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A Spontaneous Mutation Involving Kcnq2 (Kv7.2) Reduces
M-Current Density and Spike Frequency Adaptation in
Mouse CA1 Neurons
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The M-type K � current [IK(M)] activates in response to membrane depolarization and regulates neuronal excitability. Mutations in two
subunits (KCNQ2 and KCNQ3; Kv7.2 and Kv7.3) that underlie the M-channel cause the human seizure disorder benign familial neonatal
convulsions (BFNC), presumably by reducing IK(M) function. In mice, the Szt1 mutation, which deletes the genomic DNA encoding the
KCNQ2 C terminus and all of CHRNA4 (nicotinic acetylcholine receptor �4 subunit) and ARFGAP-1 (GTPase-activating protein that
inactivates ADP-ribosylation factor 1), reduces seizure threshold, and alters M-channel pharmacosensitivity. Genomic deletions affect-
ing the C terminus of KCNQ2 have been identified in human families with BFNC, and truncation of the C terminus prevents proper
KCNQ2/KCNQ3 channel assembly in Xenopus oocytes. We showed previously that Szt1 mice have a reduced baseline seizure threshold
and altered sensitivity to drugs that act at the M-channel. Specifically, the proconvulsant M-channel blocker linopirdine and anticonvul-
sant enhancer retigabine display increased and decreased potency, respectively, in Szt1 mice. To investigate the effects of the Szt1
mutation on IK(M) function explicitly, perforated-patch electrophysiology was performed in CA1 pyramidal neurons of the hippocampus
in brain slices prepared from C57BL/6J-Szt1/� and control C57BL/6J�/� mice. Our results show that Szt1 reduces both IK(M) amplitude
and current density, inhibits spike frequency adaptation, and alters many aspects of M-channel pharmacology. This is the first evidence
that a naturally occurring Kcnq2 mutation diminishes the amplitude and function of the native neuronal IK(M) , resulting in significantly
increased neuronal excitability. Finally, the changes in single-cell biophysical properties likely underlie the altered seizure threshold and
pharmacosensitivity reported previously in Szt1 mice.
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Introduction
The M-current [IK(M)] is a slowly activating voltage-gated K�

channel that is tonically active at resting membrane potential and
activates more strongly at depolarizing potentials (Brown and
Adams, 1980; Constanti and Brown, 1981). IK(M) activation re-
polarizes the cell and regulates neuronal excitability by control-
ling the generation and frequency of action potentials (Marrion,
1997). Accordingly, direct M-channel blockers and enhancers
facilitate and inhibit action potential generation, respectively
(Aiken et al., 1995; Otto et al., 2002). In relation to epilepsy, the
M-channel blocker linopirdine is proconvulsant, whereas the en-
hancer retigabine is anticonvulsant (Flagmeyer et al., 1995; Ros-

tock et al., 1996; Dost and Rundfeldt, 2000; Otto et al., 2004), and
KCNQ2 and KCNQ3 gene mutations cause benign familial neo-
natal convulsions (BFNC), an idiopathic generalized human ep-
ilepsy (Biervert et al., 1998; Singh et al., 1998). Consistent with
the role of IK(M) and the fact that mutations in KCNQ2 and
KCNQ3 subunits cause epilepsy, mutant KCNQ2/KCNQ3 chan-
nels expressed in Xenopus oocytes display decreased current am-
plitude (Schroeder et al., 1998). Studies were conducted recently
in mice conditionally overexpressing the Kcnq2 G279S mutation
(Peters et al., 2005). IK(M) amplitude was reduced and neuronal
excitability was increased in these mice; however, the acute mu-
tant Kcnq2 overexpression was found to significantly alter the
expression of wild-type KCNQ2 and KCNQ3. Thus, the effects of
a naturally occurring Kcnq mutation on the native neuronal IK(M)

have still not been characterized.
To this end, Yang et al. (2003) identified a spontaneous dele-

tion mutation in mice, Szt1, that deletes the genomic region en-
coding most of the KCNQ2 subunit C terminus, as well as the
Chrna4 (nicotinic acetylcholine receptor �4 subunit) and Arf-
gap1 (GTPase-activating protein that inactivates ADP-
ribosylation factor 1) genes (Yang et al., 2003). In a phenotype
similar to that of a previous Kcnq2 knock-out model (Watanabe
et al., 2000), Szt1/Szt1 mice die of lung atelectasis shortly after
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birth. Szt1/� mice are viable and display decreased seizure
threshold and altered sensitivity to drugs that modify the
M-channel (Otto et al., 2004), but the specific contribution of the
Kcnq2 component of this deletion has not been characterized.
Because the hippocampus is heavily implicated in epilepsy and
because Kcnq2, Kcnq3, and Kcnq5 mRNA are highly expressed in
the CA1 pyramidal cell layer (Shah et al., 2002), we sought to
characterize IK(M) function in CA1 hippocampal neurons of
Szt1/� (Szt1) and wild-type mice using the perforated-patch
electrophysiology technique in the acute brain slice preparation.

The experiments presented here were designed to test the hy-
pothesis that Szt1 alters baseline IK(M) function and pharmacol-
ogy. We conclude that CA1 neurons in Szt1 mice exhibit de-
creased IK(M) amplitude and current density compared with that
of wild-type C57BL/6J-B6�/� (B6) littermates. Moreover, ac-
tion potential accommodation is compromised in Szt1 CA1 neu-
rons. These results are the first to show that a naturally occurring
Kcnq2 mutation attenuates native IK(M) amplitude and conse-
quently increases neuronal excitability. We also detail several dif-
ferences in IK(M) pharmacology in Szt1 CA1 neurons, including
increased sensitivity to linopirdine (LPD) and decreased sensitiv-
ity to retigabine (RGB). In addition, Szt1 CA1 neurons are essen-
tially insensitive to tetraethylammonium (TEA), a blocker of
KCNQ2 subunit-containing M-channels. These results shed sig-
nificant light on the consequences of M-channel mutation as it
relates to neuroexcitability and seizure generation and thus ac-
centuate IK(M) as a therapeutic target for the treatment of
epilepsy.

Materials and Methods
Szt1 and B6 mice. Eight- to 12-week-old coisogenic male C57BL/6J-
Szt1/� (Szt1) mice (15–25 g) and their B6 littermates, obtained from a
research colony at the The Jackson Laboratory (Bar Harbor, ME), were
used for all electrophysiology experiments. Animals were allowed access
to food and water ad libitum and were housed in a temperature- and
light-controlled (12 h light/dark cycle) environment. All animal care and
experimental manipulations were approved by the Institutional Animal
Care and Use Committee of the University of Utah and are in accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Drugs. For electrophysiology experiments, stock solutions of RGB
(0.01– 0.10 M) were made in 50% DMSO on the day of the experiment
and added to the brain slice perfusion Ringer’s solution (see below). The
working concentration of DMSO was kept below 0.01%. Stocks of LPD
(0.01– 0.10 M) were made in 10% HCl and frozen. Aliquots of LPD were
thawed and added to perfusion Ringer’s solution on the day of each
experiment. TEA was added directly to perfusion Ringer’s solution. For
drug applications, slices were perfused with drug-containing Ringer’s
solution for a total of 30 – 60 min, until full effect was achieved and
remained constant for at least 10 min. All chemicals were purchased from
Sigma (St. Louis, MO), except RGB, which was generously supplied by
VIATRIS (Frankfurt, Germany).

Acute brain slice preparation. Brain slices were prepared from B6 and
Szt1 mice in a manner similar to previously described methods (Barton et
al., 2004). Briefly, mice were anesthetized with sodium pentobarbital (25
mg/kg) and decapitated, and their brains were quickly removed and
placed in oxygenated Ringer’s solution containing the following (in mM):
200 sucrose, 26 NaHCO3, 10 glucose, 3 KCl, 2 MgSO4, 2 CaCl2, and 1.4
NaH2PO4. Brains were trimmed and mounted on a chuck, and 350-�m-
thick coronal slices were cut using a Vibratome slicer (Vibratome, St.
Louis, MO). Slices were then transferred to a holding chamber and al-
lowed to incubate for �1 h in oxygenated Ringer’s solution similar to the
above solution, but with 126 mM NaCl in place of sucrose. The NaCl
Ringer’s solution pH was maintained at 7.37–7.40 with NaOH and con-
tinuous bubbling with 95% O2/5% CO2, at 305–310 mOsm.

Electrophysiological measurements. Whole-cell perforated-patch re-

cordings were obtained from CA1 pyramidal neurons in the acute brain
slice preparation using a MultiClamp 700A amplifier (Molecular De-
vices, Menlo Park, CA). Signals in voltage-clamp and current-clamp
modes were acquired at 10 and 20 kHz and filtered at 2 and 10 kHz,
respectively, for off-line analysis using Clampfit 8 (Molecular Devices).
Glass capillaries (World Precision Instruments, Sarasota, FL) were pulled
to 2.0 –3.2 M� resistances using a micropipette electrode puller (Sutter
Instruments, Novato, CA). Input and series resistance values of 80 –120
and �15 M�, respectively, were used as selection criteria for accepting
recordings. Capacitance compensation and bridge balance functions
were used for voltage-clamp and current-clamp experiments, respec-
tively. Amphoterecin B (0.45– 0.5 mg/ml) was dissolved in the intracel-
lular solution containing the following (in mM): 140 potassium glu-
conate, 10 HEPES, 10 KCl, and 0.2 MgCl2, pH adjusted to 7.28 with KOH
(290 mOsm). The external NaCl Ringer’s solution was supplemented
with picrotoxin (50 �M) and 2,3-dihydroxy-6-nitro-7-sulfonyl-
benzo[f]quinoxaline (10 �M) to block GABAA receptor-mediated and
non-NMDA receptor-mediated responses, respectively. The flow rate of
all perfusing solutions was fairly rapid at 75–125 ml/h.

Data analysis. IK(M) amplitude was measured as the relaxation current
in response to a voltage step protocol from �20 mV to return potentials
of �50, �60, and �70 mV. IK(M) density was calculated as IK(M) ampli-
tude (in picoamperes)/whole-cell capacitance (in picofarads) for each
cell. Kinetic analysis was performed by fitting the deactivation phase of
the IK(M) trace with the standard single-component exponential fit equa-
tion as follows: f(t) � Ai � e �t / �i � C. The y-axis was zeroed at the steady
state for current deactivation at each hyperpolarizing step, and the fits
were extrapolated to zero time.

The effects of LPD and RGB were monitored with respect to holding
current in response to the �20 mV step, as well as IK(M) amplitude in
response to the return step. Half-maximal inhibition (IC50) and en-
hancement (EC50) values were calculated using the following Hill equa-
tion: y/ymax � yo � [axb/(cb � xb)]. The effects of TEA on IK(M) ampli-
tude were also examined. Strain-dependent differences in drug effects
were determined by two-way ANOVA analysis using Prism 4.0 (Graph-
Pad Software, San Diego, CA).

Passive membrane properties and action potential trains were re-
corded in current-clamp mode using a series of current steps ranging
from �80 to �180 pA. Action potential generation was monitored in
slices prepared from B6 and Szt1 mice, in the presence and absence of
LPD and RGB. Membrane potential was maintained at �65 mV by direct
current injection (in control and drug conditions) as needed. The ability
of CA1 neurons to accommodate action potential frequency was deter-
mined by plotting interspike interval number versus normalized spike
frequency. Each cell served as its own control, and the frequency of each
subsequent interspike interval was normalized to that of the first inter-
spike interval. Significant differences in spike frequency adaptation
(SFA) between strains and drug treatments were then determined by
nonlinear regression analysis (Prism 4.0). Decreased steepness of the fit is
interpreted as decreased SFA. Statistical significance was determined by
comparison of the best-fit lines.

Results
Intrinsic electrophysiological properties of B6 and
Szt1 neurons
Previous characterization of Szt1 mice established that the Szt1
mutation reduces seizure threshold and alters sensitivity to
M-channel-modifying drugs (Otto et al., 2004); however, these
changes in whole-animal behavior could not necessarily be at-
tributed to the Kcnq2 component of Szt1. Therefore, we recorded
IK(M) in CA1 neurons in brain slices prepared from B6 and Szt1
mice in an effort to characterize changes in IK(M) specifically.
Several fundamental membrane properties were evaluated in
CA1 pyramidal neurons in brain slices prepared from B6 and Szt1
mice. The Szt1 mutation does not significantly alter resting mem-
brane potential, holding current (at �20 mV), input and series
resistance (at �70 mV), action potential half-width, action po-
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tential threshold, IK(M) deactivation kinetics, or cell capacitance
(as mentioned above). These data are summarized in Table 1.

Effects of Szt1 mutation on IK(M) amplitude and density
Mice of both genotypes exhibited a functional IK(M) with a char-
acteristic deactivation tail (Fig. 1Aa). In slices prepared from Szt1
mice, CA1 neurons exhibited decreased IK(M) amplitudes relative
to B6 slices (Fig. 1Ab), a trend that was evident throughout a
range of hyperpolarizing steps (from a command potential of
�20 to �50, �60, and �70 mV return steps) (Fig. 1B). Expo-

nential fits revealed no significant differ-
ences in the kinetics of IK(M) deactivation
between B6 and Szt1 CA1 neurons (Fig.
1Ac). Because a decrease in current ampli-
tude could be explained by a decrease in
CA1 neuron size, whole-cell capacitance
was measured, and IK(M) amplitude was
corrected to IK(M) density. Whole-cell ca-
pacitance measures were similar for CA1
neurons in Szt1 and B6 slices [115.7 � 3.9
pF (n � 40) and 111.3 � 3.8 pF (n � 38),
respectively]; therefore, in Szt1 slices,
IK(M) density in CA1 neurons was signifi-
cantly decreased relative to B6 slices (Fig.
1C). IK(M) amplitude and density values

for B6 and Szt1 CA1 neurons in response to several return voltage
steps are shown in Table 2, and � values obtained from deactiva-
tion phase exponential fits are listed in Table 1.

Functional consequences of reduced IK(M) in spike
frequency adaptation
IK(M) activation regulates action potential generation and facili-
tates SFA; in response to membrane depolarization, IK(M) repo-
larizes neurons and decreases input resistance, which attenuates
action potential frequency (Goh and Pennefather, 1987; Yue and
Yaari, 2004). To test whether the decreased IK(M) density ob-
served in Szt1 slices causes any observable changes in neuronal
excitability, we monitored SFA in CA1 neurons in response to
prolonged depolarization steps. In response to a �120 pA depo-
larizing current injection of 800 ms duration, action potential
trains were elicited in B6 and Szt1 slices (Fig. 2A). Interspike
interval number versus normalized frequency plots were created,
and the data were fit with a single-exponential equation. The
nonlinear fits were then compared by regression analysis to ex-
amine differences in SFA (Prism 4.0; GraphPad Software). Szt1
CA1 neurons (n � 10) exhibited significantly less SFA across the
course of the response train compared with B6 CA1 neurons (n �
13) (Fig. 2B). Application of LPD (10 �M) to B6 (n � 7) and Szt1
(n � 9) CA1 neurons significantly inhibits SFA (Fig. 2C,D). It is
particularly noteworthy that SFA in B6 CA1 neurons can essen-
tially be converted to that of untreated Szt1 neurons by applying
LPD (Fig. 2C). These results suggest that a hypofunctional IK(M)

compromises the ability of neurons to modulate action potential
firing and further confirm the significant role of IK(M) in regulat-
ing neuronal excitability.

Pharmacologic effects of LPD in CA1 neurons
Previous experiments demonstrated that Szt1 mice are hypersen-
sitive to the proconvulsant effects of LPD (Otto et al., 2004). To
better describe LPD pharmacology in these mice, we examined
the effects of LPD on IK(M) amplitude and holding current (at a
�20 mV holding potential) in B6 (n � 5–12 per dose) and Szt1
(n � 5–13 per dose) CA1 neurons. LPD dose dependently
blocked IK(M) and reduced holding current amplitudes (Fig. 3A)
but more potently inhibited IK(M) amplitude in Szt1 slices (Szt1,
IC50, 1.7 � 0.6 �M; B6, IC50, 4.0 � 0.8 �M) (Fig. 3B). This Szt1-
induced shift in LPD IC50 was small but statistically significant
( p � 0.045). Holding currents in B6 and Szt1 CA1 neurons ap-
pear to be equally sensitive to LPD in this paradigm (Fig. 3C).
These data suggest that the Szt1 mutation results in increased
LPD potency in some, but not all, aspects of IK(M) function.

Table 1. Intrinsic electrophysiological properties of CA1 neurons recorded in brain slices prepared from B6 and
Szt1 mice

Membrane property B6 n Szt1 n

Resting membrane potential (mV) �60.1 � 0.4 19 �59.7 � 0.4 19
Holding current at �20 mV (pA) 261 � 22 28 280 � 31 31
Input resistance (M�) 111 � 4 38 105 � 4 40
Series resistance (M�) 13.2 � 0.5 38 13.4 � 0.5 40
Spike half-width (ms) 1.52 � 0.04 19 1.53 � 0.04 18
Spike threshold (mV) �46.2 � 0.7 19 �45.0 � 0.7 18
IK(M) deactivation kinetics (� in ms) 157 � 13 17 140 � 15 17

None of the parameters measured differed between CA1 neurons in slices prepared from B6 and Szt1 mice (p � 0.5, ANOVA). Resting membrane potential,
input resistance, and series resistance were taken from values reported by SealTest and MultiClamp Commander functions. Spike half-width and spike
threshold values were calculated from the first action potential that was generated in response to the lowest depolarizing current injection. � values were
calculated by fitting the IK(M) deactivation phase with a single-exponential equation.

Figure 1. Szt1 reduces M-current amplitude and current density in CA1 pyramidal neurons of
the hippocampus. Aa, Representative IK(M) traces recorded from B6 (black trace) and Szt1 (gray
trace) CA1 neurons in response to the �20 to �60 mV step. The dashed line represents the
zero-current level for both traces. Ab, The same traces enlarged illustrate the decreased
M-current amplitude observed in Szt1 slices. Dotted lines show the peak amplitudes of IK(M)

observed in each genotype. Ac, IK(M) deactivation kinetics are similar in B6 and Szt1 slices (for �
values, see Table 1). The same traces are normalized for comparison of deactivation kinetics.
First-order exponential fits (dotted lines) are superimposed. B, Szt1 significantly decreases IK(M)

amplitude across a range of return voltage steps (*p � 0.01, �70 and �50 mV steps; *p �
0.001, �60 mV step). C, IK(M) density is reduced in Szt1 CA1 neurons relative to B6 littermates
(*p � 0.01, �70 and �50 mV steps; *p � 0.001, �60 mV step).
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Pharmacologic effects of RGB in
CA1 neurons
Szt1 mice exhibit a decreased sensitivity to
the anticonvulsant effects of RGB (Otto et
al., 2004). We therefore examined the ef-
fects of RGB on IK(M) amplitude and hold-
ing current in CA1 neurons of B6 (n �
5–10 per dose) and Szt1 (n � 5–12 per
dose) CA1 neurons. The effects of RGB on
slices prepared from each group were
quite disparate. Sample traces illustrate
differences in the responsiveness of B6 and
Szt1 neurons to RGB after hyperpolarizing
steps to �60 mV from a holding potential
of �20 mV (10 �M) (Fig. 4A, gray traces).
Whereas B6 slices exhibited dose-
dependent enhancement of IK(M) ampli-
tude in the presence of RGB, remarkably,
in Szt1 slices, RGB was not able to signifi-
cantly enhance IK(M) amplitude at any
concentration tested (Fig. 4B). Given this
fact, it is particularly surprising that RGB
(10 �M) still retained its ability to prolong
IK(M) deactivation kinetics in Szt1 slices,
just as it did in B6 slices (Fig. 4A, insets,
C). Consistent with a previous study
(Passmore et al., 2003), RGB does not al-
low complete current inactivation at high
concentrations, which precludes accurate
measurement of IK(M) amplitude; thus, it
was not possible to construct full RGB
dose–response curves.

Szt1 CA1 neurons exhibited a 10-fold
decrease in RGB potency with respect to
holding current enhancement when mea-
sured at �20 mV (B6, ED50, 3.5 � 0.4 �M;
Szt1, ED50, 31.2 � 0.4 �M) (Fig. 4D).
However, 10 �M RGB induced a hyperpo-
larization from resting membrane poten-
tial of B6 and Szt1 neurons to a similar
degree (by 6.8 � 2.9 and 7.1 � 3.4 mV,
respectively), suggesting that, at more hy-
perpolarized potentials, RGB may en-
hance the amplitude of the M-current.
The IK(M) pharmacology data as a whole
show that LPD and RGB can affect some
aspects of IK(M) physiology but not others;
thus, these results suggest the existence of
multiple populations of M-channels with
differing KCNQ stoichiometric arrangements.

Effects of TEA on IK(M) in CA1 neurons
The differential LPD and RGB pharmacodynamics observed in
B6 and Szt1 CA1 neurons suggested that Szt1 results in altered
M-channel subunit composition. To further test this hypothesis,
we examined the effects of TEA (10 mM), a KCNQ2 subunit-
preferring IK(M) blocker (Hadley et al., 2000), on IK(M) amplitude
in B6 and Szt1 CA1 neurons. TEA significantly blocked IK(M) in
B6 CA1 neurons (n � 5) (Fig. 5). In contrast, the IK(M) recorded
from Szt1 CA1 neurons (n � 5) was insensitive to TEA. Two-way
ANOVA analysis revealed that Szt1 CA1 neurons displayed sig-
nificantly decreased TEA sensitivity relative to B6 CA1 neurons

(Fig. 5B). These data support our hypothesis that M-channel
subunit composition differs in Szt1 and B6 CA1 neurons.

Discussion
Compounds that block IK(M) are proconvulsant (Flagmeyer et al.,
1995), whereas those that enhance IK(M) are anticonvulsant (Ros-
tock et al., 1996), and, in oocytes, several mutations in Kcnq2 and
Kcnq3 genes have been shown to decrease KCNQ2/KCNQ3
channel function. It has been assumed that KCNQ mutations
decrease native (neuronal) IK(M) function, thereby increasing
neuronal excitability and eventually causing the seizures ob-
served in BFNC patients (Castaldo et al., 2002). However, until
now, it has not been determined whether such mutations actually
affect the native neuronal IK(M). We have shed significant light on

Table 2. IK(M) amplitude and density values are reduced across a range of voltage steps in Szt1 CA1 neurons

IK(M) amplitude (pA) IK(M) density (pA/pF)

Step from �20 mV B6 Szt1 B6 Szt1

�50 mV 53.3 � 4.6 (12) 42.3 � 2.0*(13) 0.46 � 0.03 0.38 � 0.02*
�60 mV 33.9 � 2.4 (34) 23.2 � 1.2*(28) 0.29 � 0.02 0.21 � 0.01*
�70 mV 13.0 � 3.0 (12) 5.8 � 1.7*(12) 0.12 � 0.02 0.05 � 0.02*

IK(M) amplitude values were measured at various potentials in response to hyperpolarizing steps from �20 to �50, �60, and �70 mV. In response to all
three hyperpolarizing return steps, Szt1 CA1 neurons exhibited significantly decreased IK(M) amplitude relative to that of B6 mice. Szt1 CA1 neurons also show
a significantly decreased IK(M) density at the same hyperpolarizing return steps (*p � 0.05, ANOVA). Current densities were calculated by dividing the IK(M)

amplitude of each cell by its capacitance. The numbers of cells recorded from (in parentheses) are identical for IK(M) amplitude and density values within the
same genotype.

Figure 2. Szt1 reduces the ability of CA1 neurons to adapt spike frequency. A, Sample traces from CA1 neurons in B6 and Szt1
slices illustrate SFA from the beginning to the end of the �120 pA, 800-ms-long, depolarizing current injection. In the B6 control
trace, spike frequency decreases over time such that the interspike frequency is decreased relative to the first interspike frequency.
Notice in the Szt1 control trace that spike frequency is relatively uniform from the beginning to the end of the trace. Interspike
interval (ISI) 8 is shown in both traces to illustrate differences in response to prolonged depolarization. Application of LPD (10 �M)
decreases SFA in both B6 and Szt1 slices. B, Spike frequency throughout the depolarizing step was normalized to the frequency (the
reciprocal) of the first interspike interval. Szt1 slices exhibit significantly less SFA than B6 slices, as indicated by the decreased
steepness of the best-fit line (*p � 0.0005, nonlinear regression analysis). C, In the presence of LPD, B6 SFA is significantly reduced
(*p � 0.0001, nonlinear regression analysis) to a level resembling that of untreated Szt1 slices (B6 � LPD vs Szt1 control, not
significant). D, LPD also significantly decreases SFA in Szt1 slices (*p � 0.01, nonlinear regression analysis).
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the consequences of a naturally occurring KCNQ2 mutation us-
ing mice heterozygous for the Szt1 mutation, which deletes the
genomic DNA encoding the KCNQ2 C terminus, and all of
CHRNA4 and ARFGAP-1. The Szt1 mutation is of particular
significance to BFNC because a Czech family with this seizure
disorder has been found to possess a genomic deletion of the
KCNQ2 C terminus (Pereira et al., 2004).

It was shown recently that conditional transgenic overexpres-
sion of a dominant-negative Kcnq2 G279S mutation reduces
IK(M) amplitude and increases neuronal excitability in mice (Pe-
ters et al., 2005). The Tet-Off system used to drive conditional
Kcnq2 overexpression in this study, however, significantly inter-
fered with the expression of wild-type KCNQ2 and KCNQ3 sub-
units. Because of the pervasive alterations in M-channel subunit
expression levels, these results might be considered to be de-
tached from any real disease pathology.

The results presented here are the first direct evidence of de-
creased native neuronal IK(M) amplitude and current density in a
naturally occurring animal model of Kcnq2 mutation. The de-
crease in current amplitude and density may be attributable to a
depolarizing shift in the IK(M) voltage of activation or decreased
peak channel conductance, a distinction that cannot be made in
the acute brain slice recording paradigm. There were, however,
no observed changes in deactivation kinetics as a function of
voltage; thus, the data imply that Szt1 does not alter the voltage
dependence of IK(M) activation. We have also shown that IK(M)

hypofunctionality increases the excitability of CA1 neurons by
compromising their natural ability to accommodate action po-
tential frequency. Finally, the reduction in IK(M) amplitude and
SFA and altered pharmacology in Szt1 CA1 neurons are consis-

tent with the decreased seizure threshold and altered pharmaco-
sensitivity, respectively, that were reported previously in the Szt1
mouse behavioral study (Otto et al., 2004).

Kcnq2 mRNA is reduced in Szt1/� mice by 30 – 40% and is
seemingly absent in Szt1�/� mice (Yang et al., 2003), suggesting
that the truncated form of the protein is not likely expressed.
Furthermore, the KCNQ2 C terminus is required for proper
KCNQ2/KCNQ3 channel assembly (Schwake et al., 2003). In
CA1 pyramidal neurons, KCNQ2 protein is normally concen-
trated at the nodes of Ranvier and the axon initial segment (AIS),
the anatomical site of action potential initiation (Devaux et al.,
2004). Therefore, one possible explanation for alterations in SFA
and IK(M) density in the Szt1 mouse is that KCNQ2 protein ex-
pression is decreased at the AIS. Although it is possible that a trace
amount of truncated Kcnq2 mRNA is being generated for the Szt1
allele, causing a dominant-negative affect, the phenotypic simi-
larities between mice homozygous for Szt1 and Kcnq2 null mice
(Watanabe et al., 2000; Yang et al., 2003) and the inability to
detect mRNA encoding the truncated protein suggest a KCNQ2
haploinsufficiency, consistent with the proposed human disease
mechanism (Steinlein, 2004).

It is especially interesting that the SFA of B6 neurons can
essentially be converted to that of untreated Szt1 slices by partially
blocking IK(M) with 10 �M LPD. This result is consistent with the
hypothesis that proper IK(M) function is an important component

Figure 3. Szt1 confers increased sensitivity to the IK(M) blocking properties of LPD. A, Sample
traces show the inhibitory effects of LPD on the holding current at a �20 mV holding potential
and IK(M) amplitude. Traces in control (black) and 10 �M LPD (gray) conditions illustrate that
Szt1 slices exhibit increased sensitivity to the IK(M) blocking effects of LPD. Inset, Sample traces
have zeroed baselines and magnified y-axes to more clearly illustrate these effects. B, LPD
dose–response curves show that Szt1 CA1 neurons exhibit increased sensitivity to LPD with
respect to IK(M) amplitude (Szt1, IC50, 1.7 � 0.6 �M; B6, IC50, 4.0 � 0.8 �M). A statistical
comparison identifies the shift in IC50 as significant (*p � 0.05). C, B6 and Szt1 CA1 neurons
appear equally sensitive to the LPD-induced decrease in holding current at the�20 mV holding
potential.

Figure 4. Szt1 confers decreased sensitivity to the IK(M) enhancing properties of RGB. A,
Sample traces in control (black) and 10 �M RGB (gray) illustrate that Szt1 CA1 neurons exhibit
decreased sensitivity to the IK(M) enhancing effects of RGB. B, Szt1 slices exhibit dramatically
decreased sensitivity to the IK(M) amplitude enhancing effects of RGB. Although 3 and 10 �M

RGB significantly enhance IK(M) amplitude in B6 slices, IK(M) amplitude is not enhanced by RGB at
any concentration in Szt1 slices. The effects of 10 �M RGB differ significantly between B6 and
Szt1 slices (†p � 0.0005, two-way ANOVA, drug effect vs mouse genotype comparison).
*p � 0.05; **p � 0.02. Notice, however, that RGB does prolong IK(M) deactivation kinetics in
Szt1 slices (A, inset, C). C, RGB significantly and similarly prolongs the IK(M) � of deactivation in
CA1 neurons of B6 and Szt1 mice. *p � 0.02. D, Dose–response curves show that Szt1 slices are
	10-fold less sensitive to the effects of RGB on holding current at �20 mV (Szt1, EC50, 31.2 �
0.4 �M; B6, EC50, 3.5 � 0.4 �M). The RGB EC50 shift in Szt1 CA1 neurons was significant at p �
0.05. Interestingly, the Hill coefficient was also increased in Szt1 slices (B6, n H � 2.0; Szt1,
n H � 5.0).
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of normal SFA (Goh and Pennefather,
1987; Aiken et al., 1995). Another group,
however, has shown that LPD does not af-
fect SFA in cultured mouse and rat supe-
rior cervical ganglion neurons (Romero et
al., 2004), although neurons of this popu-
lation are not implicated in epilepsy. This
discrepancy in LPD effect could be ex-
plained by the clear differences in the
baseline SFA of cultured SCG neurons
versus hippocampal CA1 neurons in the
acute brain slice preparation.

We also detailed several differences in
Szt1 CA1 neuron IK(M) pharmacology.
These results are noteworthy in that they
imply that M-channels with differing
KCNQ subunit combinations exist in CA1
pyramidal neurons as a downstream effect
of the Szt1 mutation. A dramatic and in-
teresting pharmacological change ob-
served was the substantially decreased RGB potency with respect
to both IK(M) amplitude and holding current at �20 mV. Al-
though RGB did not enhance IK(M) amplitude at any concentra-
tion (0.3–100 �M; data not shown), it did substantially prolong
IK(M) deactivation kinetics in both B6 and Szt1 CA1 neurons at all
voltage steps tested. In addition, at the CA1 neuron resting mem-
brane potential (�70 mV), at which IK(M) is weakly but tonically
active, Szt1 neurons were still hyperpolarized in the presence of
RGB and to a similar degree as that which was observed in B6
neurons. These persistent actions of RGB suggest an upregulation
of the KCNQ3 subunit as a consequence of the Szt1 mutation.
The open probability of channels containing KCNQ3 subunits is
substantially greater than channels containing KCNQ2 subunits
(Selyanko et al., 2001; Li et al., 2004). Therefore, at a holding
potential of �20 mV, near-maximal activation of M-channels
might be achieved in the Szt1 neurons. It would then not be
surprising that RGB would not enhance M-current amplitude in
these cells but could still prolong deactivation and hyperpolarize
cells from rest.

The most substantial evidence for altered KCNQ subunit stoi-
chiometry in Szt1 CA1 neurons is the sizeable difference in sen-
sitivity to the KCNQ2-preferring IK(M) blocker TEA (Hadley et
al., 2000). B6 CA1 neurons showed significant block of both
holding current and M-current amplitude, indicating the pres-
ence of KCNQ2 subunits. Szt1 CA1 neurons, however, were es-
sentially insensitive to TEA. These data strongly suggest that the
Szt1 mutation reduces KCNQ2 subunit inclusion in the
M-channel. It is possible that either the KCNQ3 and/or KCNQ5
subunits are upregulated in Szt1 mice to compensate for a partial
loss of KCNQ2. This would be consistent with the known insen-
sitivity to TEA for both KCNQ3 and KCNQ5 (Hadley et al., 2000)
and also the lack of change in resting membrane potential and
holding currents in Szt1 CA1 neurons.

Finally, it is worth noting that the increased LPD potency
observed in Szt1 neurons, although statistically significant, is
quantitatively small. The IC50 is only shifted from 4.0 � 0.8 �M in
B6 neurons to 1.7 � 0.6 �M in Szt1 neurons. Indeed, this slight
change may not be functionally meaningful. Nevertheless, in a
previous electroconvulsive seizure threshold study, Szt1 mice dis-
played a similar small but statistically significant increase in LPD
potency (Otto et al., 2004). In that study, LPD ED50 values were
determined at 7.6 � 1.0 and 3.4 � 1.1 mg/kg in B6 and Szt1 mice,
respectively.

It has been established that IK(M) is a major contributor to the
resting membrane potential of many neurons. Pharmacological
block or enhancement of IK(M) depolarizes or hyperpolarizes rest-
ing membrane potential, respectively (Aiken et al., 1995; Otto et
al., 2002; Peretz et al., 2005). Surprisingly, however, we found no
significant change in resting membrane potential between B6 and
Szt1 mice. This finding also supports the hypothesis that com-
pensatory mechanisms may have arisen in the Szt1 mice to pre-
vent a significant change in resting membrane potential. Altered
expression of numerous voltage-gated ion channels and other
related proteins in Szt1 mice (e.g., potassium leak currents or an
increase in the Na�-K� ATPase) might account for the lack of a
change in either holding current or resting membrane potential.
However, this interpretation is complicated by the lack of differ-
ential effect observed on holding current in the presence of LPD,
unlike RGB and TEA application. However, regardless of the
myriad potential molecular mechanisms underlying the pharma-
codynamic discrepancies presented here, it is particularly com-
pelling that the M-channel pharmacology is so consistent with
previous in vivo electroconvulsive threshold studies (Otto et al.,
2004), in which Szt1 mice displayed decreased LPD sensitivity
and quite robustly decreased RGB sensitivity.

The Szt1 mutation does alter another epilepsy-related gene,
Chrna4, which is implicated in autosomal dominant frontal lobe
epilepsy (ADNFLE) (Steinlein et al., 1995; Hirose et al., 1999).
Chrna4 hemizygosity may appear to contribute to, or even be
fully responsible for, the reduction of seizure threshold observed
in the Szt1 mouse, but it might just as well temper the effects of
Kcnq2 hemizygosity, because many of the human ADNFLE-
causing point mutations in CHRNA4 observed to date are actu-
ally gain-of-function, producing receptors with increased ACh
sensitivity (Bertrand et al., 2002; Scheffer and Berkovic, 2003).
Indeed, it has not been determined yet whether nicotinic ACh
receptor hypofunction or hyperfunction underlies ADNFLE.
More specific to the Szt1 mutation, Chrna4/� mice have no
known seizure phenotype, and EEGs are similar to wild-type
mice (McColl et al., 2003), and extensive seizure threshold testing
has revealed only modest differences, with mildly increased sen-
sitivity in some chemoconvulsive models and even resistance in
others (Ross et al., 2000; Wong et al., 2002). On these grounds, we
suggest that decreased IK(M) amplitude and subsequently inhib-
ited SFA are the primary source of the lowered seizure threshold
observed in the Szt1 mouse and may underlie seizure generation

Figure 5. Szt1 renders CA1 neurons essentially insensitive to the KCNQ2 subunit-preferring IK(M) blocker TEA. A, Sample traces
in control (black) and 10 mM TEA (gray) illustrate that Szt1 CA1 neurons exhibit decreased sensitivity to the IK(M) blocking effects of
TEA. B, Szt1 slices display significantly decreased sensitivity to the IK(M) blocking effects of TEA. TEA at 10 mM significantly blocks
IK(M) in B6 CA1 neurons (*p � 0.01, paired t test). Szt1 slices display less sensitivity to TEA than B6 slices ( †p � 0.02, two-way
ANOVA, drug effect vs genotype comparison).
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in human BFNC patients with C-terminal deletion mutations in
KCNQ2. Finally, although KCNQ2 and KCNQ3 mutations are
associated with human epilepsy, it is easy to imagine that a cur-
rent so crucial to regulating neuronal excitability could be a use-
ful pharmacological target for the treatment of many pathologies
involving aberrant neuronal excitability.
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