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ABSTRACT 

Recent studies revealed that a new compound, KW-7158, can depress the excitability of 

afferent pathways from the urinary bladder and reduce bladder overactivity induced by 

chemical irritation of the urinary tract with xylene, an agent that sensitizes capsaicin-

sensitive, C-fiber afferent nerves. In the present experiments, we examined the mechanisms 

that might underlie the depressant effect of KW-7158 on primary afferent neurons by 

studying the actions of the compound on ion channels and firing in dissociated dorsal root 

ganglion (DRG) cells from adult rats using whole cell patch clamp techniques. KW-7158 

increased transient, A-type K+ currents at concentrations ranging from 50 nM to 1 µM (20-50 

% increases). Similar effects were seen in fast blue identified bladder afferent neurons. Low 

concentrations of KW-7158 shortened the action potential duration, produced a 5-10 mV 

hyperpolarization and inhibited repetitive firing induced by either 4-AP (50 µM) or substance 

P (SP, 0.5 µM) in phasic firing DRG neurons. Above 1 µM, KW-7158 elicited a smaller 

enhancement of A-type K+ currents and in high concentrations inhibited the currents. TEA 

(5-60 mM) and verapamil (50 µM), which block non-inactivating K+ currents, did not prevent 

the facilitatory effects of KW-7158. High concentrations of 4-AP (5 mM) inhibited A-type K+ 

currents and prevented the facilitatory effect of KW-7158 on the remaining currents. These 

data suggest that KW-7158 enhances A-type K+ currents in DRG neurons. Since A-type K+ 

channels regulate afferent neuron excitability and firing properties, KW-7158 is a promising 

new compound for treatment of hyper-reflexic bladder conditions. 
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INTRODUCTION.  

Recent studies in our laboratory (Lu et al., 2002) revealed that a new compound KW-7158 ( 

(2S) - (+) - 3,3,3- trifluoro -2- hydroxy -2 –methyl-N - (5, 5, 10-trioxo -4, 10 -

dihydrothieno[3, 2 -c] [1] benzothiepin -9- yl)propanamide) can depress the excitability of 

afferent pathways from the urinary bladder and reduce bladder overactivity induced by 

chemical irritation of the urinary tract with xylene, an agent that activates capsaicin-sensitive, 

C-fiber afferent nerves. KW-7158 also reduced the rise in blood pressure induced by bladder 

distension (ie., the vesico-vascular reflex) in urethane anesthetized rats without altering basal 

blood pressure (Lu et al., 2002). Systemic capsaicin administration or intravesical application 

of resiniferatoxin, afferent neurotoxins, produced a similar depression of the vesico-vascular 

reflex (Cheng et al., 1993). These observations indicate that the vesico-vascular reflex is 

mediated by C-fiber bladder afferent nerves and provide further support for view that KW-

7158 suppresses the activity of bladder afferent nerves.  

 In the present experiments we examined the mechanisms that might underlie the 

depressant effect of KW-7158 on primary afferent neurons by studying the actions of the 

compound on ion channels and firing in dissociated dorsal root ganglion cells from adult rats 

using whole cell patch clamp techniques. Previous patch clamp studies on bladder afferent 

neurons demonstrated two types of cells (Yoshimura et al., 1996). The large majority (70%) 

of the neurons were capsaicin-sensitive, C-fiber neurons exhibiting primarily high threshold, 

tetrodotoxin-resistant (TTX-R) Na+ channel currents and action potentials (AP), phasic firing 

(ie., one or two action potentials) in response to prolonged depolarizing current pulses and 

low threshold fast inactivating K+ currents (A-type currents). The remainders were capsaicin-

resistant, A-delta fiber neurons with TTX-sensitive Na+ currents and APs and tonic firing to 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2004 as DOI: 10.1124/jpet.104.065409

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65409 

 5

depolarizing current pulses. Chronic chemical irritation of the bladder increased the 

excitability of C-fiber bladder afferents and unmasked tonic firing due in part to a reduction 

in the expression of the A-type K+ currents (Yoshimura and de Groat, 1999). In the present 

experiments, we explored the possibility that KW-7158 might act in the opposite manner to 

decrease the excitability of afferent neurons by enhancing K+ currents.  

 Dorsal root ganglion (DRG) neurons express at least six types of K+ channel currents 

distinguishable electrophysiologically and pharmacologically (Fedulova et al., 1998; Gold et 

al., 1996; Yoshimura et al., 1994). K+ currents activated during the repolarizing phase of 

action potentials regulate action potential duration and firing properties in small to medium 

size dorsal root ganglia neurons (Djouhri et al., 1998; Rasband et al., 2001); whereas K+ 

channels tonically active at the resting membrane potential can regulate the threshold for 

initiating action potentials (Yoshimura and de Groat, 1999).   

 The present studies revealed that KW-7158 enhanced fast-inactivating K+ currents and 

suppressed the firing and electrical excitability of bladder as well as unidentified DRG 

neurons. These results provide further support for view that KW-7158 modulates bladder 

dysfunction by suppressing afferent nerve activity and indicate that K+ channels in afferent 

pathways are important targets for pharmacologic treatment of lower urinary tract disorders.  

 

Materials and Methods 

 Cell Preparation. Potassium currents were recorded in primary cultures of dorsal root 

ganglia neurons of adult male rats using the whole cell patch clamp technique. Cells where 

isolated as described previously (Sculptoreanu et al., 1995). Freshly dissected ganglia (T8-L1) 

were suspended in DMEM containing 10% heat inactivated horse serum and 5% fetal bovine 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2004 as DOI: 10.1124/jpet.104.065409

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65409 

 6

serum (Sigma), and plated on collagen coated 35 mm petri-dishes (Collaborative Research, 

Biocoat). Neurones were plated at low density (2000-3000 per dish). Primary cultures were 

kept in a 95% air, 5% CO2 incubator at 37oC. The population of dorsal root ganglion (DRG) 

neurons that innervate the urinary bladder were labeled by retrograde axonal transport of a 

fluorescent dye, fast blue (FB, 4% w/v, Polyloy, Gross Umstadt, Germany) injected into the 

wall of the bladder in halothane-anesthetized animals 7 days before the dissociation as 

previously described (Yoshimura et al, 1994; 1996; Yoshimura and de Groat, 1999). The dye 

was injected with a 28-gauge needle at three to six sites on the dorsal surface of the organ (5–

6 µl per site, total volume of 20–30 µl). Each injection site was washed with saline to 

minimize contamination by the dye of adjacent organs. 

 Current Recordings and Analysis. K+ currents and firing rates were recorded in DRG 

neurons of adult rats after 2 to 5 days in culture using whole cell patch clamp techniques. 

Patch pipettes were pulled from capillary glass tubes (Accufil 90, Clay-Adams) on a 

horizontal puller (Model P8 PC, Sutter Instruments) and fire polished. Immediately before 

recording, the serum containing media was replaced with one of the recording solutions. 

Whole cell currents were voltage clamped using an Axopatch 200A (Axon Instruments, Foster 

City, California) amplifier. Pulse generation, current recording and data analysis used 

pClamp software (Axon Instruments). Currents were sampled at 50-500 µs, filtered at 2 kHz. 

Capacitive currents and up to 80% of the series resistance were compensated. A p/4 protocol 

was used to subtract uncompensated capacitative currents and leak currents. Activation 

curves of peak K+ currents were fitted (SigmaPlot, Jandel Scientific) with a sum of two 

Boltzmann curves (I = (A1/(1 + exp(-(V-V10.5)/k1) + (A2/(1+exp(-(V-V20.5)/k2) + constant; 

where A are maximum amplitudes; V, the test pulse voltage; V0.5, half-activation voltage and 
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k, slope factors of curve 1 and 2). This made the implicit assumption that currents were roughly 

divided into low and high threshold components (Gold et al, 1996). Activation curves for K+ were 

plotted as normalized GK/GKmax, versus test voltages, where the GK (conductance) was determined 

by dividing the current in the Boltzmann relationship by the driving force (GK = I/(V-EK)). The 

reversal potential, EK, was calculated assuming a purely K+ permeable channel. Inactivation of 

peak K+ currents, before and after verapamil or verapamil and KW-7158, was fitted with a 

sum of two Boltzmann curves (I = (A1/(1 + exp((V-V10.5)/k1) + (A2/(1 + exp((V-V20.5)/k2) + 

constant; terms defined as for activation). Data were plotted as IK/IKmax versus prepulse voltages 

used to generate inactivation curves (constant driving force). Membrane potential and action 

potential generation in response to rectangular pulse current injections were measured in the 

same cells after switching voltage clamp to current clamp mode. Extracellularly applied drugs 

were pipetted from stock solutions at 10 to 100 times the final concentration and rapidly 

mixed in the recording chamber as described previously (Sculptoreanu et al., 1995). Results 

are reported as mean ± SEM. Statistical analysis used t-test, 2 tail, and unequal variance. Data 

were considered not statistically different (ns) if p>0.05. 

 Pharmacological Materials. The extracellular solution in these experiments was either 

Dulbecco phosphate buffer (Sigma) or reduced Na+ (65 mM) -high TEA (60 mM) Na+-buffer 

of the following composition (mM): NaCl 65, TEA-Cl 60, KCl 4, CaCl2 5, MgCl2 2.5, 

HEPES 10, pH adjusted to 7.4 with HCl. Use of phosphate buffer allowed for simultaneous 

recording of Na+, K+ currents, membrane potentials and AP firing in the same cells. The 

pipette (intracellular) solution was high K+ (140 mM), which contained (mM): KCl 120, 

K2HPO4 10, MgCl2 2, EGTA 10, HEPES 10, pH adjusted to 7.4 with HCl. To this solution 

Mg-ATP (3 mM), cAMP (0.3 mM) and tris-GTP (0.5 mM) were added just before doing the 
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experiments. In those experiments, in which bladder DRG neurons were labeled by retrograde 

axonal transport of fast blue (Yoshimura and de Groat, 1999), dye-labeled neurons were 

identified using an inverted phase-contrast microscope (Nikon, Tokyo, Japan) with 

fluorescent attachments (UV-1A filter; excitation wavelength, 365 nm). In patch clamp 

recordings in FB-labeled bladder afferent neurons, after recording action potential 

characteristics and capsaicin sensitivity (1 µM), the external solution was changed to the 

solution containing (in mM): choline-Cl 150, KOH 5, CaCl2 0.03, HEPES 10, Mg(OH)2 3, 

and D-glucose 10, adjusted to pH 7.4 with HCl and K+ currents were recorded. KW-7158 ( 

(2S) - (+) - 3,3,3- Trifluoro -2- hydroxy -2 –methyl-N - (5, 5, 10-trioxo -4, 10 –dihydrothieno 

[3, 2 -c] [1] benzothiepin -9- yl) propanamide), which was provided by Kyowa Hakko Kogyo 

Co., Ltd. (Japan) has been patented for therapeutic use in treatment of urinary incontinence 

and bladder hyperactivity (Yamagata et al., 20021; Yoshida et al., 19982). KW-7158 at doses 

of 0.01 and 0.1 mg/kg (oral administration.) inhibits the premicturition contractions (non-

voiding contraction) in rats with spinal cord injury (Yamagata et al., 20021). The maximum 

plasma concentration of KW-7158 after oral administration of 0.01 and 0.1 mg/kg was 16.7 ± 

2.0 ng/mL (approximately 40 nM) and 172.6 ± 39.7 ng/mL (approximately 412 nM) 

respectively (n=4, unpublished data). Here we tested similar KW-7158 concentrations 

ranging from 50 nM to 1 µM. The concentration-dependence of the KW-7158 effect in patch 

clamp experiments was done in cumulative fashion with at most four compound 

concentrations tested on each individual neuron.  
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RESULTS 

 KW-7158 hyperpolarized small diameter DRG cells and facilitated transient outward 

currents responsible for AP repolarization. KW-7158 was tested on small DRG (<50 pF) 

neurons with resting membrane (RP) potentials between –45 mV and –65 mV (–53 ± 1 mV, n 

= 79). These cells exhibited phasic firing (i.e., 1.6 ± 0.2 action potentials (APs), n = 25) to 

prolonged depolarizing current pulses (50-200 pA and 600 ms duration). The effects of KW-

7158 on membrane potential and firing in response to current pulses were evaluated during 

current clamp recording and the effects on voltage gated K+-currents were evaluated in the 

same cells (n = 38) during voltage clamp recording. In most experiments, the amplifier was 

switched between voltage clamp and current clamp mode for each compound application. 

When KW-7158 was applied to the bathing solution in increasing concentrations between 

0.001 and 500 µM (Fig. 1A) it elicited a membrane hyperpolarization which was detectable at 

a concentration of 0.05 µM and maximal (5-10 mV) at concentrations ranging from 0.1-1 µM 

(n = 20 cells tested). Since, a depolarization would be expected if Cl- channels were activated 

by KW-7158 near the resting membrane potential (RP) of DRG neurons (Currie et al., 1995; 

England et al., 2001), the most likely explanation for this effect is that KW-7158 activated a 

K+ channel. At higher concentrations of KW-7158 (1-500 µM) the hyperpolarization was 

attenuated (Fig. 1A).  

 At concentrations ranging between 0.05-1.0 µM, KW-7158 also decreased (25-40% 

reductions) the duration of the APs triggered by 10 ms duration, 50 pA current pulses, at a 

holding potential of –67 mV (Fig. 1B, n=12 cells). In most cells, the effects were tested on 
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APs at three membrane potentials, -50, -67 and -80 mV. Note that the AP duration in fig. 1B 

is reduced in the absence of changes in either AP upstroke velocity or overshoot. In these 

experiments, the holding potential was re-adjusted after measuring the effects of KW-7158 on 

resting membrane potential, to eliminate possible effects of hyperpolarization on the AP 

shape and duration.  

 KW-7158 enhanced (5-51% increases) outward currents induced by depolarization to +60 

mV from a holding potential of –90 mV. The enhancement occurred at concentrations 

between 0.1 and 1 µM, was concentration dependent and appeared to be due to facilitation of 

an inactivating K+-current, as shown in figures 1C and D. The effects of KW-7158 on AP 

duration and outward currents were concentration dependent. The concentration-dependence 

of these effects was established by adding the compound in increasing concentrations (at 

most four compound concentrations were tested in each cell, n=28). Steady-state effects for 

each compound concentration were monitored for 1 min or longer. Concentrations of KW-

7158 which facilitated or inhibited outward currents (0.05-500 µM) had no effect on Na+-

current amplitudes measured in the same cells (in response to a test pulse to 0 mV, 50 ms in 

duration from a holding potential of -90 mV, n = 9, not shown). These observations are 

consistent with the idea that this compound activated a K+ channel which was open near the 

resting potential and contributed to the repolarizing phase of AP. 

 Facilitatory effect of KW-7158 on K+ currents. In another series of experiments, 

different holding potentials and K+ channel blockers ((-)-verapamil (Catacuzzeno et al., 1999, 

50 µM, n = 10) or TEA (Gold et al., 1996, 10-60 mM, n = 26, Fig. 2) were used to examine 

the effect of KW-7158 on specific types of K+ currents. In some of these experiments, the 

activation protocol consisted of a rectangular pulse (800 ms in duration) to +60 mV, from a 
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holding potential of -90 mV (Fig. 1C). This was followed by a 0.8 s depolarizing prepulse to -

40 mV, which partially inactivated A-type K+ currents, and then a second depolarizing pulse 

to +60 mV similar to the first in the sequence (Fig 1C, n=12 cells tested). In these 

experiments the A-type K+ currents activated by the second test pulse in the sequence were 

only partially inactivated (70-80%) and KW-7158 increased the currents before (5-50 % 

enhancements) and after (5-20 %) the -40 mV interpulse (Fig. 1C and D). Subsequently we 

used a 0.8 s duration depolarization interpulse to -20 mV, to produce a more complete 

inactivation of most of the A-type K+ currents induced by the second test pulse to +60 mV 

(Fig. 2). This stimulus protocol prevented facilitatory effects of KW-7158 on the non-

inactivating outward currents generated by the second test pulse (Fig. 3A).  

 The current densities of A-type K+ currents obtained by subtracting the delayed rectifier 

currents after the -20 mV interpulse from the total currents activated from a holding potential 

of -90 mV (Fig. 3), were 25.4 ± 3.1 pA/pF in control versus 25.1 ± 1.6 pA/pF (p>0.05) after 

(-)-verapamil (50 µM). These currents were reduced (22.8 ± 4.8 pA/pF, p<0.05) in the 

presence of 20 mM TEA (8% reduction from control) and reduced further in the presence of 

60 mM TEA (20.5 ± 3.1 pA/pF, 20% reduction, p<0.01). (-)-Verapamil (50 µM) inhibited 

19.6 ± 2% of the total K+ currents activated during the first pulse from -90 mV, inhibited 

>90% of the currents activated during interpulse depolarization to -20 mV and inhibited by 

73.1 ± 1.7% the non-inactivating outward currents activated by the second test pulse to +60 

mV (Fig. 2A, B and 3C, n = 10, p<0.001). KW-7158 (0.05-1.0 µM) enhanced the rapidly 

inactivating A-type K+ currents (5-50% increases) but had no effect on the verapamil-

insensitive non-inactivating residual currents activated during the second test pulse (Fig. 2B).  
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 TEA (20 mM) inhibited 47.7 ± 0.8% of the K+ currents activated during the first pulse, 

>90% of the currents activated during the interpulse depolarization to -20 mV and 58.4 ± 

1.1% of the non-inactivating outward current activated by the second test pulse to +60 mV. 

(Fig. 2C, n = 26, p<0.001). Higher TEA concentrations (60 mM) inhibited 60.4 ± 2.8% and 

82.4 ± 1.6% of the currents during the first and second test pulse respectively. (Fig 2D and 

3D, n = 13, p<0.01). A-type K+ currents elicited from a holding potential of -90 mV, in the 

presence of 20 mM TEA (Fig. 3B) or 60 mM TEA (Fig. 2D and 3D), were enhanced (5-48% 

increases) by KW-7158 (0.05-1.0 µM) to magnitudes similar to those seen in control 

experiments. In a separate series of experiments, we determined that high concentrations of 4-

aminopyridine (4-AP, 5 mM), which blocked the majority (>90 %) of the A-type K+ currents 

in DRG neurones (Gold et al., 1996), and significantly prolonged the AP duration (5-20% 

increases), eliminated the facilitatory effect of either 0.5 µM (n = 5) or 1 µM KW-7158 (n = 

8).  

 In untreated cells, K+ currents were roughly divided into inactivating (A-type) and non-

inactivating currents (delayed rectifier). The amplitude of the total outward currents elicited 

by depolarizing pulses to +60 mV were 72 ± 4 pA/pF (n = 28) at a holding potential of -90 

mV, and 48.0 ± 2.4 pA/pF after an 800 ms duration prepulse to -20 mV. The non-inactivating 

K+ currents comprised between 40-80% (65 ± 4%) of the total K+ currents (Fig. 2 and 3A) and 

were 4-AP insensitive (n = 12). In the absence of TEA or verapamil, KW-7158 increased the 

total K+ currents (before prepulse) at concentrations ranging from 0.05 µM to 1 µM (20-50 % 

maximal enhancements of currents, Fig. 3A), but had no effect on non-inactivating currents 

(after pre-pulse). Above 1 µM, KW-7158 progressively reduced the enhancement of the 
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inactivating K+ currents and inhibited both the inactivating (before pre-pulse, Fig. 3A, empty 

circles) and non-inactivating (after pre-pulse, Fig. 3A, filled circles) K+ currents. At 5-500 µM 

these inhibitory effects were concentration dependent and could exceed 60% inhibition of the 

total currents.  

 Treatment with TEA or (-)-verapamil did not prevent either the facilitatory effects of low 

concentrations of KW-7158 or the inhibitory effects of higher KW-7158 concentrations (Fig. 

3). However, in the presence of TEA, the concentration-dependence of the KW-7158 

inhibitory effects were shifted to higher compound concentrations and this shift was further 

increased after changing from 20 mM to 60 mM TEA (Fig. 3B and D). The inhibitory effects 

of KW-7158 were not mimicked by similar concentrations of the vehicle used to prepare the 

KW-7158 stock solution (DMSO, 0.01% or less, n=8 cells tested, not shown).  

 To determine the kinetics and voltage dependence of activation and inactivation of K+ 

currents, a combined two pulse activation-inactivation protocol was used, consisting of series 

of rectangular pre-pulses from a holding potential of -80 mV. In addition to voltage 

separation of inactivating and non-inactivating currents, we used verapamil to block non-

inactivating currents before the pre-pulse. We presumed that unlike TEA which blocks 

certain inactivating K+ currents (Gold et al., 1996), verapamil would more selectively inhibit 

the non-inactivating, delayed rectifier currents (Catacuzzeno et al., 1999). The pre-pulse, 

1021.5 ms in duration, ranging from –130 to +90 mV was used to generate K+ current 

activation and the inactivation. The inactivation curve was measured after a brief, 24.5 ms 

interpulse at -80 mV and a second test pulse to +60 mV, 249.5 ms in duration (Fig 4). The 

interpulse of 24.5 ms was determined in separate experiments to be brief enough for 

insignificant recovery from inactivation of K+ currents. Figure 4 shows the average current-
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densities for the activation in control (empty circles), and after addition of (-)-verapamil (50 

µM, empty squares) and KW-7158 (0.5 µM, empty triangles) in that sequence. The K+ 

currents activated near -50 mV and reached near maximal amplitudes at + 90 mV (Fig. 4A). 

The fit of activation curves with a sum of two Boltzmann equations (Fig. 4A), revealed before 

addition of drugs two components of activation having amplitudes of 42 ± 7 pA/pF (A1, V10.5 

= -52 ± 2 mV) and 19 ± 3 pA/pF (A2, V20.5 = -0.13 ± 0.5 mV) respectively. Addition of (-)-

verapamil (50 µM) blocked the majority of non-inactivating K+ currents (Fig. 4 B) as reported 

by Catacuzzeno et al. (1999). This inhibition was accompanied by a positive shift in the 

voltage-dependence of activation of both the low and high threshold currents and a positive 

shift in the voltage-dependence of inactivation of the high threshold currents (Table 1). The 

enhancement of K+ channel currents by KW-7158 after block of non-inactivating currents 

with (-) verapamil did not change either the voltage dependence of activation nor the voltage 

dependence of inactivation except for a 10 mV negative shift in the voltage dependence of 

inactivation of both the high and low threshold currents (Fig. 4, Table 1). KW-7158 after (-)-

verapamil increased both the low threshold (79% increase to 34 ± 5 pA/pF, p<0.01) and high-

threshold components (33% increase to 24 ± 4 pA/pF, p<0.01).  

 In another series of experiments, the effects of KW-7158 on K+ currents were examined in 

FB-labeled bladder afferent neurons obtained from the L6-S1 DRG. Slowly-inactivating A-

type K+ currents were isolated by subtraction of outward K+ currents activated by 

depolarizing pulses to +60 mV from a holding potential of –40 mV from those activated from 

a holding potential of –120 mV as described previously (Yoshimura and de Groat, 1999). The 

activity of KW-7158 (1 µM) was tested on: (1) inactivating A-type K+ currents, (2) a mixture 

of partially inactivated A-type K+ currents and non-inactivating delayed rectifier K+ currents, 
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in bladder afferent neurons which were sensitive to capsaicin and therefore presumably C-

fiber afferent neurons. KW-7158 (1.0 µM) increased the inactivating A-type K+ currents 

which were activated at the –120 mV holding potential (26 ± 3% increase, n = 6), but had a 

smaller effect (10 ± 3% increase, n = 6) on partially inactivated A-type K+ currents elicited 

from a holding potential of –40 mV.   

 KW-7158 reversal of the repetitive firing induced by substance P (SP) or 4-

aminopyridine (4-AP). Another series of experiments tested the effect of KW-7158 on the 

tonic firing induced by prolonged depolarizing current pulses in phasic neurons treated with 

either 4-AP (50 µM) or SP (0.5 µM). As shown in figure 5, smaller diameter DRG cells 

exhibited phasic firing in response to 600 ms duration, 80-200 pA amplitude, depolarizing 

current pulses. The firing consisted of a small number of action potentials (range: 1-4, mean: 

1.7 ± 0.3 APs, Fig. 5 A, B and E, F, n = 25). Larger diameter neurons exhibited tonic firing to 

the same stimulus (>5 APs, mean: 8.4 ± 1.4 APs, n = 7, Fig. 5C, D). In phasic neurons, SP 

lowered the threshold of AP firing by 7 mV from -25 ± 1 mV before compound application to 

-31 ± 2 mV (n = 9, p<0.01) and by 4 mV in tonic firing DRG neurons (-36 ± 2 mV, control, -

41 ± 2 mV after SP, p<0.05, Fig. 5 A). In phasic neurons, 4-AP lowered the threshold by 5 

mV to -30 ± 1 mV (n = 5, p<0.01, Fig. 5 E). In phasic neurons, SP (Fig. 5A, B) or 4-AP (50 

µM, Fig. 5E, F) also significantly increased the number of APs induced by the depolarizing 

current pulse (318 % increase after SP, n = 9). In untreated DRG neurons, KW-7158 (0.5 

µM), had modest (3.5 mV reduction), but statistically insignificant effect on the threshold of 

AP firing in phasic neurons (-21.5 ± 2.5 mV, n = 12, p>0.05), and no measurable effect on 

the threshold of APs  in tonic neurons (n = 7, not shown). However, KW-7158 reversed the 
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effect of SP (Fig. 5A, B) on firing in phasic neurons and increased the threshold of AP firing 

by 8 mV to levels similar to those seen before SP application (-23 ± 2 mV, n = 5, p = 0.3). 

KW-7158 also reversed the effect of 4-AP (50 µM, Fig. 5E, F) on firing in phasic neurons. 

The effect of KW-7158 on SP facilitation of firing could be antagonized by administration of 

4-AP (50 µM, Fig. 5A, B).  

 In tonically firing neurons which generated 5 or more APs (8.4 ± 1.4 APs, n=7, Fig. 5C, 

D), SP (50 µM) increased the number of APs (149% increase, n = 7) and KW-7158 decreased 

this effect (50% decrease, Fig. 5 C, D). The effect of KW-7158 was antagonized by the 

subsequent administration of 4-AP (50 µM) which produced a 122% increase in the number 

of APs in phasic neurons (Fig. 5 A, B) and a 131% increase in the number of APs in tonic 

neurons (Fig. 5 C, D). Part of the 4-AP effect on firing could be accounted for by a lowering 

of AP threshold by 5 mV in phasic neurons (-30 ± 1 mV, n = 5, p<0.01) and 7 mV in the 

tonic neurons (-40 ± 1 mV, n = 3). This contrasts with a significantly larger effect of 4-AP 

alone in phasic neurones (423% increase, p<0.001, two tail, unequal variance, t-test, Fig. 5 E, 

F). The resting potential in the phasic neurons (-52 ± 1 mV, n = 25) was not significantly 

different from that in tonic neurons (-53 ± 2 mV, n = 7, p = 0.7). However, membrane 

capacitances were on the average 165% larger in the tonic neurons (membrane capacitance, 

Cm, 71 ± 14, tonic; 43 ± 2 pF, phasic, p<0.001).  

 

DISCUSSION.  

The present studies revealed that KW-7158 enhanced transient K+ currents and suppressed 

the firing in bladder as well as unidentified DRG neurons in the rat. KW-7158 also 
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hyperpolarized the membrane potential (5-10 mV) and reduced the AP duration (5-80%). 

KW-7158 had no effect on Na+ currents, AP upstroke or overshoot of AP. These observations 

provide support for the conclusions from previous in vivo experiments that KW-7158 reduced 

urinary bladder hyperactivity by suppressing the afferent limb of the micturition reflex 

pathway (Lu et al, 2002).  

KW-7158 facilitates a transient, 4-AP-sensitive, K+ channel. A-type K+ currents are 

important determinants of neuronal firing (Erisir et al., 1999; Locke and Nerbonne, 1997; 

Tkatch et al., 2000). Rat DRG neurons express at least 6 subtypes of K+ currents (Gold et al., 

1996). Three of these currents, exhibit rapid to slow rates of inactivation (A-type) and 

correspond to Kv4 subtypes (Pongs, 1992; Tkatch et al., 2000), Kv1.2 and Kv1.4 types of K+ 

channels (Ishikawa et al., 1999). The reminders are non-inactivating, delayed rectifier type 

(Gold et al., 1996; Ishikawa et al., 1999). The transient K+ currents are all sensitive to 4-

aminopyridine (4-AP), but only one (Kv1.4, Pongs, 1992) is also sensitive to TEA blockade 

(Gold et al., 1996). Our data in Figs. 2 and 3, suggest that after blockade of delayed rectifier 

K+ channels with TEA or (-)-verapamil, KW-7158 enhanced a rapidly inactivating current 

without having an effect on residual, TEA-verapamil-insensitive non-inactivating K+ currents. 

The facilitatory effects of low concentrations of KW-7158 (0.05-1.0 µM) were selective for 4-

AP-sensitive channels since 5 mM 4-AP which blocked a large fraction of transient K+-

currents also prevented the enhancement by low concentrations of KW-7158.  

 Higher concentrations of KW-7158 presumably inhibited both inactivating currents and a 

number of non-inactivating currents non-selectively since inhibition of these currents by (-)-

verapamil or TEA reduced the inhibitory effects of KW-7158 and shifted the concentration 

dependence of inhibition to higher concentrations. It is also important to note that after (-)-
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verapamil blockade of non-inactivating currents, KW-7158 facilitated both low threshold and 

high threshold inactivating currents without significant shifts in either the voltage-

dependence of activation or inactivation (Fig. 4). At high concentrations, KW-7158 inhibits 

>50% of the currents after pre-pulse (Fig. 3A, filled circles). Verapamil blocks > 80% of the 

non-inactivating currents (Fig. 2 B). Therefore, we think that most of the KW-7158 inhibition 

of verapamil-sensitive K+-currents after the -20 pre-pulse in Fig. 3A (filled circles) is due to 

inhibition of non-inactivating currents. 

 One possible interpretation of TEA-induced shift in the concentration dependence of K+-

channel inhibition by high KW-7158 concentrations is that KW-7158 may act on multiple A-

type K+ current isoforms which have different affinities for the compound, only some of 

which are TEA sensitive, i.e. Kv1.4 (Ishikawa et al., 1999). An alternative interpretation is 

that KW-7158 and TEA may act allosterically on the same subtype of channel, the result 

being the observed shift in the concentration dependence of KW-7158 response. Indeed, 

verapamil, a more selective blocker of delayed rectifier K+ channels in both chick DRG 

neurons (Catacuzzeno et al., 1999; Trequattrini et al., 1998) and mammalian ganglion 

neurons (Hogg et al., 1999), also shifted the inhibition to higher KW-7158 concentrations 

(Fig. 3). However, the use-dependent nature of verapamil block of non-inactivating currents 

(Hogg et al., 1999, Fig. 2A), prevented a more detailed analysis of the actions of inhibitory 

concentrations of KW-7158 in the presence of verapamil. On the other hand neither TEA nor 

(-)-verapamil, which non-selectively block K+-currents, prevented the facilitatory effects of 

low concentrations of KW-7158, but unmasked larger facilitatory effects at higher 

concentrations of KW-7158 (Figs. 3). Among the inactivating K+ currents known to be 

expressed in DRG neurons, only Kv1 subtypes are sensitive to TEA blockade (Wissmann et 
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al., 2003), thus the most likely target for the KW-7158 facilitatory effect is a Kv4 K+ channel 

subtype (Pongs, 1992; Tkatch et al., 2000). 

 KW-7158 reduces hyperexcitability induced by SP or 4-AP. Substance P (SP) and 

neurokinin A released from DRG neurons act on receptors expressed in afferent neurons and 

afferent nerve terminals in the periphery and activate phospholipase C (Ruggieri, 1998, Saban 

et al., 1997). Disruption of the preprotachychynin gene which codes for SP, leads to an 

impaired response to chemical irritation of the urinary tract in mice (Kiss et al., 2001). 

Activation of PKC phosphorylates and inhibits a number of K+ channels (Hoffman and 

Johnston, 1998; Zhang et al., 2001) to promote hyperactivity in DRG neurons. Therefore, an 

autofeedback mechanism mediated by NK receptors and PKC may contribute to acute 

nociceptive sensitization in these neurones. KW-7158 had no effect on the threshold for AP 

firing in phasic neurons, or the threshold and AP firing in tonic neurons, consistent with our 

previous observations that KW-7158 had no effect on basal bladder activity (Lu et al., 2002). 

However, KW-7158 inhibited both the SP and 4-AP-induced hyperactivity in phasic neurons 

and SP-enhanced activity in tonic neurons (Fig. 5) suggesting that this compound may act to 

suppress both the SP and 4-AP-promoted nociceptive sensitization in phasic neurons and 

mechano-sensitivity in tonic DRG neurons (Djouhri et al 1998; Lawson, 2002). These effects 

extend to identified bladder neurons consistent with our observations demonstrating 

inhibition of hyperactive bladder activity (Lu et al., 2002).  

 KW-7158 a potential suppressant of visceral hypersensitivity. Nociceptive afferent 

neurons, have slowly conducting axons in the C and Aδ range and have longer duration AP 

and long-lasting after-hyperpolarizing potentials, and lower maximal firing rates (Lawson, 

2002). Larger, non-nociceptive neurons have myelinated, more rapidly conducting APs, and 
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fire short duration APs tonically at high frequency (Lawson, 2002; Rudy, 1988). In small 

diameter DRG neurons, and capsaicin-sensitive bladder neurons, KW-7158 (0.05-1.0 µM) 

enhanced the rapidly inactivating A-type K+ currents (5-50% increases) but had no 

facilitatory effect on the verapamil-TEA-sensitive, non-inactivating currents activated after a 

800 ms depolarization to -20 mV (Figs 3). These facilitatory effects were presumably 

responsible for the effects of KW-7158 on resting potential, excitability (Fig. 5) and AP shape 

(Fig. 1). Therefore, it seems likely that KW-7158 opens a K+ channel which activates near the 

resting membrane potential and controls the repolarization phase of AP in phasic, small 

diameter DRG neurons. It is interesting that KW-7158 also inhibited excitability in tonically 

firing neurons (Fig. 5) which were presumably Aδ firing neurons. This observation suggests 

that KW-7158 may also facilitate rapidly inactivating K+ channels expressed in larger 

neurons.   

 KW-7158 a potential inhibitor of chronic nociceptive hyperactivity. Recently, K+ 

channels have received considerable attention as targets for the treatment of a variety of 

disorders (Shieh et al., 2000). In this study we showed that a novel K+-channel agonist, KW-

7158, inhibited repetitive activity induced by SP or 4-AP in phasic small to medium sized 

(<50 pF) DRG neurons. In certain forms of abnormal excitability of nociceptive neurons, 

such as cyclophosphamide-induced cystitis in urinary bladder (Yoshimura and de Groat, 

1999), or axotomy (Kim et al., 1998), A-type K+ channel behavior is altered. KW-7158 would 

be expected to also lower the firing rates, increase the threshold for initiation of AP, and have 

beneficial effects in this condition, by lowering the hyperexcitability. 

 It seems likely that KW-7158, which decreases the hyperexcitability induced acutely in 

normal DRG neurons by either SP or 4-AP, by increasing the threshold for AP generation, 
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would also lower excitability in afferents sensitized by chronic inflammation. In a recent 

study of cyclophosphamide (CYP) -induced cystitis, there was a significant decrease in the 

current densities of an A-type K+ current (Yoshimura and de Groat, 1999). Therefore, it 

seems reasonable to conclude that KW-7158, by increasing A-type K+-currents, would be a 

useful therapeutic agent for both acute and chronic conditions involving nociceptive 

sensitization of afferent neurons. 

 K+ channels are also expressed as heterologously assembled multimers (Isacoff et al., 1990; 

Ruppersberg et al., 1990; Sheng et al., 1993; Wang et al., 1993) with other regulatory protein 

subunits (Kubista et al., 1999; Schrader et al., 2002; Wang et al., 2002). K+ channel openers 

which may be selective for ATP-sensitive (Hu and Kim, 1996) or other subtypes of K+-

channels (Rundfeldt, 1997, Lu et al., 2002, Rasband et al., 2001; Rudy, 1988), are envisioned 

as useful therapeutic agents in a variety of neurological disorders. Our data does not establish 

whether KW-7158 acts on the channel or an auxiliary subunit, but it clearly establishes that 

the current activated by the compound is a transient, rapidly inactivating current. A clear 

resolution of these questions will require more direct molecular biological approaches. 

Regardless of its exact mechanism of action, KW-7158 appears to belong to a novel class of 

drugs which enhance A-type K+ channel activities. Since A-type K+ channels play such a key 

role in neuronal firing, KW-7158 is a promising agent for treatment of a number of disorders 

which are associated with afferent neuron hyperexcitability, including urinary bladder 

dysfunction induced by spinal cord injury. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2004 as DOI: 10.1124/jpet.104.065409

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65409 

 22

REFERENCES 

Catacuzzeno L, Trequattrini C, Petris A, Franciolini F (1999) Mechanism of verapamil block 

 of a neuronal delayed rectifier K channel: active form of the blocker and location of the  

 binding domain. Br J Pharmacol 126:699-1706. 

Cheng CL, Ma CP, de Groat WC (1993) Effects of capsaicin on micturition and associated 

 reflexes in rats. Am J Physiol 265:R132-R138.  

Currie KP, Wootton JF, Scott RH (1995) Activation of Ca2+-dependent Cl- currents in  

 Cultured rat sensory neurones by flash photolysis of DM-nitrophen. J Physiol (Lond)  

 482:291-307.  

Djouhri L, Bleazard L, Lawson SN (1998) Association of somatic action potential shape with 

sensory receptive properties in guinea-pig dorsal root ganglion neurones. J Physiol (Lond)  

513.3:857-872. 

England S, Heblich F, James IF, Robbins J, Docherty RJ (2001) Bradykinin evokes a Ca2+- 

 activated chloride current in non-neuronal cells isolated from neonatal rat dorsal root  

 ganglia. J Physiol (Lond) 530:395-403.  

Erisir A, Lau D, Rudy B Leonard CS (1999) Function of specific K channels in sustained  

 high-frequency firing of fast-spiking neocortical neurons. J Neurophysiol 82:2476-2489. 

Fedulova SA, Vasilyev DV, Veselosky NS (1998) Voltage-operated potassium currents in the  

 somatic membrane of rat dorsal root ganglion neurons: ontogenic aspects. Neurosci 

 85:497-508. 

Gold MS, Shuster MJ Levine JD (1996) Characterization of six voltage-gated K+ currents in  

 adult rat sensory neurons. J Neurophysiol 5:2629-2646. 

Hoffman DA, Johnston D (1998) Downregulation of transient K+ channels in dendrites of  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2004 as DOI: 10.1124/jpet.104.065409

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65409 

 23

 hippocampal CA1 pyramidal neurons by activation of PKA and PKC. J Neurosci 18:521- 

 3528.  

Hogg RC, Trequattrini C, Catacuzzeno L, Petris A, Franciolini F, Adams DJ (1999)  

 Mechanisms of verapamil inhibition of action potential firing in rat intracardiac ganglion  

 neurons. J Pharmacol Exp Ther 289:1502-1508.  

Hu S, Kim HS (1997) Modulation of ATP-sensitive and large-conductance Ca++-activated K+  

 channels by Zeneca ZD6169 in guinea pig bladder smooth muscle cells. J Pharmacol Exp  

 Ther 280:38-45.  

Isacoff EY, Jan YN, Jan LY (1990) Evidence for the formation of heteromultimeric  

 potassium channels in Xenopus oocytes. Nature 345:530-534. 

Ishikawa K, Tanaka M, Black JA, Waxman SG (1999) Changes in expression of voltage- 

 gated potassium channels in dorsal root ganglion neurones following axotomy. Muscle  

 Nerve 22:502-507. 

Kim YI, Na SH, Kim HC, Han YW, Yoon B, Sung HJ, Nam SL, Shin SL, Hong SK (1998)  

 Cell type-specific changes of the membrane properties of peripherally-axotomized dorsal  

 root ganglion neurons in a rat model of neuropathic pain. Neurosci 86:301-309. 

Kiss S, Yoshiama M, Cao, YQ, Basbaum AI, de Groat WC, Lecci A, Maggi CA, Birder LA  

 (2001) Impaired response to chemical irritation of the urinary tract in mice with disruption  

 of the preprotachychynin gene. Neurosci Lett 313:57-60. 

Kubista H, Donato R, Hermann A (1999) S100 calcium binding protein affects neuronal  

 electrical discharge activity by modulation of potassium currents. Neurosci 90:493-508. 

Lawson SN (2002) Phenotype and function of somatic primary afferent nociceptive neurones  

 with C-, Aδ- or α/β-fibers. Exp Physiol 87:239-44.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2004 as DOI: 10.1124/jpet.104.065409

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65409 

 24

Locke RE, Nerbonne JM (1997) Role of voltage-gated K currents in mediating the regular- 

 spiking phenotype of callosal-projecting visual cortical neurons. J Neurophysiol 78:2321- 

 2335. 

Lu SH, Yamagata T, Atsuki K, Sun L, Smith CP, Yoshimura N, Chancellor MB, de Groat  

 WC (2002) Effect of KW-7158, a putative afferent nerve inhibitor, on bladder and vesico- 

 vascular reflexes in rats. Brain Res 946:72-78.  

Pongs O (1992) Molecular biology of voltage-dependent potassium channels. Physiol. Rev  

 72:S69-88. 

Rasband MN, Park EW, Vanderah TW, Lai J, Porreca F, Trimmer JS (2001) Distinct  

 potassium channels on pain-sensing neurons. Proc Nat Acad Sci USA. 98:13373-13378.  

Ruggieri MR (1998) Neurokinin receptors in feline interstitial cystitis. J Urology 160:298- 

 233. 

Rundfeldt C (1997) The new anticonvulsant agent retigabine acts as an opener of K channels  

 in neuronal cells. Eur J Pharmacol 48:243-249. 

Ruppersberg JP, Schroter KH, Sakmann B, Stocker M, Sewing S, Pongs O (1990)  

 Heteromultimeric channels formed by rat brain potassium channel proteins. Nature  

 345:534-537. 

Saban MR, Saban R, Bjorling DE (1997) Kinetics of peptide-induced release of inflammatory  

 mediators by the urinary bladder. Br J Urol 80:742-747. 

Schrader LA, Anderson AE, Mayne A, Pfaffinger PJ, Sweatt JD (2002) PKA modulation of  

 Kv4.2-encoded A-type potassium channels requires formation of a supramolecular  

 complex. J Neurosci 22:10123-10133.  

Sculptoreanu A, Figourov A, de Groat WC (1995) Voltage dependent potentiation of  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2004 as DOI: 10.1124/jpet.104.065409

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65409 

 25

 neuronal L-type calcium channels due to state-dependent phosphorylation. Am J Physiol  

 269:C725-C732. 

Sheng M, Liao YJ, Jan YN, Jan, LY (1993) Presynaptic A-current based on heteromultimeric  

 K channels detected in vivo. Nature 365:72-75. 

Shieh CC, Coghlan M, Sullivan JP, Gopalakrishnan M (2000) Potassium channels: molecular  

 defects, diseases, and therapeutic opportunities. Pharmacol Rev 52:557-94.  

Tkatch T, Baranauskas G, Surmeier J (2000) Kv4.2 mRNA abundance and A-type K+ current  

amplitude are linearly related in basal ganglia and basal forebrain neurons. J Neurosci 

20:579-588. 

Trequattrini C, Catacuzzeno L, Petris A, Franciolini F (1998) Verapamil block of the delayed  

 rectifier K current in chick embryo dorsal root ganglion neurons. Pflügers Arch 435:503- 

 510. 

Wang H, Kunkel DD, Martin TM, Schwartzkroin PA, Temple BL (1993) Heteromultimeric K  

 channels in terminal and juxtaparanodal regions of neurons. Nature 365:75-79. 

Wang S, Patel SP, Qu Y, Hua P, Strauss HC, Morales MJ (2002) Kinetic properties of Kv4.3  

 and their modulation by KChIP2b. Biochem Biophys Res Comm 295:223-229.  

Wissmann R, Bildl W, Oliver D, Beyermann M, Kalbitzer HR, Bentrop D, Fakler B (2003)  

 Solution structure and function of the "tandem inactivation domain" of the neuronal A- 

 type potassium channel Kv1.4. J Biol Chem 278:16142-16150.  

Yoshimura N (1999) Bladder afferent pathway and spinal cord injury: possible mechanisms  

 inducing hyperreflexia of the urinary bladder. Prog Neurobiol 57:583-606. 

Yoshimura N, Bennet NE, Phelan MW, de Groat WC (1999) Effects of chronic nerve growth  

factor treatment on rat urinary bladder and bladder afferent neurons. Soc Neurosci Abstr  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2004 as DOI: 10.1124/jpet.104.065409

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65409 

 26

25:1946. 

Yoshimura N, de Groat WC (1997) Plasticity of Na+ channels in afferent neurons innervating  

 rat urinary bladder following spinal cord injury. J Physiol (Lond) 503:269-276.  

Yoshimura N, de Groat WC (1999) Increased excitability of afferent neurons innervating rat  

 urinary bladder after chronic bladder inflammation. J Neurosci 19:4644-4653. 

Yoshimura N. Erdman SL. Snider MW. de Groat WC (1998) Effects of spinal cord injury on  

 neurofilament immunoreactivity and capsaicin sensitivity in rat dorsal root ganglion  

 neurons innervating the urinary bladder. Neurosci 83:633-643.  

Yoshimura N, White G, de Groat WC (1994) Patch clamp recordings from subpopulations of  

autonomic and afferent neurons identified by axonal tracing techniques. J Auton Nerv Syst  

49:85-92. 

Yoshimura N, White G, Weight FF, de Groat WC (1996) Different types of Na+ and A-type  

 K+ currents in dorsal root ganglion neurones innervating the rat urinary bladder. J Physiol   

(Lond) 494:1-16. 

Zhang YH, Kenyon JL, Nicol GD (2001) Phorbol ester-induced inhibition of potassium  

 currents in rat sensory neurons requires voltage-dependent entry of calcium. J  

 Neurophysiol 85:362-373.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2004 as DOI: 10.1124/jpet.104.065409

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65409 

 27

Footnotes: 

 

Financial support 

This work was supported by grants from NIH (DK49430) and Kyowa Hakko Kogyo, Co., Ltd 

to WCG. 

 

1Yamagata T, Atsuki K, Ohno T, Shirakura S, de Groat WC, Sculptoreanu A, Karasawa A, 

Yoshimura N (2002) Agent for the treatment of overactive bladder. International Patent 

Application. WO02/078523. 

 

2Yoshida M, Seishi T, Aono S, Takai H, Suzuki K, Yamagata T, Atsuki K, Karasawa A, 

Kumazawa T (1998) Tricyclic compounds. International Patent Application. WO98/46587.

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2004 as DOI: 10.1124/jpet.104.065409

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65409 

 28

FIGURE LEGENDS. 

FIGURE 1. Effect of KW-7158 on membrane potential, action potential repolarization and K+ 

currents in DRG neurons. A, Concentration-dependence of KW-7158 effect on the resting 

potential. Data in A are averages of current densities, their SEM and statistical difference 

(two tailed t-test, unequal variance difference, * p<0.05, ** p<0.01; ns, not significant; 

numbers of experiments for each concentration in parentheses). B, KW-7158 (0.5 µM) 

shortened the duration of action potential triggered by a 50 pA current injection, 10 ms in 

duration, in a cell held at –68 mV. Inset shows the chemical structure of KW-7158. C, Effect 

of KW-7158 (0.1 µM and 1.0 µM) on K+-currents in a DRG neuron. The concentration was 

incremented in sequence and the figure shows steady-state effect of each compound 

concentration. D, Inset shows the current facilitated by 1.0 µM of KW-7158, obtained by 

subtracting the control current from the current facilitated after addition of the compound. E, 

The voltage protocol consisted of a square pulse to +60 mV, 800 ms in duration, from a 

holding potential of -90 mV. This was followed by a 0.8 s depolarization prepulse to -40 mV, 

which partially inactivated A-type K+ currents, and a second depolarizing pulse to +60 mV 

similar to the first in the sequence. 

 

FIGURE 2. Effect of delayed rectifier K+ channel blockers on K+ currents and KW-7158 effect 

in DRG neurons. The voltage protocol consisted of a square pulse to +60 mV, 800 ms in 

duration, from a holding potential of -90 mV. This was followed by a 0.8 s depolarization 

prepulse to -20 mV, applied immediately after a short, 50 ms repolarization to -60 mV. 

Except for the interpulse interval to -20 mV, the time course of the stimulus was identical to 

that shown in fig. 1E. This interpulse inactivated most of the A-type K+ currents activated by 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2004 as DOI: 10.1124/jpet.104.065409

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65409 

 29

a second depolarizing pulse to +60 mV identical to the first in the sequence. A, (-)-Verapamil 

(50 µM) inhibited the K+ currents activated during the interpulse depolarization to -20 and 

most of the delayed outward current activated by the second test pulse to +60 mV. B, KW-

7158 (0.5 µM) enhanced the rapidly inactivating A-type currents but had no effect on the 

verapamil-insensitive non-inactivating currents activated during the second test pulse. C, 

TEA (20 mM) inhibited the K+ currents activated during the interpulse depolarization to -20 

mV and most of the delayed outward current activated by the second test pulse to +60 mV. 

D,. K+ currents recorded in high TEA (60 mM) solutions. KW-7158 had no effect on the non-

inactivating delayed rectifier channels which were TEA-insensitive (0.5 µM).   

 

FIGURE 3. Concentration-dependence of KW-7158 effect on total K+ currents. K+ currents 

were recorded before and after a prepulse to -20 mV to inactivate A-type K+ currents and on 

A-type K+ currents after addition of either 20 mM TEA or 50 µM (-)-verapamil or after 

replacement of Na+ with TEA (60 mM) in the extracellular solution. To determine the 

contribution of A-type K+ currents to the total currents the changes in peak amplitude of K+ 

current in response to a square pulse to +60 mV, 800 ms in duration, at each compound 

concentration were subtracted from changes in currents to an identical pulse following a 0.8 s 

depolarization prepulse to -20 mV. A, Change in peak amplitude of K+ currents in control 

experiments before  (�) and after (�) inactivation of A-type K+ currents. B, Changes in A-

type K+ currents in control currents (�) and after partial block of delayed rectifier K+ currents 

with 20 mM TEA (�).C, Changes in A-type K+ currents in control currents (�) and in the 

presence of 50 µM (-)-verapamil (�). D, Changes in A-type K+ currents in control currents 

(�) and in the presence of 60 mM TEA (�). 
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FIGURE 4. Effect of KW-7158 (0.5 µM, �) on the steady-state activation and steady-state 

inactivation of A-type K+ currents after block of delayed-rectifier K+ currents in control cells 

(�) with (-)-verapamil (50 µM, �). A, Steady-state activation for a series of square pulses, 

800 ms in duration ranging from –140 to + 90 mV. Conductance in 8 cells was normalized to 

Gmax in control experiments before addition of drugs for all curves and is plotted versus the 

test pulse voltage. Dashed lines are curves for the fit of data with a sum of two Boltzmann 

curves as described in Methods. The half-activation voltages before and after addition of 

drugs are shown as insets. B, Steady-state inactivation for K+ currents in response to a test 

pulse to +60 mV following a series of square pre-pulses, 800 ms in duration ranging from –

140 to +90 mV. Data is shown as IK/IKmax, where the current densities averaged in 8 cells were 

normalized to IKmax in control experiments before addition of drugs and plotted versus pre-

pulse voltage. Dashed lines are curves for the fit of data with a sum of two Boltzmann curves 

as described in Methods. The half-inactivation voltages of inactivating currents before and 

after addition of drugs are shown as insets. 

 

FIGURE 5. Effect of KW-7158 (KW, 0.5 µM) on frequency of firing increased by either 

substance P (SP, 0.5 µM) or 4-amino-pyridine (4AP, 50 µM) in phasic neurons or SP in tonic 

neurons. A, Recording of action potential (AP) in a phasically firing dorsal root ganglion 

neuron which fired at most 3 APs in response to depolarizing current injections. Bath 

application of SP increased the number of APs to 8. This increase was reversed by KW-7158. 

Addition of 4AP in the presence of SP and KW-7158 led to an increase in firing to 5 APs. B, 

Average no. of APs (n = 9 neurons ) for experiments such as shown in A. In phasic neurons 
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(1-4 APs in response to a 80-200 pA, 600 ms in duration depolarizing injection), SP 

produced a significant (p<0.001) increase in the number of APs. Addition of KW-7158 

reversed the effect of SP (ns, not significant from the control before addition of drugs, p=0.5). 

After reversal of SP effect by KW-7158, 4AP increased the number of APs in all neurons 

tested (p<0.001). The resting potential (RP) in these cells was -51 ± 2 mV and the membrane 

capacitance (Cm) 45 ± 4 pF. C, Recording of action potentials in a tonically firing dorsal root 

ganglion neuron which fired 7 APs in response to depolarizing current injections. Bath 

application of SP increased the number of APs to 11. This increase was reversed by KW-

7158. Addition of 4-AP in the presence of SP and KW-7158 led to an increase in firing to 10 

APs. D, Average no. of APs for experiments such as shown in C in 7 neurons. In tonic 

neurons (5-15 APs in response to a 80-200 pA, 600 ms in duration depolarizing injection), SP 

produced a significant, 149 % increase in firing (p<0.01). Addition of KW-7158 reversed the 

effect of SP (p=0.3). After reversal of SP effect by KW-7158, 4-AP produced a 131% 

increase in firing in all neurons tested (p<0.001). The resting potential (RP) in these cells was 

-53 ± 2 mV and the membrane capacitance (Cm) 71 ± 14 pF. E, Recording of action potential 

(AP) in a phasically firing dorsal root ganglion neuron which fired 1 AP in response to 

depolarizing current injections. Bath application of 4AP increased the firing to 4 APs. This 

increase was reversed by KW-7158. F,  Average no. of APs for experiments such as shown 

in E in 16 neurons. In these experiments, 4AP produced a significant (p<0.001) increase in 

firing. Addition of KW-7158 reversed the effect of 4AP. The resting potential (RP) in these 

cells was -54 ± 2 mV and the membrane capacitance (Cm) 42 ± 2 pF. G, Stimulus protocol for 

current clamp experiments shown in A, C and E. With membrane potential held at -65 mV, a 
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short 5 ms current injection (80-200 pA) was used to trigger a single action potential, a 

second pulse 600 ms in duration was applied 300 ms after the first in the sequence. 
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Control (-)Verapamil KW-7158

Low Threshold currents (1st Boltzmann)

Activation
Pmax 0.20 ± 0.07 0.28 ± 0.03 <0.01 0.44 ± 0.05 <0.001
V(1/2) -52 ± 2 -32 ± 7 <0.001 -38 ± 6 <0.001
k 6.4 ± 2.2 11.6 ± 5 ns 6.2 ± 0.9 <0.01

Inactivation
Pmax 0.04 ± 0.05 0.43 ± 0.30 <0.001 0.62 ± 0.05 <0.001
V(1/2) -110 ± 12 -127 ± 8 ns -58 ± 2 <0.001
k 8 ± 1 37 ± 12 <0.001 27 ± 1 <0.001

High Threshold currents (2nd Boltzmann)

Activation
Pmax 0.80 ± 0.08 0.52 ± 0.18 <0.001 0.44 ± 0.15 <0.001
V(1/2) -0.13 ± 0.5 9.5 ± 1.7 <0.001 10.7 ± 5.9 <0.001
k 21 ± 3 20 ± 6 ns 15 ± 3 <0.01

Inactivation
Pmax 0.17 ± 0.04 0.41 ± 0.08 <0.001 0.37 ± 0.06 <0.001
V(1/2) -60 ± 7 -29 ± 2 <0.001 -18 ± 1 <0.001
k 13 ± 2 13 ± 2 ns 6 ± 2 <0.001

Table 1. Parameters of Boltzmann fits of K+ current activation and 
inactivation in control experiments (before drugs) and after addition of (-) 
verapamil (50 µM) and KW-7158 (0.5 µM) added in that sequence in the 
same cells.

Data for fits of average conductance normalized to Gmax before drugs 
(activation) and current densities normalized to Imax before drugs in  8 neurons. 
Parameters for Boltzmann fits of K+ current activation and inactivation were 
determined as explained in Methods and Results sections. The smooth curves 
shown in Fig. 4A and B were fitted with these values. Averages; SEM; t-test 
relative to values in control experiments, before drugs, 2 tailed, unequal 
variance, level of significance: ns-not significant, p<0.01, or p<0.001.
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