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Abstract  

Mutations in members of the KCNQ channel family underlie multiple diseases affecting the 

nervous and cardiovascular systems. Despite their clinical relevance, research into these 

channels is limited by the lack of subtype-selective inhibitors, making it difficult to 

differentiate the physiological function of each family member in-vivo. Recently, we 

proposed that KCNQ channels might partially underlie the calcium-activated slow 

afterhyperpolarization (sAHP), a neuronal conductance whose molecular components are 

uncertain. Here, we investigated whether UCL2077, previously identified as an inhibitor of 

the sAHP in neurons, acts on members of the KCNQ family expressed in heterologous 

cells. We found that 3 μM UCL2077 strongly inhibits KCNQ1 and KCNQ2 channels and 

weakly blocks KCNQ4 channels in a voltage-independent manner. In contrast, UCL2077 

potentiates KCNQ5 channels at more positive membrane potentials, with little effect at 

negative membrane potentials. Interestingly, we found that the effect of UCL2077 on 

KCNQ3 is bimodal: currents are enhanced at negative membrane potentials and inhibited 

at positive potentials. We found that UCL2077 facilitates KCNQ3 currents by inducing a 

leftward shift in the KCNQ3 voltage-dependence, a shift dependent upon tryptophan 265. 

Finally, we show that UCL2077 has intermediate effects on KCNQ2/3 heteromeric channels 

compared to KCNQ2 and KCNQ3 homomers. Together, our data demonstrate that 

UCL2077 acts on KCNQ channels in a subtype-selective manner. This feature should 

make UCL2077 a useful tool for distinguishing KCNQ1 and KCNQ2 from less-sensitive 

KCNQ family members in neurons and cardiac cells in future studies. 
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Introduction 

The KCNQ channel family includes five genes, known as Kcnq1-5 (Jentsch, 2000). Most 

family members are required for proper function of either the nervous or cardiovascular 

system depending on their specific localization pattern. Loss of function mutations in Kcnq1 

lead to long QT syndrome, a heart disorder, as well as a congenital form of deafness (van 

den Berg et al., 1997; Wollnik et al., 1997). KCNQ1 channels were also recently implicated 

in Sudden Unexplained Death in Epilepsy (SUDEP) (Goldman et al., 2009). Mutations in 

Kcnq2 and Kcnq3 underlie a rare form of pediatric epilepsy, Benign Familial Neonatal 

Convulsions (BFNC) (Biervert et al., 1998; Charlier et al., 1998; Singh et al., 1998), 

whereas KCNQ4 loss of function mutations lead to nonsyndromic sensorineural deafness 

type 2 (DFNA2), a form of progressive hearing loss (Kubisch et al., 1999). KCNQ5 is also 

expressed in the nervous system but is not yet associated with any neurological disorders 

(Lerche et al., 2000; Schroeder et al., 2000).  

 

Given their obvious physiological importance, it is not surprising that small molecule 

compounds that target KCNQs are thought to hold great therapeutic promise. Retigabine, a 

KCNQ channel potentiator, has been successfully used for the treatment of 

pharmacoresistant epilepsy in Phase III clinical trials (Maljevic et al., 2010). Other KCNQ 

channel modulators have been proposed for the treatment of ischemia, stroke, and 

migraines (Maljevic et al., 2008; Wua and Dworetzky, 2005). However, none of the KCNQ 

inhibitors described to date act exclusively on specific KCNQ family members although 

compounds targeting specific KCNQ populations are likely to be advantageous either as 

cognitive enhancers or for the treatment of disease.  
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A subunit-specific KCNQ inhibitor could also be used to probe the contribution of each 

individual KCNQ channel subunit to physiological processes in the nervous system. 

Currently KCNQ-mediated currents are isolated by Linopridine or XE-991, two non-

selective KCNQ channel blockers (Wang et al., 1998). Using these blockers, investigators 

demonstrated that KCNQ channels mediate the M-current, a voltage-activated potassium 

conductance found in most neurons. In the absence of subunit-selective drugs, knockout 

mice and loss of function mice have been used to understand the contribution of each 

KCNQ subunit (Kharkovets et al., 2006; Otto et al., 2006; Peters et al., 2005; Singh et al., 

2008; Tzingounis et al., 2010; Tzingounis and Nicoll, 2008), although these mice may 

exhibit developmental compensation or homeostatic changes. 

 

Recently, we proposed that KCNQ2, -3, and -5 channels may contribute to the slow 

afterhyperpolarization (sAHP), a calcium-activated potassium conductance that limits 

neuronal firing (Nicoll, 1988; Tzingounis et al., 2010; Tzingounis and Nicoll, 2008). To 

corroborate our previous findings, we decided to test whether the small molecule UCL2077 

acts on KCNQ channels. Shah et al. (2006) first identified UCL2077 as a selective blocker 

of the sAHP in rat CA1 neurons, although they did not know its molecular target. Later 

studies demonstrated that UCL2077 blocked the sAHP generated after activation of L-type 

calcium channels in thalamic neurons (Zhang et al., 2009) and the sAHP in gonadotropin-

releasing hormone (GnRH) neurons (Lee et al., 2010).  Thus, based on our hypothesis that 

KCNQ channels contribute to the sAHP, we predicted that UCL2077 might modulate KCNQ 

channels. 
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In this study, we characterized the effects of UCL2077 on all members of the KCNQ 

channel family in heterologous cells. We report that UCL2077 is a potent inhibitor only for 

KCNQ1 and KCNQ2 channels. It modestly inhibits KCNQ4 channels and potentiates 

KCNQ5-mediated currents in a voltage-dependent manner. The effects of UCL2077 on 

KCNQ3 are more complicated, either facilitating or inhibiting depending on the membrane 

potential. We found that KCNQ3 facilitation depends on tryptophan 265, an amino acid 

previously implicated in the agonist activity of retigabine (Schenzer et al., 2005). Our study 

thus identifies UCL2077 as the first subtype-selective inhibitor of KCNQ channels. In future 

studies UCL2077 could be used to discriminate the effects of KCNQ1 and KCNQ2 from 

other KCNQ family members in the heart and brain. 
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Materials and Methods 

Materials. Chemicals and reagents were obtained from Sigma (USA). XE-991 was 

acquired from Ascent Scientific (UK), DMEM, MEM, penicillin/streptomycin, and Fetal Calf 

Serum were purchased from Invitrogen (USA).  

 

Recordings in hippocampal slices. Experiments were carried out according to the 

guidelines of the University of Connecticut–Storrs Institutional Animal Care and Use 

Committee. Transverse hippocampal slices (300 µm) were prepared from 10-16 day old 

C57/Bl6 mice. After animals were deeply anesthetized with isoflurane (Baxter Healthcare 

Corp.), they were rapidly decapitated, and the hippocampus was dissected out and sliced 

with a vibratome Microm HM 650V (Thermo Scientific). The hippocampus was cut in a cold 

solution containing (in mM): 25 NaHCO3, 200 sucrose, 10 glucose, 2.5 KCl, 1.3 NaH2PO4, 

0.5 CaCl2, and 7 MgCl2. Slices were incubated at 35°C for 30 min in the cutting solution, 

then moved to room temperature for 1 hr, and finally stored at room temperature in the 

extracellular recording solution (in mM): 119 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5 CaCl2, 1 

NaH2PO4, 26 NaHCO3, 10 glucose, equilibrated with 95% O2 and 5% CO2. All experiments 

were performed at room temperature. Whole-cell current-clamp recordings were obtained 

using borosilicate glass electrodes having resistances of 4-6 MΩ (World Precision 

Instruments). Pyramidal cells from either the CA1 or CA3 area of the hippocampus were 

visually identified with infrared differential interference contrast optics (IR-DIC) using a 40x 

water-immersion objective on an upright microscope (Olympus BX51). The internal 

recording solution consisted of the following (in mM): 130 potassium methylsulfate, 10 KCl, 

10 HEPES, 20 myo-inositol, 4 NaCl, 4 Mg2ATP, and 0.4 Na4GTP (Osmolarity 300-305 
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mOsm). The pH was adjusted to 7.25-7.3 with KOH. The methylsulfate anion was used to 

obtain stable sAHP recordings (Zhang et al., 1994). Current-clamp recordings were 

performed using a Multiclamp 700B amplifier set in bridge mode (Molecular Devices), low-

pass filtered at 2 kHz, sampled at 10 kHz and analyzed offline using Axograph X (Australia) 

and Kaleidagraph (Synergy Software). Neurons were held at -60 mV. To avoid significant 

drift of the membrane potential during the course of the experiment we manually applied a 

small DC current to maintain the membrane potential at approximately -60 mV, never 

allowing it to fluctuate for more than ± 3 mV.  To elicit the sAHP, we depolarized cells by 

injecting 1 nA current for 100 ms (CA3) or 300 ms (CA1) at 60 s intervals. To quantify the 

sAHP, we integrated the response for 18s starting 1s after the current injection step. The 

effects of UCL2077 were expressed as the percent inhibition relative to the response prior 

to UCL2077 application in the same cell. 

 

Recordings in HEK293T and CHO Cells. HEK293T cells were transfected with 

recombinant DNA (0.5 - 5 µg) using Lipofectamin 2000 (Invitrogen) and recorded 24-72 hr 

post-transfection. For KCNQ1 only, we used CHO cells instead of HEK293T cells. All 

experiments were performed at room temperature. To minimize rundown, KCNQ mediated 

currents were recorded using the perforated-patch recording technique for all cells except 

those expressing either KCNQ4 or KCNQ5, which were recorded with conventional whole-

cell patch-clamp recordings due to their relatively stable currents. The recording electrodes 

were filled with solution containing (in mM):  112 K-gluconate, 10 KCl, 20 KOH, 4 Mg·ATP, 

4.976 CaCl2, 20 HEPES, and 10 EGTA·KOH (pH 7.2). For perforated-patch recordings, 

300-400 µg/ml of amphotericin B (Sigma) was added to the internal solution. The electrode 
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resistances were 2–4 MΩ. The extracellular solution contained (in mM): 144 NaCl, 2.5 KCl, 

2.25 CaCl2, 1.2 MgCl2, 10 HEPES, and 22 D-Glucose (pH 7.2). Voltage pulses were 

applied at 10 s intervals, from a holding potential of -70 mV to various test pulses and 

returned to -55 mV as described in the figure legends. The data were low-pass filtered at 2 

kHz and sampled at 10 kHz. For all recordings, we used a Multiclamp 700B amplifier 

interfaced to a computer through a Digidata 1440A digitizer (Molecular Devices). Data were 

acquired with Clampex v10.2 (Molecular Devices) and analyzed off-line using Clampfit 

v10.2 (Molecular Devices) and Origin v8 (Rockware, Inc.).  

 

Molecular biology. mKcnq1 (Genbank accession number BC055304), hKcnq2 (Genbank 

accession number AF110020), and hKcnq5 (Genbank accession number BC117359) were 

obtained from Open Biosystems (Huntsville, AL) and were subcloned into a pIRES2-

DsRed-Express vector (Clontech). hKcnq3 (generous gift of Dr. T.J. Jentsch) was 

subcloned into pIRES2-EGFP (Clontech). Site-directed mutagenesis was performed using 

the Quickchange II mutagenesis kit (Stratagene) to generate hKcnq3A315T and 

hKcnq3W265L/A315T channels, and the mutations were validated by DNA sequencing.  

hKcnq4 in the pcDNA3 vector was the generous gift of Dr. M.S. Shapiro. To identify cells 

expressing hKcnq4, this construct was co-transfected with an EGFP-pCMV vector. For co-

expression experiments of KCNQ2 and KCNQ3, we used the mKcnq2-IRES-rKcnq3 

construct kindly provided by Dr. I.B. Levitan (Wen and Levitan, 2002).  

 

Analysis. The conductance-to-voltage relationships for channel activation were determined 

from measurements of tail current amplitudes at -55 mV. The data were fitted with a single 
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Boltzmann equation of the form G = Gmax/(1+e(V0.5-V)/k), where G is the tail current amplitude 

at -55 mV, V0.5 is the voltage producing half-maximal activation, k is the slope factor, and 

Gmax refers to the maximal conductance. 

 

The concentration–inhibition curve is plotted as the fractional current remaining (Inormalized) 

following application of different UCL2077 concentrations. The concentration-inhibition 

curve was fitted by the Hill equation having the form: Inormalized = I1 + (I2-

I1)*[UCL2077]n/([UCL2077]n-IC50
n). I1 is the normalized current before application of 

UCL2077 constrained to 1 (i.e. no block), I2 is the maximum current blocked constrained to 

0 (i.e. 100 % block), [UCL2077] refers to concentration of UCL2077, IC50 is the UCL2077 

concentration producing 50% of the maximum response, and n is the Hill coefficient. The 

concentration-inhibition plot was measured at 0 mV. Due to the incomplete block of 

KCNQ3, we obtained values for KCNQ3 by constraining n to a value of 2, similar to the 

KCNQ2 value.  

 

Group data are presented as mean ± S.E. and statistical tests were performed using paired 

Student’s t-tests. A value giving p <0.05 was considered to be significant. 
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Results 

UCL2077 modulates KCNQ1-5 channels in a subtype-selective manner 

We have recently proposed that KCNQ channels may contribute to the calcium-activated 

slow afterhyperpolarization (sAHP) in a cell-type specific manner based on data from 

KCNQ knockout and knock-in mice (Tzingounis et al., 2010; Tzingounis and Nicoll, 2008). 

A prediction of this hypothesis is that compounds that modulate the sAHP should also 

modulate KCNQ channels. One such compound, 3-(triphenylmethyaminmomethyl) pyridine 

(UCL2077) was reported to partially block the sAHP in hippocampal, thalamic and 

hypothalamic neurons (Lee et al., 2010; Shah et al., 2006; Zhang et al., 2009). We first 

verified the activity of UCL2077 by recording the effect of 10 µM UCL2077, a concentration 

previously shown to inhibit the sAHP in brain slices (Lee et al., 2010; Shah et al., 2006; 

Zhang et al., 2009), on neurons in mouse hippocampal slices (Figure 1). We found that 

UCL2077 blocked the CA1 sAHP by 49 ± 11% (n=6) and the CA3 sAHP by 47 ± 8% (n=5), 

similar to the percentage of inhibition described previously. 

 

We next determined whether UCL2077 modulates KCNQ channels by characterizing its 

effects on KCNQ1-5 homomeric channels expressed in heterologous cells. Cells 

expressing KCNQ1-5 channels showed robust voltage and time-dependent currents 

characteristic of KCNQ-mediated events (Figure 2). Upon application of 3 µM UCL2077, a 

concentration previously used to study potassium channels in heterologous cells (Shah et 

al., 2006), we observed that the responses of KCNQ channels varied depending on the 

subtype. In particular, UCL2077 almost completely blocked KCNQ1 currents (97 ± 4% at 0 

mV, n=3) and strongly attenuated KCNQ2 currents (76 ± 4% at 0 mV, n=6) (Figure 2). 
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Inspection of the normalized current-to-voltage relationship (I-V) collected from several 

independent experiments indicated that UCL2077 inhibits KCNQ1- and KCNQ2-mediated 

currents across all membrane potentials (Figure 2). In contrast to KCNQ1 and KCNQ2, 

KCNQ3 currents are nearly insensitive to 3 µM UCL2077 (13 ± 4% blocked at 0 mV, n=7) 

and KCNQ4 is only weakly sensitive (36 ± 10% blocked at 0 mV, n=6) (Figure 2). 

Additionally, we observed that application of UCL2077 consistently increased KCNQ5 

currents at 0 mV by 30 ± 12% (n=6). Potentiation could only be seen at positive membrane 

potentials (Figure 2). Together, our data indicated that UCL2077 primarily blocks KCNQ1 

and KCNQ2 channels and is therefore a subtype-selective KCNQ channel inhibitor. 

 

UCL2077 shifts the voltage-dependence of activation for select KCNQ subtypes 

Many KCNQ channel modulators exert their effects in part by changing the voltage-

dependence of channel activation. To further probe the effects of UCL2077, we measured 

the conductance-to-voltage (G-V) relationship for KCNQ2-5 channels. We could not obtain 

a G-V relationship for KCNQ1 channels due to the complete block by UCL2077. As we 

observed for current inhibition, we found that the effects of UCL2077 on the normalized G-

V relationships varied by channel subtype.  

 

KCNQ2 channels did not exhibit any significant changes in their G-V relationship (control 

V0.5 = -29.7 ± 1.5 mV; UCL2077 V0.5 = -26 ± 3.2 mV, n=6; p=0.21) (Figure 3A). UCL2077 

induced a rightward shift in the KCNQ4 G-V relationship, such that channel activation 

required more depolarized values. The half-activation voltage of KCNQ4 was 7.6 ± 3.1 mV 

before and 20.7 ± 5.2 mV after UCL2077 application (n=6, p<0.05) (Figure 3C), and this is 
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likely to contribute to KCNQ4 inhibition at 0 mV (Figure 2). There was also a decrease to 

the Gmax (18.8 ± 3.7 %, n=6; p<0.05). UCL2077 induced a rightward shift of the KCNQ5 G-

V to more depolarized potentials (control V0.5 = -43.1 ± 1.5 mV, UCL2077 V0.5 = -38.6 ± 2.6 

mV, n=6, p<0.01), a change that could counteract its facilitatory effect at 0 mV. Due to 

KCNQ5 conductance decrease at positive membrane potentials we could not accurately 

determine the KCNQ5 Gmax. 

 

We also observed that UCL2077 shifted the G-V relationship leftward for KCNQ3 channels, 

an effect most apparent at hyperpolarized membrane potentials (control V0.5 = -42.7±0.8 

mV; UCL2077 V0.5 = -48.8±2.0 mV, n=7; p<0.01) (Figure 3B). This leftward shift was 

unexpected given the apparent insensitivity of KCNQ3 channels to UCL2077 at 0 mV. We 

therefore more closely examined KCNQ3 currents in the presence and absence of 

UCL2077 and found that UCL2077 actually had a bimodal effect on KCNQ3 channels. 

Although it had little effect at 0 mV, UCL2077 potentiated KCNQ3 channels at 

hyperpolarized potentials and inhibited the channels at more depolarized potentials (Figure 

3B and inset). This small facilitation is difficult to observe in the normalized I-V curve 

(Figure 2) due to the small size of the currents at hyperpolarized potentials smaller than -50 

mV. We were intrigued by this bimodal activity, unique to KCNQ3, and investigated it 

further. 

 

Tryptophan 265 is critical for UCL2077 potentiation of KCNQ3  
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The bimodal action of UCL2077 on KCNQ3 channels was reminiscent of behavior reported 

previously for retigabine, a KCNQ channel and M-current potentiator. Retigabine is usually 

described as a channel potentiator because it induces a leftward shift in the half-activation 

potential, thus facilitating KCNQ currents measured at hyperpolarized membrane potentials. 

However, what is less known is that retigabine inhibits the M-current at membrane 

potentials positive to -10 mV (Tatulian et al., 2001). We therefore questioned whether 

UCL2077 might interact with similar amino acid residues on KCNQ3 as retigabine.  

 

Previous studies have identified tryptophan 265 (W265), a residue within the cytoplasmic 

region of the S5 alpha helix, as a critical amino acid for the binding of retigabine to KCNQ3 

channels (Schenzer et al., 2005). To examine whether the UCL2077 also mediates its 

effect through W265, we replaced the tryptophan with a leucine (W265L). However, the 

KCNQ3W265L channels (W265L) expressed poorly in HEK293T cells and exhibited very 

small currents. To overcome this complication, we engineered a different mutation to 

produce KCNQ3A315T channels (A315T). Previously it has been shown that A315T channels 

retain all known voltage-dependent properties of wild-type KCNQ3 channels, but have a 

much higher potassium flux and thus give rise to larger currents (Zaika et al., 2008). The 

large current responses in A315T channels made it possible to more clearly observe the 

effects of UCL2077 at the hyperpolarized voltage range. Similar to KCNQ3 wild-type 

channels, UCL2077 blocked the A315T channels at more positive potentials and facilitated 

the channels at more negative potentials (Figure 4A1) and induced a leftward shift in the 

voltage-dependence (V0.5 = -25.1 ± 2.9 mV before and -32.9 ± 3.1 mV after UCL2077, n=8, 

p<0.001) (Figure 4A2).  
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After verifying the effects of UCL2077 on A315T, we generated channels with both the 

W265L and A315T mutations (W265L/A315T). In contrast to A315T, UCL2077 did not 

facilitate W265L/A315T containing channels at any membrane potential tested and instead 

inhibited channels at all potentials (Figure 4B1). Correspondingly, it did not induce a shift in 

the voltage-dependence of activation (Figure 4B2). Together, our data indicate that similar 

to retigabine, facilitation by UCL2077 requires W265. 

 

UCL2077 has lower affinity for KCNQ3 than KCNQ2 

For the remainder of our study, we decided to examine the effects of UCL2077 on KCNQ2 

and KCNQ3 in more detail. We chose these channels because they are ubiquitously 

expressed throughout the nervous system and KCNQ2/3 heteromeric channels are thought 

to underlie the M-current (Jentsch, 2000; Wang et al., 1998). Furthermore, our initial set of 

experiments suggested that KCNQ2 and KCNQ3 are affected quite differently by UCL2077. 

 

To examine the dose-dependent block of KCNQ2 currents at 0 mV, we determined the 

magnitude of KCNQ2 inhibition by different UCL2077 concentrations (Figures 5A and 5C). 

The inhibition of KCNQ2 reversed upon UCL2077 washout, and we observed a small 

rebound above the baseline level in some cells (~30%, 5 out of 12 cells) (Figure 5A). A 

similar rebound phenomenon was observed with the sAHP previously (Shah et al., 2006), 

and we did not investigate it further. Increasing the concentration of UCL2077 from 3 μM to 

10 μM did not significantly increase the level of block in cells in which both concentrations 

were tested (Figure 5C). In a subset of cells, we were able to construct dose-response 
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curves with either 0.3-3 μM or 0.3-10 μM UCL2077. We fitted each cell's concentration 

response data to a logistic function and obtained an average IC50 value of 1.1 ± 0.1 µM (nHill 

= 2.4 ± 0.4, n=6). 

The smaller block of KCNQ3 than KCNQ2 at depolarized potentials in the initial 

experiments suggested that UCL2077 might have a lower affinity for KCNQ3 channels. We 

measured the dose-response curve for KCNQ3 channels from 0.3 μM to 10 μM. Due to 

solubility issues with UCL2077 we could not use concentrations higher than 10 μM (Shah et 

al., 2006). Consistent with the hypothesis that UCL2077 blocks KCNQ3 channels with a 

lower affinity than KCNQ2 channels, we found that UCL2077 inhibited KCNQ3 currents 

with an IC50 of 16.3 ± 2.8 µM (nHill = 2, n=6) (Figure 5B).  

 

UCL2077 has intermediate effects on KCNQ2/3 heteromers  

We next tested the effects of UCL2077 on KCNQ2/3 heteromeric channels expressed in 

HEK293T cells. We hypothesized that one of three possibilities would occur: 1) the 

presence of KCNQ2 would dominate and KCNQ2/3 currents would be reduced by 

UCL2077 to a similar extent as KCNQ2 homomers, 2) the presence of KCNQ3 would 

dominate and KCNQ2/3 currents would be mostly insensitive to UCL2077, or 3) KCNQ2/3 

channels would exhibit an intermediate profile. 

 

Consistent with previous studies (Selyanko et al., 2001; Wang et al., 1998), we observed 

that cells co-expressing KCNQ2 and KCNQ3 channels exhibited larger currents than cells 

expressing KCNQ2 or KCNQ3 alone. By comparing the size of the KCNQ2/3 heteromeric 

channel currents in the presence and absence of 3 µM UCL2077 (Figure 6A), we found that 
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UCL2077 inhibits KCNQ2/3 channels 38 ± 7% at 0 mV (n=8) (Figure 6B). This magnitude 

of inhibition seen on heteromeric channels is approximately halfway between the percent 

block of KCNQ2 and KCNQ3 homomers, consistent with the KCNQ2/3 channels forming a 

heteromeric complex (Shapiro et al., 2000; Wang et al., 1998). Next, we examined the 

effects of 3 μM UCL2077 on the G-V relationship of KCNQ2/3 heteromeric channels. 

Similar to KCNQ3, UCL2077 shifted the KCNQ2/3 channels voltage-dependence leftward, 

although the magnitude of the shift was considerably smaller (V0.5  = -26.5 ± 2.3 mV before 

and -29.9 ± 2.7 mV after UCL2077, n=8, p<0.05) (Figure 6C). We could not observe a clear 

facilitation of KCNQ2/3 currents at any membrane potential, most likely due to the smaller 

G-V shift. However, we did find that the effects of UCL2077 on KCNQ2/3 are voltage 

dependent, with greater block occurring at +30 mV than at -30 mV (Figure 6D). Additionally, 

we found that the affinity of UCL2077 for KCNQ2/3 channels (7.3 ± 1.7 μM, n=5; 0 mV) is in 

between the IC50’s of KCNQ2 and KCNQ3 homomers (Figure 6E). Together our data 

suggest that UCL2077 most likely acts on each subunit of the KCNQ2/3 heteromer 

independently, such that the heteromeric channel’s response to UCL2077 is intermediate 

between the extremes of KCNQ2 and KCNQ3 homomers.  
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Discussion 

UCL2077 was discovered as a small molecule blocker of the sAHP in brain slices, but the 

molecular identity of its target was unknown. Here we show that UCL2077 acts on KCNQ 

channels in heterologous cells. The fact that UCL2077 inhibits some KCNQ channels 

should not be completely surprising considering that its chemical structure is similar to XE-

991, a potent non-selective KCNQ channel inhibitor (Wang et al., 1998; Zaczek et al., 

1998). Both XE-991 and UCL2077 have a hydrophobic aromatic region and a positively 

charged hydrophylic domain, but differ in that UCL2077 is less sterically hindered than XE-

991. More specifically, XE-991 contains a large multi-aryl moiety connected to two aromatic 

amines that would be positively charged at physiological pH. UCL2077 has a multi-aryl 

moiety connected to an aromatic amine through an additional primary amine. Both amines 

are positively charged at physiological pH.  

 

A major finding of our work is that UCL2077 inhibits KCNQ channels in a subtype-selective 

manner (Figure 2). We found that UCL2077 robustly and potently inhibits homomeric 

KCNQ1 and KCNQ2 channels in heterologous cells whereas it has a bimodal effect on 

KCNQ3. UCL2077, at the concentrations tested in this study, has small inhibitory effects on 

homomeric KCNQ4 channels, whereas it causes small facilitation of homomeric KCNQ5 

currents at some membrane potentials (Figure 2). Some of these effects on KCNQ3 and 

KCNQ4 may be mediated through changes in the voltage-dependence of activation 

(Figures 3 and 4). 
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The affinity of UCL2077 for KCNQ1 is more than 10-fold higher than for KCNQ2, the 

second most sensitive KCNQ channel, as 30 nM UCL2077 blocks KCNQ1 currents by 80 ± 

3% at 0 mV (Figure S1). Inhibition of KCNQ1 by UCL2077 increases with increasing 

duration of the depolarization pulse and KCNQ1 tail currents are more robustly inhibited 

than the steady-state KCNQ1 currents (Figure S1) unlike all the other KCNQ family 

members. Future studies are needed to examine how the mechanisms by which UCL2077 

inhibit KCNQ1 and KCNQ2 channels differ.  

 

The bimodal action of UCL2077 on KCNQ3 resembles the activity previously reported for 

retigabine, a KCNQ channel opener, although they belong to different classes of 

compounds (Schenzer et al., 2005; Tatulian et al., 2001). Retigabine potentiates KCNQ 

channel activity by shifting their voltage dependence to more hyperpolarized membrane 

potentials, but it also inhibits KCNQ mediated currents at membrane potentials greater than 

-10 mV (Tatulian et al., 2001). A later study showed the leftward voltage dependence shift 

induced by retigabine in KCNQ2 channels is dependent upon a specific tryptophan residue 

(Schenzer et al., 2005; Wuttke et al., 2005). We found that the facilitating effect of 

UCL2077 on KCNQ3 depends upon the analogous tryptophan W265, as substituting 

leucine for W265 eliminated the facilitatory action of UCL2077 on KCNQ3 (Figure 5). We 

hypothesize that the potentiating effect of UCL2077 on KCNQ3 might be due to 

stabilization of the central pore cavity during activation of KCNQ3, as has been previously 

proposed for retigabine (Schenzer et al., 2005; Wuttke et al., 2005).  Currently, the 

mechanism by which retigabine, UCL2077, and XE-991 inhibit KCNQ channels is unknown. 
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The identification of UCL2077 as a potent subtype-selective blocker of KCNQ channels can 

greatly facilitate our understanding of KCNQ channel function in the nervous system. In 

particular, it may clarify which KCNQ subunits contribute to specific KCNQ-mediated 

conductances. For example, the molecular composition of the M-current may or may not 

vary by cell-type and developmental age in the hippocampus. Hippocampal dentate granule 

cells exclusively express KCNQ2 and KCNQ3 subunits, whereas neighboring CA1 and 

CA3 pyramidal neurons additionally express KCNQ5 (Cooper et al., 2001; Tzingounis et al., 

2010). Complicating the picture, each channel is also developmentally regulated (Geiger et 

al., 2006; Safiulina et al., 2008; Winter et al., 2006). UCL2077 could also be used to 

distinguish the role of KCNQ1 and KCNQ4 in the auditory system, where they are co-

expressed in the cochlea (Jentsch, 2000).  

 

UCL2077 is known to block the calcium-activated slow afterhyperpolarization (sAHP) in 

multiple brain regions. However, the channels mediating the sAHP have not been 

definitively identified. In hippocampal slices, 10 μM UCL2077 inhibits ~45% of the sAHP, 3 

μM blocks ~16% and concentrations below 3 μM have little if any effect (Shah et al, 2006; 

K. Kim and A. Tzingounis, unpublished data). We have recently reported that KCNQ 

channels might partly mediate the sAHP in hippocampus. The extent by which UCL2077 

inhibits the sAHP is consistent with our hypothesis that KCNQ3 and KCNQ2/3 channels 

contribute to the sAHP (see Figure 5C and Figure 6E) (Tzingounis et al., 2010; Tzingounis 

and Nicoll, 2008). However, we cannot definitely conclude which subunits mediate the 

sAHP based on the data in this work alone. Our findings do not preclude the possibility that 

another potassium channel family is also sensitive to UCL2077 and mediates the sAHP. 
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Additionally, we cannot determine the IC50 of UCL2077 block of the sAHP because 

UCL2077 is not soluble above 10 μM.  

 

Recent work has suggested that the molecular composition of the sAHP may vary by cell-

type (Tzingounis et al., 2010; Tzingounis and Nicoll, 2008). Similarly, UCL2077 inhibition of 

the sAHP varies between different brain areas and also depends on the calcium source 

(Lee et al., 2010; Shah et al., 2006; Zhang et al., 2009), perhaps suggesting that different 

combinations of KCNQ subunits and/or additional potassium channel families mediate the 

sAHP. Future studies using KCNQ subunit knockout mice are required to determine the 

absolute specificity of UCL2077 in the forebrain and to tease apart the specific KCNQ 

subunits contributing to the sAHP. 
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Figure Legends 

Figure 1. UCL2077 inhibits the sAHP in mouse hippocampus. (A) Top, representative 

sAHP recording from a CA1 pyramidal neuron induced by a 300 ms, 1 nA current pulse 

before (black) and after (grey) application of 10 μM UCL2077.  Bottom, representative 

sAHP recording from a CA3 pyramidal neuron induced by a 100 ms, 1 nA current pulse 

before (black) and after (grey) application of 10 μM UCL2077. (B) Graph summarizing the 

sAHP block induced by 10 μM UCL2077. 

 

Figure 2. UCL2077 modulates KCNQ channels in a subtype-selective manner. (Left 

and middle panels) Representative current traces at different membrane potentials from 

heterologous cells expressing KCNQ1, KCNQ2, KCNQ3, KCNQ4, or KCNQ5 before (left) 

and after (middle) application of 3 μM UCL2077. (Right panels) Current-to-voltage 

relationships for each KCNQ subunit are shown. Normalized current values were plotted 

against test potentials before (open circles) and after (solid circles) addition of 3 μM 

UCL2077. For these experiments, KCNQ currents were measured at various test potentials 

elicited by a short (1 to 1.5 s) depolarization from -70 mV and were followed by a return 

step to -55 mV. Test potentials were at 10 mV increments with the following ranges: 

KCNQ1 -70 mV to +60 mV, KCNQ2 and KCNQ3 -80 mV to +40 mV, KCNQ4 -80 mV to +50 

mV, and KCNQ5 -100 mV to +30 mV. 

 

Figure 3. UCL2077 differentially alters the conductance-to-voltage relationships of 

KCNQ channels. Conductance-to-voltage relationship for (A) KCNQ2, n=6, (B) KCNQ3, 

n=7, (C) KCNQ4, n=6, and (D) KCNQ5, n=6 were obtained from tail currents at -55 mV in 
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the presence (solid squares) and absence (open squares) of 3 μM UCL2077. The inset in 

Panel B shows representative KCNQ3 currents at –50 mV, -40 mV, or -30 mV test 

potentials in the absence (black) and presence (grey) of 3 μM UCL2077. * p<0.05, ** 

p<0.01. 

 

Figure 4. Tryptophan 265 is critical for UCL2077 potentiation of KCNQ3. (A1) 

Representative KCNQ3A315T currents elicited by the indicated voltages, before (black) and 

after (grey) application of 3 μM UCL2077. (A2) Conductance-to-voltage relationship of 

KCNQ3A315T currents in the presence (solid squares) and absence (open squares) of 3 μM 

UCL2077 (n=8). (B1) Representative KCNQ3W265L/A315T currents elicited by the indicated 

voltages, before (black) and after (grey) application of 3 μM UCL2077. (B2) Conductance-

to-voltage relationship of KCNQ3W265L/A315T currents in the presence (solid circles) and 

absence (open circles) of 3 μM UCL2077 (n=5). ***p<0.001. 

 

Figure 5. UCL2077 has a higher affinity for KCNQ2 channels than KCNQ3 channels. 

Representative time course of (A) KCNQ2 and (B) KCNQ3 currents at a test potential of 0 

mV in the presence of the indicated compounds. Currents were elicited every 10 seconds. 

(C) Concentration dependence of UCL2077 inhibition of KCNQ2 and KCNQ3 currents. 

Currents were measured at the end of a 1.5 s depolarizing step to 0 mV. Pooled data for 

KCNQ2 (open squares) and KCNQ3 (solid circles) were fitted with a Hill curve (KCNQ2: 

IC50 of 1.02 μM with Hill coefficient of 2, for each concentration n=5-9 cells, KCNQ3: IC50 of 

15.7 μM and a Hill coefficient of 1.6, for each concentration n= 6 cells). 
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Figure 6. Intermediate effects of UCL2077 on KCNQ2/3 currents. (A) Representative 

currents elicited by depolarization from -100 mV to +30 mV in 10 mV steps as shown (top 

panel in A2), before (A1) and after (A2) application of 3 μM UCL2077.  (B) Current-to-

voltage and (C) conductance-to-voltage relationships of KCNQ2/3 channels in the presence 

(solid circles) and absence (open circles) of 3 μM UCL2077 (n=8). (D) Graph summarizing 

the inhibition by 3 μM UCL2077 of KCNQ2, KCNQ2/3, and KCNQ3 channels at test 

potentials of -30 mV and +30 mV. *p<0.05, **p<0.01. (E) Dose-response curve for 

UCL2077 inhibition of KCNQ2/3 currents (solid squares, n=5) measured at the end of a 1.5 

s depolarizing step to 0 mV. Fitting the data with a Hill curve gave the following values: 

KCNQ2/3 IC50 6.8 μM with Hill coefficient of 1.5. Fitted Hill curves for KCNQ2 (dotted line) 

and KCNQ3 (dashed line) are shown for comparison. 
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