel was a generous gift from Prof  
Thomas J  JENTSCH.  The cDNA had been previously sub-
cloned into the expression vector pTLN, which contains the 5’ 
and 3’ regions of the Xenopus β-globin gene to boost expression 
in oocytes.  Plasmid DNA was linearized with HpaI (Gibco 
BRL, USA).  For synthesis of cRNA, the mMessage mMachine 
SP6-polymerase kit (Ambion, USA) was used.  The nucleotide 
sequence of the construct was verified by automated DNA 
sequencing.

Preparation of Xenopus oocytes
Xenopus oocytes were collected from frogs anesthetized in 0.1% 
sodium bicarbonate solution containing 0.15% tricaine (ethyl 
3-aminobenzoate, methanesulfonic acid salt, Sigma-Aldrich).  
In brief, a lobe of an ovary was surgically removed from the 
frog’s abdominal cavity through a small incision and placed in 
modified Barth’s solution (MBS; in mmol/L: 88 NaCl, 1 KCl, 
2.4 NaHCO3, 0.82 MgSO4, 0.41 CaCl2, 0.33 Ca(NO3)2, and 15 
HEPES-Tris; adjusted to pH 7.6 with NaOH).  Isolated oocytes 

were defolliculated enzymatically by incubation in collagenase 
(2 mg/mL, type 1, Gibco, USA) in sterile MBS for 1−2 h fol-
lowed by several washes in MBS containing 0.1% BSA (Sigma).  
Stage V–VI oocytes were then incubated and kept overnight 
at 18 °C.  Healthy oocytes were selected, and cRNA (10−15 
ng /50 nL) was microinjected into each oocyte using a Nano-
ject microinjector (Drummond, USA).  Injected oocytes were 
maintained at 18 °C for 2−4 d in MBS supplemented with gen-
tamicin (50 mg/L).  The MBS was replaced with fresh medium 
once a day before electrophysiological recordings.  All animal 
care and experimental procedures were performed according 
to the guidelines of the Animal Care Committee of the Chung 
Shan Medical University.

Electrophysiology
The two-electrode voltage clamp (TEVC) technique was used 
to record whole cell KCNQ4 currents in Xenopus oocytes at 
room temperature (22−26 °C) using an AxoClamp-2B ampli-
fier (Molecular Devices, San Francisco, USA).  One of the 
electrodes was connected to the HS-2x1L headstage to record 
voltage, while the other was connected to the HS-2x10 MG 
headstage to record current.  Glass electrodes were made 
from capillary tubing on a vertical electrode puller (Model 
PP-830, Narishige Scientific Instrument Lab, Japan) and had a 
tip resistance of 0.5 to 2.0 MΩ when filled with 3 mol/L KCl.  
Whole-cell K+ currents were studied on the oocytes 2−4 d after 
the cRNA injection.  During the experiments, oocytes were 
placed in an RC-3Z recording chamber (Warner Instruments, 
USA) and immersed in ND 96 solution consisting of (mmol/L) 
96 NaCl, 1 KCl, 1 MgCl2, 1 CaCl2, and 5 Hepes; the pH was 
7.4.  The chamber solution was connected through two 3 

mol/L KCl 1% agar-bridged, Ag/AgCl reference electrodes 
to a virtual ground belonging to a current monitor headstage 
(VG-2A-x100, Molecular Devices, San Francisco, CA, USA).  
The condition of each single oocyte was checked before mea-
surements by recording membrane potentials.  Only oocytes 
with membrane potentials below -30 mV were used for cur-
rent recordings.  The data were digitized at 5 kHz and stored 
using Digidata 1322A (Molecular Devices, San Francisco, 
USA), and analysis was accomplished with pClamp 9.0 soft-
ware (Molecular Devices, San Francisco, USA).  To determine 
the conductance-voltage (G–V) relations, a step protocol was 
employed, whereby the oocytes were clamped at -80 mV for 
3 s and depolarized at +60 mV with 20 mV increments to -100 
mV, followed by a tail pulse at -30 mV for 2 s.

Data analysis 
The tail current protocol was used to generate steady-state 
activation curves (conductance-voltage curves), which were 
fitted to a two-state Boltzmann function as follows 

Itail (Vm)=Itail (max)/{1–exp[(V1/2–Vm)/k]}
where V1/2 is the voltage that produces half-maximal activa-
tion of conductance, Vm is the membrane potential, and k is 
the slope factor.  Itail (max) is the maximal tail current amplitude.  
Data are presented as means±SEM.  Statistical significance was 
determined using Student’s t test with one-way analysis of 



1222

www.nature.com/aps
Su TR et al

Acta Pharmacologica Sinica

npg

variance (ANOVA), and P values < 0.05 were taken to indicate 
statistically significant difference.

Chemicals
 PMA (phorbol 12-myristate 13-acetate), cyclosporine, okadaic 
acid and calyculin A were obtained from LC Laboratories 
(USA).  BIMI (bisindolylmaleimide I) was obtained from Cal-
biochem (San Diego, CA, USA).  Linopirdine was obtained 
from Sigma (St Louis, MO, USA).  PMA, okadaic acid and 
calyculin A were dissolved as stock solutions in dimethylsul-
foxide (DMSO).  Linopirdine was dissolved in 0.1 mol/L HCl 
as a 25 mmol/L stock solution.  

Results
Human KCNQ4 currents in Xenopus oocytes
The KCNQ4-expressed oocytes were voltage clamped at -60 
mV and stepped to potentials ranging from -80 to +60 mV, 
which produced slow-activated and low-threshold currents as 
shown in Figure 1A (upper traces).  Application of linopirdine 
(0.25 mmol/L), a blocker of KCNQ4, to the external bath solu-
tion completely abolished the K+ outward current (Figure 1B).  
The inhibitory effect of linopirdine was reversible by washout 
(Figure 1C).  Figure 1D shows the current-voltage curves of 
no injection, RNase-free water and KCNQ4 cRNA-injected 
oocytes.  Only the KCNQ4 cRNA group currents show sensi-
tivity to linopirdine.  The time course of the peak tail current 
amplitudes is shown in Figure 1E.  The application of linopir-
dine and washout are indicated by arrows.  There was very 
little run-down of KCNQ4, as indicated by the control curve 
(without treatment).

Effect of PKC activator on the KCNQ4 current
PKC is an important regulator of KCNQ channels, as shown 
in previous work[9].  To test whether activation of PKC leads 
to a functional change of the KCNQ4 current in a Xenopus 
oocyte model system, PMA (a PKC activator) and BIMI (a 
PKC inhibitor) were used in this study.  Bath application of 
PMA (2 µmol/L) caused a significant inhibitory effect on the 
amplitude of the KCNQ4 currents (Figure 2A) and a shift in 
V1/2 (half-maximum of the conductance-voltage curve) to more 
positive potentials (Figure 2C).  The V1/2 before and after PMA 
treatment are from -17.7±0.9 mV to -6.5±0.7 mV (P<0.05, n=15).  
The time course of the tail current amplitudes showed that the 
effect of PMA is reversible by washout (Figure 2D).  An inac-
tive form of PMA, α-PMA, was found to exert an insignificant 
effect on the V1/2 (-18.3±0.9 mV to -16.4±1.2 mV, n=3).  More-
over, pretreatment with the PKC inhibitor BIMI (2 µmol/L) 
significantly attenuated the positive shift of V1/2 of KCNQ4 
induced by PMA.  There was no significant difference between 
the steady-state conductance-voltage curves of BIMI and BIMI 
plus PMA (Figure 2B and 2E).  These results suggested that the 
effect of PMA on the KCNQ4 channel was through the activa-
tion of PKC.

Effect of phosphatase inhibitors on the KCNQ4 current
Since the inhibition of phosphatase would maintain a higher 

Figure 1.  The expressed currents of KCNQ4 were blocked by the addition 
of linopirdine on Xenopus oocytes.  (A) Typical current traces were 
recorded from an oocyte cell expressing KCNQ4 channels with a voltage 
step protocol as follows: the oocyte was clamped at -60 mV for 3 s, and 
the channel was activated by 2-s command steps from -100 mV to +60 
mV in 10-mV increments, followed by a 1-s step to -30 mV.  The calibration 
scale of all current traces is in the upper right corner of (A): 2 s and 1 µA.  
The calibration scale of the voltage step protocol is shown between (A) 
and (B): 2 s and 50 mV.  (B) The expressed KCNQ4 current was almost 
completely blocked by the application of linopirdine (0.25 mmol/L) after 
5 min.  (C) This inhibitory effect of linopirdine on the KCNQ4 current 
was reversible by washout.  (D) The summarized curves of tail current-
voltage relationships are shown in the absence (●) and presence (□) of 
linopirdine.  The control curves, with oocytes of RNase-free water injection 
(○) and without injection (△) are also shown for comparison.  (E) Time 
course effect of linopirdine on KCNQ4 tail-current (●).  Treatment with 
linopirdine and washout are indicated with arrows.  The control curve 
(without chemical treatment; ○) showed little run-down during the 50-min 
recording.  The time course of the tail-current amplitude was measured at 
a tail potential of -30 mV (from a step command of 30 mV).
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level of the phosphorylation of substrate proteins, the effect of 
ser/thr phosphatase inhibitors might increase the phosphory-
lation level of KCNQ4 channels.  To test whether phosphatase 
inhibitors (cyclosporine, calyculin A, and okadaic acid) could 
cause changes in the electrophysiological properties of chan-
nels, we applied these phosphatase inhibitors to KCNQ4-

expressed oocytes.  Bath administration of cyclosporine (2 
µmol/L) for 10 min produced a significant inhibitory effect on 
current amplitude (Figure 3A) and a positive shift of V1/2 (from 
-14.6±0.5 to -6.4±0.4 mV; n=5) (Figure 3B).  Similar results were 
also obtained from the application of calyculin A (2 µmol/L) 
and okadaic acid (1 µmol/L).  Typical current traces are shown 

Figure 2.  BIMI, a PKC inhibitor, can antagonize 
the effect of PMA on KCNQ4 channels.  (A) The 
amplitudes of control KCNQ4 currents (upper 
traces in A) were inhibited by the application of 
PMA (2 µmol/L) (bottom traces in A).  (B) The 
inhibitory effect of PMA on the KCNQ4 current 
was attenuated by pretreatment with BIMI (2 
µmol/L) (upper traces: BIMI alone; bottom 
traces: BIMI+PMA).  The voltage step protocol of 
(A) and (B) is as indicated in the middle of (A).  
Calibration scale of all current traces: 2 s and 1 
µA.  Calibration scale of the voltage step protocol: 
2 s and 50 mV.  (C) The midpoint potential of 
the conductance-voltage curve (V1/2) was shifted 
signif icantly to a more posit ive value af ter 
treatment with PMA (before PMA: ●; after PMA: 
○).  (D) Representative time courses of KCNQ4 
tail-current during application of 2 µmol/L PMA (●) 
or vehicle (○).  The effect of PMA was reversible 
by washout, as indicated by arrows.  (E) The shift 
effect of V1/2 produced by PMA was attenuated by 
pretreatment with BIMI (BIMI alone: ▲; BIMI+PMA: 
△).  V1/2 was obtained from the conductance-
voltage curves, which were fitted using a two-state 
Boltzmann equation as described in the Materials 
and Methods.

Figure 3.  Effect of phosphatase inhibitor 
cyclosporine (2 µmol/L) on the KCNQ4 current 
expressed in Xenopus oocytes.  (A) The control 
KCNQ4 currents (upper current traces) were 
signif icantly inhibited by the addition of 
cyclosporine (2 µmol/L; lower current traces).  
Calibration scale of current traces: 2 s and 1 
µA (upper right corner).  Calibration scale of 
voltage step protocol: 2 s and 50 mV (between 
two current traces).  (B) The V1/2 was shifted 
significantly to a more positive value after 
the treatment with cyclosporine (control: ●; 
cyclosporine treatment: ○). 
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in Figures 4A to C for calyculin A (A, before treatment; B, after 
calyculin A; C, Calyculin A+PMA) and in Figures 4D to F for 
okadaic acid (D, before treatment; E, after okadaic acid; F, oka-
daic acid+PMA).  The peak tail current amplitudes of KCNQ4 
(at -20 mV) were inhibited by calyculin A (from 2.05±0.08 µA 
decrease to 1.45±0.13 µA; P<0.05, n=5) and okadaic acid (from 
1.64±0.05 µA decrease to 1.2±0.04 µA; P<0.05, n=4).  The inhibi-
tion effects of calyculin A and okadaic acid were significantly 
enhanced by the subsequent addition of 2 µmol/L PMA (from 
1.45±0.13 µA to 0.76±0.07 µA for calyculin A; from 1.2±0.04 
µA to 0.80±0.04 µA for okadaic acid).  Detailed information 
on the half-activation voltage (V1/2) can be obtained through 
the analysis of conductance-voltage (G–V) curves.  The effects 
of calyculin A and okadaic acid on the conductance-voltage 
(G–V) curves of KCNQ4 are shown in Figure 4G and 4H, 
respectively.  Both calyculin A and okadaic acid produced a 
shift in the voltage of half-maximal activation (V1/2) to a more 
positive potential (calyculin A: from -18.8±0.5 to -9.2±0.4 
mV; P<0.05, n=5; okadaic acid: from -14.1±0.5 to -0.7±0.6 mV; 
P<0.05, n=4).  Subsequently, the application of PMA after 
phosphatase inhibitor (calyculin A or okadaic acid) treatment 
induced a further positive shift in the V1/2 of KCNQ4 channels.  

In other words, the change in electrophysiological parameters 
induced by a combined treatment with PKC activator (PMA) 
and phosphatase inhibitor on KCNQ4 was greater than that of 
either alone.

Discussion
In a previous study, Gamper et al[12] found that the inhibition 
of tyrosine phosphatase reduces the conductance of KCNQ 
channels expressed in transfected Chinese hamster ovary cells.  
In the present study, we demonstrate that ser/thr phosphatase 
inhibitors can inhibit the conductance of KCNQ4 channels 
and shift the V1/2 (midpoint of conductance-voltage curve) to a 
more positive potential in a Xenopus oocyte expression system.  
This implies that the endogenous phosphatase is required for 
maintaining KCNQ4 channel activities in the Xenopus expres-
sion system.  Moreover, the combination treatment of PMA (a 
PKC activator) and a phosphatase inhibitor showed a greater 
inhibitory effect than that of each alone, indicating that the 
most important inhibition in channel activity was due to the 
enhanced phosphorylation of KCNQ4.  Thus, we propose that 
KCNQ4 channel activity is regulated by a balance between 
phosphorylation and dephosphorylation by the protein kinase 

Figure 4.  Effects of phosphatase inhibitors (calyculin A and okadaic acid) and the combination of phosphatase inhibitor with PMA on the KCNQ4 cur-
rents.  Typical recording traces of KCNQ4 are shown in figures (A)–(F).  The traces in Figures (A)–(C) and Figures (D)–(F) are recorded from the same oo-
cyte, respectively.  Tail current amplitudes of control KCNQ4 (A) were significantly inhibited by the addition of 2 µmol/L calyculin A (B) and, subsequently, 
addition of PMA (2 µmol/L) caused a further decrease in the current amplitudes (C).  The effect of okadaic acid (1 µmol/L) on the KCNQ4 current 
amplitudes was similar to that of calyculin A (D: before the treatment with okadaic acid; E: after the treatment with okadaic acid; F: okadaic acid plus 
2 µmol/L PMA).  All static values of current amplitudes are shown in the results section.  Calibration scales of all current traces are shown in the upper 
right corners of (A) and (D): 2 s and 2 µA.  The voltage-step protocol is shown below (A).  Figures (G) and (H) show conductance-voltage (G–V) curves of 
KCNQ4.  Both calyculin A and okadaic acid can produce a positive shift of the half voltage of the G–V curve (●: before the treatment in Figs G and H; △: 
after treatment with calyculin A in Figure G; ○: after treatment with okadaic acid in Figure H).  Subsequently, the further addition of PMA after the phos-
phatase inhibitor can produce a more positive shift of V1/2 (□: calyculin A plus PMA and okadaic acid plus PMA in Figures G and H, respectively).
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and phosphatase.  
PMA, a PKC activator, has been shown to produce a posi-

tive shift in the voltage dependence of KCNQ2 channels, while 
chelerythrine, a PKC inhibitor, attenuated the shift induced 
by muscarinic stimulation in the Xenopus oocytes expression 
system[9].  In results consistent with the previous studies, we 
also found that the effect of PMA on the KCNQ4 channels 
was antagonized by pretreatment with a PKC inhibitor, BIMI.  
Interestingly, PKA can reduce the effects of elevated Ca2+ on 
run-down of expressed KCNQ4 channels[13].  The different 
modulating effect by PKA and PKC may be due to the PKC 
phosphorylation sites that do not overlap with those phospho-
rylated by PKA.

A detailed characterization of the sites of phosphorylation 
of KCNQ2/KCNQ3 channels has been identified by mass 
spectrometry[14].  The phosphorylation sites are the S4-S5 
intracellular loop and the domain for tetramerization in the 
C terminus[15, 16].  Taken together, these studies suggest that 
the cytoplasmic phosphorylation sites of KCNQ channels 
may play an important role in channel inhibition through the 
activation by PKC.  However, it has been reported that the 
stimulation of the diacylglycerol-PKC pathway does not play 
an essential role in the acute modulation of the KCNQ channel 
in a mammalian expression system[8].  One possible explana-
tion for the different results between Xenopus oocytes and 
mammalian expression systems is that a DAG-insensitive PKC 
(atypical PKC) exists in mammalian cells; another possibility is 
that the amount of active PKC or/and auxiliary protein differs 
depending on the intracellular environment.  A recent study 
concerning the adaptor/auxiliary protein AKAP150 has found 
that it can interact simultaneously with both KCNQ2 and 
PKC, promoting the PKC-induced serine phosphorylation of 
KCNQ2 in a mammalian expression system[7].  A mutant form 
of AKAP150 that is unable to bind PKC attenuates the cur-
rent inhibition by M1- receptor activation.  These observations 
support the hypothesis that the auxiliary protein AKAP150 
is required for PKC-induced inhibition of KCNQ channels by 
M1-receptor activation.  

Another possible way to modulate the activity of KCNQ 
channels is with phosphatases.  The dephosphorylation of 
phosphorylated KCNQ proteins may be due to an initial 
stimulation of the membrane phosphatases, which would 
be expected to antagonize the inhibitory effect induced by 
PKC stimulation on KCNQ channels.  In this case, the inhibi-
tion of phosphatase activity accounts for the altered balance 
between kinases and phosphatases, which in turn probably 
contributes to increasing the phosphorylated state of KCNQ4.  
Phosphatase inhibitors would be expected to cause a positive 
shift in V1/2 potentials if the endogenous phosphatase activ-
ity is present in this model system.  Among the phosphatases, 
protein phosphatases 1 and 2A are major ser/thr protein 
phosphatases involved in many cellular events, including 
regulation of the cell cycle of Xenopus laevis oocytes[17–19].  
Cyclosporine, okadaic acid, and calyculin A are potent inhibi-
tors of protein phosphatase.  In this study, we show that 
treatment of Xenopus oocytes expressing human KCNQ4 with 

cyclosporine, okadaic acid, or calyculin A produced a positive 
shift of V1/2.  These results indicate that endogenous phos-
phatase may modulate the human KCNQ4 channels expressed 
in Xenopus oocytes.  A combination treatment of PMA plus 
phosphatase inhibitor produced a more positive shift of V1/2 
than that of phosphatase inhibitor alone, indicating that the 
maintenance of a higher level of the phosphorylated proteins 
would result in a more dramatic positive shift in the V1/2 of 
KCNQ4 channels.  Although our studies did not reveal the 
phosphorylation or dephosphorylation sites of KCNQ4, the 
inhibition of the dephosphorylation of phosphorylated pro-
teins by phosphatase inhibitors did cause a significant change 
in the channel properties of KCNQ4.  In summary, we demon-
strated that phosphatase inhibitors induce a positive shift of 
the activation curve and an inhibition of channel conductance 
in human KCNQ4 expressed in Xenopus oocytes.  Phosphatase 
may interact with substrates such as KCNQ4 or other auxil-
iary proteins to balance the phosphorylation level induced by 
protein kinase and thus play an important role in the regula-
tion of KCNQ4 channel activity in a Xenopus oocyte expression 
system.
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