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Abstract
Purpose—Kv4.2 subunits contribute to the pore-forming region of channels that express a
transient, A-type K+ current (A-current) in hippocampal CA1 pyramidal cell dendrites. Here, the
A-current plays an important role in signal processing and synaptic integration. Kv4.2 knockout
mice show a near elimination of the A-current in area CA1 dendrites producing increased
excitability in this region. In these studies, we evaluated young adult Kv4.2 knockout mice for
spontaneous seizures and the response to convulsant stimulation in the whole animal in vivo and in
hippocampal slices in vitro.

Methods—Electroencephalogram electrode-implanted Kv4.2 knockout and wildtype mice were
observed for spontaneous behavioral and electrographic seizures. The latency to seizure and status
epilepticus onset in Kv4.2 knockout and wildtype mice was assessed following intraperitoneal
injection of kainate. Extracellular field potential recordings were performed in hippocampal slices
from Kv4.2 knockout and wildtype mice following the bath application of bicuculline.

Results—No spontaneous behavioral or electrographic seizures were observed in Kv4.2
knockout mice. Following kainate, Kv4.2 knockout mice demonstrated a decreased seizure and
status epilepticus latency as well as increased mortality compared to wildtype littermates. The
background strain modified the seizure susceptibility phenotype in Kv4.2 knockout mice. In
response to bicuculline, slices from Kv4.2 knockout mice exhibited an increase in epileptiform
bursting in area CA1 as compared to wildtype littermates.

Discussion—These studies show that loss of Kv4.2 channels is associated with enhanced
susceptibility to convulsant stimulation, supporting the concept that Kv4.2 deficiency may
contribute to aberrant network excitability and regulate seizure threshold.
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Introduction
Kv4.2 subunits compose the pore-forming channel that contributes to the transient, rapidly
activating and inactivating outward K+ current (A-current) in CA1 pyramidal cell dendrites
(Kim et al., 2005; Chen et al., 2006). The A-current in this region regulates the back-
propagating action potential and synaptic integration (Hoffman et al., 1997). Thus, Kv4.2
channels are critical regulators of postsynaptic excitability and aberrant function or loss of
Kv4.2 channels is likely to facilitate hyperexcitability and potentially seizure initiation and
propagation in the hippocampus.

Alterations in the Kv4.2 channel have been demonstrated in animal models of epilepsy. A
decrease in Kv4.2 mRNA levels was found in rat hippocampus following pentylenetetrazol-
induced seizures (Tsaur et al., 1992). In a model of cortical malformations that results in
increased hippocampal excitability and a decrease in seizure threshold, there was a marked
decrease in the expression of Kv4.2 channel subunits (Castro et al., 2001). Furthermore, in a
rodent model of limbic seizures induced by pilocarpine, there was a significant decrease in
Kv4.2 subunit expression in the hippocampus of chronically epileptic rats (Bernard et al.,
2004). These studies revealed more prominent action potential backpropagation in CA1
dendrites from the epileptic compared to sham animals, indicative of increased dendritic
excitability in the epileptic animals. The decrease in Kv4.2 expression in the epileptic
animals was thought to underlie this effect.

Ion channelopathies have been implicated in several types of human epilepsy with complex
partial seizures, including temporal lobe epilepsy (Biervert et al., 1998; Charlier et al., 1998;
Singh et al., 1998; Eunson et al., 2000; Klein et al., 2004; Andermann et al., 2005; Du et al.,
2005). Recently in a patient with temporal lobe epilepsy, a mutation was identified in
KCND2, the gene encoding Kv4.2, which resulted in a 44-amino acid truncation in the
Kv4.2 carboxyl terminal (Singh et al., 2006). Expression of the Kv4.2 truncation mutant in
HEK cells resulted in attenuated Kv4.2 currents (Singh et al., 2006), indicating that the
truncation was functionally significant. Together, these studies suggest that loss-of-function
of Kv4.2 may contribute to acute and chronic seizures.

In this report, we used Kv4.2 knockout mice to investigate whether genetic loss of Kv4.2
increases susceptibility to convulsant stimulation. While loss of Kv4.2 at the genomic level
increases hippocampal excitability and decreases the threshold for long-term potentiation
induction in area CA1, our results suggest that knockout of Kv4.2 is not associated with an
epilepsy phenotype in young adult animals. However, the findings of Kv4.2 downregulation
in an acute seizure model (Tsaur et al., 1992) and in chronic epilepsy (Bernard et al., 2004),
and the loss-of-function Kv4.2 mutation in a patient with temporal lobe epilepsy (Singh et
al., 2006) suggest that Kv4.2 may function as a candidate seizure susceptibility gene. The
findings in the current study provide further support for this possibility.

Materials and Methods
Animals

Littermates—The Kv4.2 knockout mice used in this study were generated in a 129S6/
SvEv background (Guo et al., 2005). The knockout mice were backcrossed with wildtype
129S6/SvEvTac to produce (F6 or greater) littermates that were used in these studies except
when specified otherwise. The experimental animals were between 12 to 30 weeks old.
Kv4.2 knockout and wildtype animals were offspring from heterozygote parents.
Genotyping of the littermates was performed by PCR using Kv4.2-specific primers
(forward, GTG GAT GCC TGT TGC TTC; reverse, CCC ACA AGG CAG TTC TTT TA)
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and neo-specific primers (forward, AGG ATC TCC TGT CAT CTC ACC TTGCTC CTG;
reverse, AAG AAC TCG TCA AGA AGG CGA TAG AAG GCG).

Non-littermates—Wildtype 129S6/SvEv, the background strain of Kv4.2 knockout mice
were purchased from Taconic Farm USA. Inbred Kv4.2 knockout animals were generated
by crossing homozygote knockout mice obtained from our colony of littermates, for at least
6 generations.

Mice were housed at the Baylor College of Medicine Center for Comparative Medicine at an
ambient temperature of 22 °C, with a 14-h light and 10-h dark (20:00 to 06:00 h) diurnal
cycle and were given ad libitum access to food and water. All procedures concerning
animals were approved by the Institutional Animal Care and Use Committee of the Baylor
College of Medicine.

Electrode implantation, electroencephalography and kainate-induced seizures
Kv4.2 littermate and non-littermate mice were anesthetized with a mixture of ketamine (80
mg/kg) and xylazine (16 mg/kg) (obtained from Baylor College of Medicine) delivered
intraperitoneally and positioned in a stereotaxic frame. Three monopolar cortical surface
recording electrodes were implanted: one in the left anterior cortex (2.0 mm posterior and
2.2 mm lateral to bregma), another in the right anterior cortex (2.0 mm posterior and 2.2 mm
lateral to bregma) and a third in the left posterior cortex (5.0 mm posterior and 2.2 mm
lateral to bregma). A fourth recording electrode was placed in the right hippocampus (2.2
mm posterior and 1.6 mm lateral to bregma and 1.6 mm deep). A reference screw electrode
was placed in the skull on the right side, anterior to the frontal suture. A midline ground
electrode was placed posterior to the occipital suture.

Four to seven days after electrode implantation, baseline video-EEG recordings were made
for up to 2 hours using a Stellate digital video-EEG machine. Following baseline recordings,
seizures were induced by the administration of kainate (20 or 40 mg/kg) intraperitoneally. In
the seizure susceptibility studies, 40 mg/kg kainate was used to induce seizures in
littermates. In the genetic background studies comparing non-littermates and littermates, a
lower dose of kainate, 20 mg/kg was applied to avoid a ceiling effect. The animals were
monitored both behaviorally using the Racine scale (Racine, 1972) and electrographically by
continuous video-EEG recording for up to 4 additional hours after seizure induction.
Tracings were visually inspected for electrographic seizure activity as previously defined
(Anderson et al., 1997). Control groups included mice that had been treated with kainate
vehicle (saline).

Slice preparation
Thirty to sixty day old Kv4.2 wildtype and knockout littermate mice were rapidly
decapitated and the brains dissected out into ice-cold (4 °C) cutting solution. Cutting
solution contained (mM): 115 choline chloride, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 0.5
CaCl2, 7 MgCl2, 7 dextrose. Transverse cortical-hippocampal slices (400 μm thick) were
acutely prepared from the middle section of both the left and right hippocampus using a
Vibratome, Series 3000 plus (Ted Pella Inc., Redding, CA, USA). Slices were collected
from each animal and one or more of these slices were randomly used for each recording.
The slices were transferred to a submerged holding chamber containing oxygenated ACSF
for at least one hour before transfer to a recording chamber. ACSF contained (mM): 125
NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 2.0 CaCl2, 1 MgCl2, 10 dextrose (PH 7.4 when
saturated with 95% O2 and 5% CO2).
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Field potential recordings
To perform field potential recordings, slices from knockout and wildtype mice were
transferred one at a time to a recording chamber on a fixed Axioscope stage. The chamber
was maintained at room temperature and continuously perfused with oxygenated ACSF at a
rate of 1.5–2 ml per minute (Sari and Kerr, 2001). An ACSF filled glass recording electrode
with a resistance of 3–5 MΩ was placed in the pyramidal layer of hippocampal area CA1 to
record extracellular field potentials and population spikes. Recordings were made with an
HEKA EPC-10 amplifier with PatchMaster software. A bipolar stimulating electrode was
placed in the stratum radiatum of the CA1 region to stimulate the Schaffer-collateral/
commissural pathway. Stimulation was performed using square pulses of 100 μs duration,
set at a strength which gave rise to approximately 1/3 of the maximal population spike
amplitude. Recordings began 30 minutes after electrode placement to ensure stable
responses. Five micromolar bicuculline was applied by bath perfusion for 20 minutes before
evaluating the evoked and spontaneous responses. Spontaneous responses were collected 5
minutes after the last evoked response was collected.

Excitability of the slice was assessed by determining the field potential duration which was
defined as the distance between the initial rise of the field potential and the intersection of
the falling phase of the field potential with the baseline (Karnup and Stelzer, 2001). In cases
where after-discharges were present, the end of the field potentials was defined as the end of
the last population spike in the last after-discharge. For wildtype mice, recordings were
made from 12 slices that were obtained from 6 animals. For knockout mice, recordings were
made from 15 slices that were obtained from 7 animals. The change in excitability is
reported as percent field potential duration in the presence of bicuculline divided by field
potential duration in ACSF only.

Statistical analysis
The GraphPad Prism software package was used for statistical analysis of the data. Data are
expressed as mean ± standard error of mean (S.E.M.). One-way analysis of variance with
post-hoc analysis, unpaired two tailed student’s t test or chi-square test was used for
comparison. Statistical significance was taken as p ≤ 0.05.

Results
Enhanced susceptibility to convulsant stimulation in Kv4.2 knockout compared to
wildtype mice in vivo

We observed naïve Kv4.2 knockout mice for spontaneous seizures since a loss-of-function
mutation in Kv4.2 had previously been identified in a patient with temporal lobe epilepsy
(Singh et al., 2006). Video-EEG monitoring of 12–30 week-old Kv4.2 knockout (n=22) and
wildtype (n=20) littermates was performed for up to 6 hours per day and 3 days per week for
3 months. An accumulated 180 hours of recording per genotype revealed no epileptiform
activity or electrographic seizures in the littermates.

To evaluate whether Kv4.2 knockout alters seizure threshold we used the chemoconvulsant
kainate (40 mg/kg), injected intraperitoneally (i.p.), to induce seizures in Kv4.2 knockout
and wildtype littermate mice implanted with EEG electrodes. All of the wildtype mice that
developed seizures following kainate had either focal hippocampal (4/8) or focal cortical
(4/8) onset (representative cortical onset seizure shown in Figure 1). In contrast, 50% (4/8)
of the knockout mice that developed electrographic seizures with kainate treatment showed
simultaneous ipsilateral cortical and hippocampal onset (Figure 1), while 37.5% (3/8) of the
knockout mice exhibited focal hippocampal and 12.5% (1/8) had focal cortical seizure onset.
In both the wildtype and knockout mice regardless of the location of onset, the
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electrographic seizures began with a high frequency (30 Hz) recruiting rhythm lasting 15 to
25 seconds followed by high voltage, synchronous, 4–6 Hz spike-and-wave discharges
ranging from 25 to 40 seconds in duration and ended with a period of generalized voltage
attenuation (Figure 1). Status epilepticus in both genotypes consisted of continuous,
synchronous, high voltage, 2.5–3 Hz generalized spike-and-wave activity (Figure 1).

The latency of the electrographic seizure onset was significantly shorter in the Kv4.2
knockout compared to wildtype animals (59.6±4.0 versus 122±16 seconds, respectively,
n=6–8, p<0.01) (Figure 2A). In addition, Kv4.2 knockout mice developed electrographic
status epilepticus significantly faster than littermate wildtype mice (15.1±1.8 versus
38.9±6.2 minutes, respectively, n=6–8, p<0.01) (Figure 2B).

Behaviorally, seizures in both littermate genotypes were indistinguishable. However, the
Kv4.2 knockout mice developed forelimb clonus significantly faster than the wildtype
animals (9.4±1.5 versus 17.0±1.9 minutes, respectively, n=6–8, p<0.05) (Figure 2C).
Behavioral status epilepticus, indicated by rearing and falling, also developed significantly
faster in the Kv4.2 knockout compared to the wildtype mice (28.0±3.6 versus 40.2±3.6
minutes, respectively, n=6–8, p<0.05) (Figure 2D).

Kv4.2 knockout mice exhibit increased mortality following seizure induction
One complication of neurotoxin-induced models of seizures and status epilepticus in rodents
is a high mortality rate following the induction of seizures. For the 129S6/Sv background
strain used in these studies, reports show an 8–10% mortality rate within 4–6 hours of
kainate-induced seizures (Shannon and Yang, 2004);(McKhann et al., 2003). In our studies,
25% (2/8) of the wildtype littermates died during the first 6 hours following seizure
induction with kainate (40 mg/kg) (Figure 3). In marked contrast, 100% (6/6) of the
knockout littermates died within 4 hours of seizure induction (Figure 3). The high mortality
rate in the Kv4.2 knockout mice following kainate-induced seizures and status epilepticus
prevented us from performing chronic epilepsy studies in the littermates.

Genetic background influences seizure susceptibility in Kv4.2 knockout mice
Given the variable expression of epilepsy in the human kindred with the loss-of-function
mutation in Kv4.2 (Singh et al., 2006), we investigated whether the genetic background
modulates the seizure phenotype in Kv4.2 knockout mice. For these studies, we used a
reduced dosage of kainate (20 mg/kg) to avoid a ceiling effect and better isolate the
influence of the genetic background on seizure susceptibility. Purchased non-littermate mice
from the background strain were compared to inbred Kv4.2 knockout mice. Kainate (20 mg/
kg) resulted in a significantly shorter latency to the onset of forelimb clonus in the inbred
knockout mice compared to the purchased non-littermate 129S6/SvEvTac mice (17.1±1.2
versus 26.4±3.0 minutes respectively, n=8, p<0.05) (Figure 4). One hundred percent (8/8) of
the inbred knockout mice compared to 80% (8/10) of the non-littermate wildtype mice
developed seizures following kainate treatment. In contrast, there was no significant
difference in the latency to the onset of forelimb clonus between the littermate knockout and
wildtype mice at the 20 mg/kg dosage of kainate (16.8±2.0 versus 18.7±1.5 minutes
respectively, n=8, p>0.05) (Figure 4). One hundred percent (8/8) of the littermate knockout
compared to 72.7% (8/11) of the littermate wildtype mice developed seizures following the
20 mg/kg dosage of kainate.

Increased epileptiform activity in area CA1 of Kv4.2 knockout mice after convulsant
stimulation in vitro

We performed extracellular field potential recordings in hippocampal slices from littermate
knockout and wildtype mice in the presence of bicuculline (5 μM). This concentration of
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bicuculline was below the threshold to induce maximal bursting in slices from wildtype
mice (Karnup and Stelzer, 2001). Orthodromic stimulation of the Schaffer collateral/
commissural pathway was performed before and after the application of bicuculline to
hippocampal slices from both genotypes and the field potentials were recorded in the
stratum pyramidale of hippocampal area CA1. Prior to the application of bicuculline and in
the absence of orthodromic stimulation, no spontaneous bursting activity was observed in
area CA1 in slices from knockout or wildtype mice. In the presence of normal artificial
cerebrospinal fluid, field potential recordings in area CA1 showed a single population spike
in slices from both knockout and wildtype mice following orthodromic stimulation of the
pathway (Figure 5A). There was no significant difference in the field potential duration
recorded in slices from knockout and wildtype mice (37.2±2.1 versus 47.2±5.3 ms, n=12–
15). Subsequently, bicuculline perfusion induced multiple population spikes in all of the
hippocampal slices from knockout and wildtype mice. The evoked field potential duration
was longer than baseline in 93% (14/15) of the slices from knockout and 75% (9/12) of the
slices from wildtype mice (Figure 5A). Summary data show that the relative bicuculline-
induced increase in field potential duration recorded in the slices from knockout was more
than double that in the slices from wildtype mice (401±92 versus 163±24%, respectively,
n=12–15, p<0.05) (Figure 5A). After-discharges were present in area CA1 in some of the
slices from Kv4.2 knockout mice (33.3%, 5/15), but not in any of the slices from wildtype
mice. This finding suggest increased reverberation of the hippocampal circuitry in the slices
from knockout mice.

In the absence of Schaffer collateral/commissural stimulation, bicuculline induced similar
proportions of spontaneous bursting in slices from knockout and wildtype mice [46.7%
(7/15) and 41.7% (5/12), respectively]. However, the spontaneous field potential duration
was significantly longer in slices from Kv4.2 knockout compared to wildtype mice (375±58
versus 163±57 ms, respectively, n=12–15, p<0.05) (Figure 5B). Furthermore, after-
discharges occurred more frequently following the spontaneous bursts in slices from
knockout compared to wildtype mice [85.6% (6/7) versus 20% (1/5) respectively].

Discussion
The results presented here add to the previous studies which have shown Kv4.2
downregulation in acute seizure (Tsaur et al., 1992) and limbic epilepsy (Bernard et al.,
2004; Birnbaum et al., 2004 for review) models. Here, we have demonstrated that Kv4.2
knockout compared to wildtype littermate mice have increased sensitivity to convulsant
stimulation at the whole animal level in vivo and at the network level in vitro. Systemic
application of a chemoconvulsant resulted in a decreased latency to seizures and status
epilepticus in Kv4.2 knockout versus wildtype littermates. The magnitude of this decrease is
genetic background dependent. In concordance with the studies performed in vivo,
hippocampal slice preparations from Kv4.2 knockout mice exhibited a greater increase in
epileptiform activity compared to slices from wildtype mice following convulsant
stimulation.

Loss of Kv4.2 channels in knockout mice was predicted to augment convulsant-induced
hippocampal seizures. Indeed, convulsant stimulation with systemic kainate resulted in a
decreased latency to seizures and status epilepticus in the Kv4.2 knockout compared to
wildtype mice. This is consistent with the recent report showing that a decreased stimulation
threshold is required to induce maximal hippocampal LTP in Kv4.2 knockout compared
with wildtype mice (Chen et al., 2006). Furthermore, the simultaneous unilateral onset of
electrographic seizures in the hippocampus and cortex in half of the knockout compared to
none of the wildtype mice demonstrates that the loss of Kv4.2 channels leads to seizure
onset with more diffuse hemispheric involvement in some animals. This finding is supported
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by work showing that Kv4.2 is involved in the modulation of excitability and synaptic
responses in both the hippocampus and cortex (Nerbonne, 2008).

In this study, video-EEG monitoring of naive young adult Kv4.2 knockout mice did not
reveal spontaneous seizures or epileptiform activity. However, we have observed that aged
Kv4.2 knockout mice exhibit behavioral seizures in response to startle or acoustic stimuli,
and show handling-induced seizures (unpublished observations). We cannot definitively
exclude the possibility that the younger mice used in our studies have epileptiform activity
with intermittent EEG monitoring. Continuous monitoring is currently unavailable in our
animal facility; however, we used prolonged and frequent intermittent monitoring of the
mice and were unable to detect any epileptiform activity in the wildtype or knockout mice
under basal conditions. Thus, if the animals were having experiencing epileptiform activity
and seizures, it is likely to be quite rare.

Another possible explanation for the lack of spontaneous seizures in the Kv4.2 knockout
mice may be related to compensatory mechanisms in these animals (Chen et al., 2006). Our
findings indicate that the threshold for forebrain excitability in the Kv4.2 knockouts is lower
compared to the wildtype mice, but this may not be enough to generate spontaneous
epileptiform activity or seizures in the presence of compensatory mechanisms. Indeed,
compensatory mechanisms have recently been reported in the Kv4.2 knockout animals
(Chen et al., 2006; Andrasfalvy et al., 2008; Nerbonne et al., 2008). In the hippocampal CA1
region of Kv4.2 knockout mice, non-Kv4.2 A-type currents and GABAergic responses are
elevated (Chen et al., 2006) (Andrasfalvy et al., 2008). When the increase in GABAergic
compensation was blocked, action potentials were more likely to be followed by burst firing
in hippocampal area CA1 of the Kv4.2 knockout mice. In the cortex of Kv4.2 knockout
mice, inhibitory currents IK (delayed rectifier current), and Iss (late component of the
outward potassium current) are increased (Nerbonne et al., 2008). By robustly increasing
excitability, such as with convulsant stimulation, the compensatory mechanisms are likely
overcome, and the increase in excitability due to the loss of Kv4.2 is expressed.

The results from experiments in vitro in the hippocampal slices parallel that of the in vivo
studies. There was no observable spontaneous bursting in hippocampal slices from knockout
mice and the baseline evoked responses from littermate wildtype and knockout mice showed
no epileptiform activity. However, convulsant stimulation augments seizure-like activity in
slices from knockouts. In these slices, a low concentration of bicuculline (Wong et al., 1986;
Traynelis and Dingledine, 1988) induced prolonged bursts with after-discharges, resembling
interictal bursting activity. This bursting activity is similar to that described with higher
concentrations of bicuculline (Karnup and Stelzer, 2001) and is thought to be due to the
reverbation of the hippocampal network between the CA1 and CA3 region (Hablitz, 1984).
As discussed above, compensatory mechanisms in the knockout mice probably prevent
hyperexcitability in the excitatory neuron and the local hippocampal network under basal
conditions. However, when the local network is challenged with a convulsant agent, the
compensatory mechanisms may not be adequate to prevent the hyperexcitability. Together,
these measures indicate increased hippocampal network reverberation in the hippocampal
slices from Kv4.2 knockout relative to those from wildtype animals. These findings provide
further support for a role of Kv4.2 channels in regulating hippocampal excitability.

The reason for the decreased threshold in network excitability in the hippocampal slice of
knockout animals is likely to be at the cellular level. In area CA1, the pyramidal dendrites
exhibit a tendency to fire in burst mode when intra-dendritically stimulated (Wong and
Stewart, 1992; Golding et al., 1999). However, this burst firing normally does not propagate
into the somatic region. The dendritic A-current is a potential mechanism underlying this
observation. Blocking A-current with 4-aminopyridine (4-AP) causes seizure-like activity
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both in vivo and in vitro (Glover, 1982; Perreault and Avoli, 1991; Traub et al., 1995).
However, 4-AP is a non-specific K+ channel blocker, which in addition to A-current, affects
other presynaptic and postsynaptic K+ channel currents. (Sheng et al., 1992; Klee et al.,
1995; Pedarzani et al., 1998). In the Kv4.2 knockout mice used in our studies, the A-current
is selectively eliminated in the CA1 hippocampal dendrites with the preservation of non-
Kv4.2 somatic A-currents (Chen et al., 2006). Indeed, when the compensatory increase in
GABAergic responses were eliminated in the CA1 region of the knockout animals, action
potentials were followed by burst firing (Andrasfalvy et al., 2008). Apart from the CA1
region, Kv4.2 is well-expressed in the principal neurons in other subfields of the
hippocampus (Menegola and Trimmer, 2006), and a 4-aminopyridine sensitive A-type
current is present in these regions (Beck et al., 1992; Mitterdorfer and Bean, 2002). Thus
Kv4.2 may underlie the A-type current in these regions of the hippocampus and thereby
affect the excitability of these neurons. However, the relationship between Kv4.2 and the A-
type current in these regions is not yet characterized. The participation of these neurons in
the seizure circuit of the knockout animals could contribute to the increase in seizure
susceptibility in the hippocampal slice.

Genetic background is known to affect seizure susceptibility in both animals and humans.
For instance, 129S6/SvEv mice require twice as much kainate (75 mg/kg) as other mouse
strains such as C57 to maintain high grade seizures including status epilepticus (McKhann et
al., 2003). Human, studies have shown that the phenotype of a channelopathy can be
modulated by the genetic background (Schulze-Bahr et al., 1999; Mulley et al., 2003).
Furthermore, the discordant expression of temporal lobe epilepsy in the patient with the
Kv4.2 loss-of-function mutation, while the patient’s father who has the identical mutation
does not have epilepsy (Singh et al., 2006), suggests that other factors influence the
expression of seizures in this genotype. The seizure resistance of the 129S6/SvEvTac
background strain (McKhann et al., 2003) of the Kv4.2 knockout mice may contribute to the
phenotype of the Kv4.2 knockout mice. Perhaps in a less seizure resistant genetic
background, knockout of Kv4.2 might result in spontaneous seizures. The findings from our
studies comparing susceptibility to convulsant stimulation in non-littermate versus littermate
Kv4.2 knockout and wildtype mice indicate that the susceptibility to convulsant stimulation
with kainate in this genotype is modulated by the background mouse strain. These findings
underscore the importance of using littermate wildtype controls for studies with knockout
and transgenic mice, and highlight the importance of the genetic background as a modifying
factor in the expression of seizures.

Kv4.2 knockout was associated with 100% mortality during status epilepticus. In
comparison, 25% of the wildtype littermates with status epilepticus died. A 10–15 %
mortality rate in the wildtype animals previously has been reported in a kainate model of
seizures and status epilepticus (McKhann et al., 2003). While the mechanism underlying the
high mortality rate in the Kv4.2 knockout mice is unknown, the prominent role of Kv4.2 in
the early repolarization phase of the rodent myocyte action potential (Snyders, 1999),
suggests the possibility of a cardiac mechanism for sudden death during status epilepticus in
these mice. Under physiological conditions at rest, the Kv4.2 knockout mice do not express
a cardiac phenotype compared to wildtype animals (Guo et al., 2005). However, during
frequent seizures and status epilepticus, autonomic hyperactivity may result in a progressive
cardiac dysrhythmia (Walton, 1993). Under these conditions, genetic absence of Kv4.2 in
rodents may have lethal consequences.

The findings reported here strengthen the coupling of a channelopathy with seizures. Kv4.2
deficiency in the setting of an appropriate genetic background predisposes to increased
forebrain excitability and a reduction in the seizure threshold. Therefore, enhancement of
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Kv4.2 function may represent a novel therapeutic strategy in the treatment of seizure
disorders.
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Figure 1.
Electrographic seizures and status epilepticus in Kv4.2 wildtype and knockout littermates.
Representative simultaneous cortical (Ctx) and hippocampal (Hip) EEG recordings are
shown for (A) Kv4.2 wildtype (+/+) and (B) Kv4.2 knockout (−/−) littermates before and
after intraperitoneal injection of kainate (40 mg/kg). (A and B) The top two traces shown for
each genotype are samples of cortex and hippocampal baseline EEG recordings done thirty
minutes prior to kainate injection in the animals. The 2nd, 3rd and 4th pairs of traces below
the top pair for the Kv4.2 knockout and wildtype mice are continuous EEG recordings of
electrographic seizures that began after kainate injection. The electrographic elements of the
seizures are similar in both genotypes except for differences in the location and latency of
seizure onset. In both wildtype and knockout mice, seizure onset is marked by a 30 Hz
recruiting rhythm which is immediately followed by high voltage synchronous 4–6 Hz
generalized spike and wave activity and a period of post-ictal depression. However, in the
trace for the wildtype mouse there is seizure onset focally in the cortex, while in the trace for
the knockout mouse there is seizure onset diffusely in the cortex and hippocampus. This
latter finding was not seen in any of the wildtype mice, while 50% of the knockout mice
showed this diffuse seizure onset (see results section). Electrographic status epilepticus is
marked by continuous high voltage 2.5–3 Hz generalized spike and wave activity. The
latency to first electrographic seizure for the wildtype mouse shown is 108 seconds and to
status epilepticus is 30 minutes after kainate injection (A). The latency to electrographic
seizure onset for the knockout mouse is 42 seconds and to status epilepticus is 15 minutes
after kainate injection (B).
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Figure 2.
Kv4.2 knockout littermates show increased susceptibility to kainate stimulation. Following
kainate (40 mg/kg) injection intraperitoneally in Kv4.2 wildtype (+/+) (n = 8) and Kv4.2
knockout (−/−) (n = 6) littermates, the animals were monitored with video-EEG for
electrographic and behavioral seizures according to the Racine scale. (A) Knockout animals
developed electrographic seizures significantly faster than wildtype mice (n=6–8). One
hundred percent of the knockout and 80% of the wildtype mice developed seizures in
response to kainate (data not shown). (B) Electrographic status epilepticus developed
significantly faster in the knockout mice compared to wildtype littermates (n=6–8). (C) The
latency to onset of forelimb clonus was significantly shorter in the knockout compared to
wildtype mice. (D) Behavioral status epilepticus also developed significantly faster in the
knockout versus wildtype littermates (n=6–8). Thus, both electrographic and behavioral
seizures occurred significantly earlier in the knockout compared to the littermate wildtype
mice. *p < 0.05, **p < 0.01, Student’s t test.
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Figure 3.
Kv4.2 deficiency is associated with high mortality after convulsant stimulus. Kv4.2
knockout (−/−) and Kv4.2 wildtype (+/+) littermate mice were given kainate (40 mg/kg)
intraperitoneally. Acutely following the onset of status epilepticus, 100% (6/6) of the Kv4.2
knockout mice and 25% (2/8) of the littermate wildtype mice died. *p < 0.05, chi-square
test.
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Figure 4.
Enhanced seizure susceptibility phenotype in Kv4.2 knockout mice when compared to non-
littermate wildtype mice. Following kainate (20 mg/kg) injection intraperitoneally into the
129S6/SvEvTac purchased wildtype (+/+) and inbred non-littermate Kv4.2 knockout (−/−)
mice and littermate wildtype and Kv4.2 knockout mice, behavioral seizures were scored
according to the Racine scale. (A) Non-littermate knockout mice developed forelimb clonus
significantly faster than the wildtype 129S6/SvEvTac mice (n = 8, *p < 0.05, Student’s t
test). (B) After backcrossing the Kv4.2 knockout mice with the 129S6/SvEvTac background
strain to the F6 and higher generations, the seizure susceptibility studies were repeated with
the same dosage of kainate using littermate knockout and wildtype mice. At this dose of
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kainate (20 mg/kg) there was no significant difference in seizure susceptibility between the
littermate knockout (−/−) and wildtype (+/+) mice (n = 8).
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Figure 5.
Bicuculline-induced excitability is enhanced in hippocampal slices from Kv4.2 knockout
mice. (A) Representative evoked field potential traces from transverse hippocampal slices
prepared from Kv4.2 wildtype (+/+) and knockout (−/−) littermate mice before (Control)
and after bicuculline (5 μM; Bicuculline) application are shown. Bicuculline application led
to bursting in response to orthodromic stimulation in both genotypes; however, the response
was more prolonged in the slices from the Kv4.2 knockout compared to littermate wildtype
mice. A summary of the evoked response durations after bicuculline application is shown
for both Kv4.2 knockout (n = 15) and wildtype (n = 12) littermates. *p < 0.05, Student’s t
test. (B) Representative spontaneous field potential responses following bicuculline (5 μM)
application to slices from the Kv4.2 wildtype (+/+) and knockout (−/−) littermate mice are
shown. Bursting is more prolonged in the slices from the Kv4.2 knockout compared to
wildtype mice. Summary data for bicuculline-induced spontaneous burst duration for slices
from the Kv4.2 wildtype (n = 5) and knockout (n = 7) animals are shown. *p < 0.05,
Student’s t test.
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