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Kv4.2 channels contribute to the transient, outward K+ current (A-type current) in hippocampal dendrites, and modula-

tion of this current substantially alters dendritic excitability. Using Kv4.2 knockout (KO) mice, we examined the role of

Kv4.2 in hippocampal-dependent learning and memory. We found that Kv4.2 KO mice showed a deficit in the learning

phase of the Morris water maze (MWM) and significant impairment in the probe trial compared with wild type (WT).

Kv4.2 KO mice also demonstrated a specific deficit in contextual learning in the fear-conditioning test, without impairment

in the conditioned stimulus or new context condition. Kv4.2 KO mice had normal activity, anxiety levels, and prepulse in-

hibition compared with WT mice. A compensatory increase in tonic inhibition has been previously described in hippocam-

pal slice recordings from Kv4.2 KO mice. In an attempt to decipher whether increased tonic inhibition contributed to the

learning and memory deficits in Kv4.2 KO mice, we administered picrotoxin to block GABAA receptors (GABAAR), and

thereby tonic inhibition. This manipulation had no effect on behavior in the WT or KO mice. Furthermore, total protein

levels of the a5 or dGABAAR subunits, which contribute to tonic inhibition, were unchanged in hippocampus. Overall, our

findings add to the growing body of evidence, suggesting an important role for Kv4.2 channels in hippocampal-dependent

learning and memory.

Potassium (K+) channels within hippocampal dendrites are criti-
cal regulators of post-synaptic excitability and thereby contribute
to the modulation of synaptic plasticity (Yuan and Chen 2006). In
particular, the transient, rapidly activating K+ current (A-type
current) modulates neuronal excitability by attenuating action
potential initiation and back-propagating action potentials
(B-APs), which reduce excitatory synaptic events (Hoffman et al.
1997; Martina et al. 1998; Johnston et al. 2000; Cai et al. 2004).
The primary mediator of the A-type current in the somatoden-
dritic regions of hippocampal pyramidal cells are the Kv4.X-sub-
units, and genetic deletion of Kv4.2 channels nearly eliminates
the A-type current in CA1 pyramidal cell dendrites (Chen et al.
2006). The localization and function of Kv4.2 channels support
a role for these channels in modulating synaptic activity in the
hippocampus and influencing hippocampal-dependent tasks.

Kv4.2 channel proteins localize to the somatodendritic re-
gions of hippocampal principal neurons (Baldwin et al. 1991;
Sheng et al. 1992; Maletic-Savatic et al. 1995; Martina et al.
1998; Serodio and Rudy 1998), and their highest expression is
found in area CA1 pyramidal cell dendrites (Rhodes et al. 2004).
These channel proteins localize to dendritic spines, where their
activity can be modulated through auxiliary subunits and
through a number of kinases. For example, activation of PKA,
PKC, and ERK can down-regulate the activity and surface ex-
pression of Kv4.2 channels, which can then increase excitability
within distal dendrites of CA1 neurons (for review, see Birnbaum
et al. 2004).

Furthermore, alterations in the functional levels of Kv4.2
channels can directly modulate synaptic remodeling through re-
organization of NMDA-type glutamate receptor subunits (Jung
et al. 2008). These changes then lead to alterations in synaptic
plasticity and memory (for review, see Malenka and Bear 2004).
The activity level of Kv4.2 channels influences dendritic Ca2+ in-
flux during action potential back-propagation (Hoffman et al.
1997). An increase in intracellular Ca2+ levels is necessary for
long-term potentiation (LTP). Taken together these observations
suggest that Kv4.2 channels are critical determinants of hippo-
campal plasticity, and thereby hippocampal-dependent learning
tasks. In this study Kv4.2 knockout (KO) and littermate wild-type
(WT) control mice were subjected to a battery of behavioral assess-
ments to test the hypothesis that Kv4.2 channels are required for
hippocampal-dependent learning and memory.

Results

Spatial learning and memory
In order to assess hippocampal-dependent learning and memory
in the Kv4.2 KO mice, we first performed the Morris water maze
(MWM) test. In the MWM test, the animals learn to find a hidden
platform over blocks of training using visual cues in the testing
room. A main effect of genotype was observed in which KO
mice showed significant impairment in locating the hidden plat-
form across the eight blocks of testing (F(1,29) ¼ 11.04, P , 0.01).
There was also a significant group by block interaction (F(7,203) ¼

3.05, P , 0.01) (Fig. 1A) and a main effect of time (F(7,203) ¼

18.21, P , 0.001). Both WT and KO mice showed significant im-
provement in finding the platform across the blocks [WT:
(F(7,98) ¼ 14.446, P , 0.001) and KO: (F(7,105) ¼ 4.50, P , 0.001)].
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Separate t-tests were conducted on each block, and significant dif-
ferences between WT and KO mice were found on blocks 5–8 (P ,

0.05). KO mice also had a longer path length to reach the hidden
platform across training. There was a main effect of group for path
length (F(1,29) ¼ 5.09, P , 0.05) and a group by block interaction
(F(7,203) ¼ 3.10, P , 0.01). These results indicated that both groups
showed significant improvement across the blocks, but the Kv4.2
KO mice did not learn to find the hidden platform as well as the
WT mice.

To confirm that the mice used a spatial search strategy to lo-
cate the hidden platform, the animals were then tested in the
probe trial. The probe trial consists of removing the hidden plat-
form and allowing the animal to explore the maze for 60 sec. If
the animal had learned to find the hidden platform using spatial
cues then they should spend more time in the quadrant that pre-
viously had contained the hidden platform (target quadrant) and
cross over the specific area corresponding to the previous location
of the hidden platform (target zone). WT mice showed a differ-
ence in the percentage of time they spent in the four quadrants
during the probe trial (F(3,42) ¼ 9.64, P , 0.001). The WT mice
spent more time in the target quadrant compared with the other
quadrants (all post hoc tests were significant, P , 0.05). However,
the Kv4.2 KO mice spent equal time in all quadrants (F(3,45) ¼

0.68, P ¼ 0.57), indicating lack of a spatially selective search strat-
egy. WT mice also spent more time in the target quadrant com-
pared with the Kv4.2 KO mice (t(1,29) ¼ 2.12, P , 0.05) (Fig. 1B).
Platform crossings are used as an indicator of the accuracy of the
spatial search. A two-way repeated ANOVA revealed a significant
difference (F(1,29) ¼ 5.97, P , 0.05) in the number of times the
mice crossed the previous location (zone) of the hidden platform
between the two genotypes. A separate analysis showed that the
WT mice crossed the location where the hidden platform was pre-

viously placed (target zone) more frequently than the KO mice
(t(1,29) ¼ 2.14, P , 0.05) (Fig. 1C). These results indicate that the
Kv4.2 KO mice have spatial learning deficits in the MWM.

To ensure that the spatial learning impairment was not due
to the inability of the Kv4.2 KO mice to see visible cues, 1 d after
the probe trial a visible platform was placed in the MWM and the
latency to find that the visible platform was recorded. The WT and
KO mice showed no difference (t(1,29) ¼ 0.38, P ¼ 0.54) in the time
to reach the visible platform (12.31+2.17 sec and 14.74+2.11
sec, respectively). We also examined the latency to find a visible
platform in naive (never before tested in the MWM) WT and KO
mice. The naive WT and KO mice had no difference (t(1,18) ¼

0.83, P ¼ 0.37) in the time to reach the hidden platform
(17.56+3.2 and 17.04+2.23, respectively). The lack of differ-
ences in the time to reach the visible platform implies that the
Kv4.2 KO mice can see the visible platform, so the genetic deletion
does not appear to affect their ability to see, and they do not have
motor impairments that significantly interfere with swimming or
climbing onto the platform.

Pavlovian fear conditioning
To examine whether the Kv4.2 KO mice have a specific deficit
in spatial learning or a more pervasive hippocampal learning
and memory deficit, contextual fear conditioning was examined.
The mice were first trained to associate the context in which they
were trained with the shock, and associate a conditioned stimulus
(CS:tone) with the shock. During the training phase the Kv4.2 KO
mice showed a similar level of percent freezing time compared
with WT mice during the first 2 min in the conditioning chamber
(t(1,31) ¼ 0.74, P . 0.05: KO:16.5+5.2 vs. WT: 22.3+5.6) and
when the conditioned stimulus (CS) was presented for 30 sec
(t(1,31) ¼ 0.46, P . 0.05: KO:36.2+8.0 vs. WT:41.0+6.8). All WT
and KO mice displayed a reaction to the shock stimulus (running,
jumping, or vocalizing). On the second day, the animals were first
tested for the ability to associate the context (chamber) with
the shock. There was a significant difference in contextual learn-
ing in the fear-conditioning test (t(1,31) ¼ 3.43, P , 0.001), with
decrease in freezing in the context condition compared with
WT mice (Fig. 2A). The second part of the test examined whether
the animals associated a CS (tone) to the shock. There was no
difference in freezing to the CS (t(1,31) ¼ 0.29, P . 0.05: WT:
60.1+7.6; KO: 63.2+7.2) (Fig. 2B) and no difference in freezing
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Figure 1. Kv4.2 knockout (KO) mice showed impairment in spatial
learning and memory. Wild-type (WT) and Kv4.2 KO mice were examined
for differences in acquisition and retention of spatial memory in the Morris
water maze. The mice were trained over eight blocks to find the hidden
platform. (A) Kv4.2 KO mice showed impairment in the ability to learn
to find the hidden platform. After eight blocks of learning were complet-
ed, the animals were tested for spatial memory retention by the probe
trial. The Kv4.2 KO mice spent less time in the target quadrant compared
with the WT mice (B) and had decreased crossings in the region that pre-
viously housed the hidden platform (target quadrant) (C). Data are shown
as mean+ standard error of the mean. (∗) P , 0.05; (∗∗) P , 0.01; n ¼ 15
(WT); n ¼ 16 (KO).

Figure 2. Kv4.2 knockout mice showed impairment in contextual
learning in the fear-conditioning paradigm. Kv4.2 KO mice and wild-type
(WT) mice were examined for differences in learning and memory
through fear conditioning. (A) The Kv4.2 KO mice had decreased freezing
in the contextual learning condition compared with the WT mice. This
change was specific to contextual learning, since they did not show an al-
teration in freezing for the CS-only condition or in the new context con-
dition (B). These data suggest that Kv4.2 mice have a specific impairment
in hippocampal-dependent memory without a change in amygdala-
dependent memory. Data are shown as mean+ standard error of the
mean. (∗∗∗) P , 0.001; n ¼ 18 (WT), n ¼ 15 (KO).
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in a new context (t(1,31) ¼ 0.90, P . 0.05: WT: 33.1+5.7; KO:
39.6+6.3) (Fig. 2B), indicating that the learning deficit was spe-
cific to the contextual condition. Thus, the results from the
MWM and contextual fear conditioning behavioral tests suggest
that the Kv4.2 KO mice have hippocampal-dependent learning
and memory deficits. Together, these results provide further sup-
port for a critical role for Kv4.2 in hippocampal-dependent learn-
ing and memory.

Locomotor activity
To examine whether Kv4.2 KO mice have abnormal motor func-
tion, which could influence swim mobility, we examined the
mice in an open field test. No statistically significant differences
between the WT (n ¼ 19) and KO (n ¼ 15) groups were found
in horizontal activity (t(1,31) ¼ 0.51, P ¼ 0.61), vertical activity
(t(1,31) ¼ 0.32, P ¼ 0.74), center activity (t(1,31) ¼ 0.24, P ¼ 0.81),
center/total distance ratio (t(1,31) ¼ 0.99, P ¼ 0.33) (Table 1). In ad-
dition there was no difference in weight between the two geno-
types (t(1,31) ¼ 0.85, P ¼ 0.40) (Table 1). These results indicate
that Kv4.2 knockout mice do not have deficits in gross locomotor
activity compared with littermate WT mice. However, there was
a statistically significant decrease in the number of fecal boli
produced from Kv4.2 KO (t(1,31) ¼ 2.12, P , 0.05) compared with
WT mice (Table 1). One explanation for the decrease in number
of fecal boli is that the Kv4.2 KO mice are less anxious than
WT mice, although the lack of difference in the center distance/
total distance ratio does not support a difference in anxiety-like
behavior.

Elevated-plus maze
Since one interpretation of the decreased number of fecal boli is
that the difference may be due to alterations in anxiety in the
Kv4.2 KO mice, we tested them in the elevated-plus test, which
more selectively examines anxiety-like behavior. The test involves
exploration of a plus-shaped maze that consists of two open and
two closed arms, where decreased time in the open arms is consid-
ered an indicator of elevated anxiety. There were no differences
between KO and WT mice in the amount of time spent in the
closed (t(1,31) ¼ 1.34, P ¼ 0.19) and open arms of the maze
(t(1,31) ¼ 0.46, P ¼ 0.64); (Fig. 3, A and B, respectively). There
were no differences in the number of entries into the closed
(WT: 22.23+2.43, n ¼ 19; KO: 28.36+2.37, n ¼ 14) or in open
(WT: 8.60+2.83, n ¼ 19; KO: 8.80+1.62, n ¼ 14) arms. These
findings do not support an alteration in anxiety in the Kv4.2 KO
mice, as their performance was not significantly different from lit-
termate WT mice. The difference in the number of fecal boli may
be due to the effects of Kv4.2 KO in the gastrointestinal tract, since
these channels are expressed in smooth muscle of this region (Koh
et al. 1999). It did not appear that the animals were eating more,
which might also account for increased fecal boli, since their
weight was similar to that of the WT mice (Table 1).

Sensorimotor testing
A necessary condition for the prepulse inhibition test and the
tone portion of the fear-conditioning test is for the animal to
have normal hearing. To examine whether the Kv4.2 KO mice
have normal hearing and sensorimotor control, which could in-
fluence cued fear conditioning, the mice were examined in the
prepulse inhibition test. The acoustic stimulus of 120 dB was
used, and the Kv4.2 KO mice showed the same response to a
loud audio stimulus compared with the WT mice (t(1,31) ¼ 0.16,
P . 0.05) (Fig. 4A). The mice were then subjected to the acoustic
startle response using pseudorandom prepulse levels of different
intensities and did not show a statistically significant difference
compared with WT mice across the three stimuli using a two-way
repeated-measures ANOVA for group: (F(1,36) ¼ 1.3, P ¼ 0.26) (Fig.
4B). There was a main effect where the animal responded more as
the intensity of the prepulse sound stimulus was increased
(F(2,72) ¼ 47.61, P , 0.001), but no group interaction over the
three stimuli (F(2,72) ¼ 0.37, P ¼ 0.69). These results suggest that
the Kv4.2 KO mice show normal sensorimotor gating.

Western blotting for GABAA receptor subunit proteins
Andrásfalvy et al. (2008) previously reported an increase in the
tonic GABA current in area CA1 from Kv4.2 KO mice. In order
to examine whether the increase in tonic GABA current was due
to alterations in GABAA receptor (GABAAR) subunit protein, we
investigated two GABAAR subunits: a 5 and d that have been im-
plicated as the primary mediators of the tonic GABA current in
hippocampus (Glykys et al. 2008). Using Western blotting, we
found no change in the protein levels of the a5 GABAAR subunit
in total hippocampal homogenates between WT and Kv4.2 KO
mice (t(1,10) ¼ 0.02, P ¼ 0.98, n ¼ 7,5, respectively) (Fig. 5A). We
also found no change in the protein levels of the d GABAAR sub-
unit in total hippocampal homogenates for WT and Kv4.2 KO
mice (t(1,11) ¼ 0.20, P ¼ 0.85, n ¼ 7,6, respectively) (Fig. 5B).

Similar results were found in synapto-
somal preparations from hippocampus
for the a5 GABAAR for WT and Kv4.2
KO mice (t(1,10) ¼ 0.29, P ¼ 0.78: WT:
100+16.14, n ¼ 7; KO: 105+7.43,
n ¼ 6) and for d GABAAR for WT and
Kv4.2 KO mice (t(1,11) ¼ 1.67, P ¼ 0.13:
WT: 100+33.57, n ¼ 6; KO: 155+

11.65, n ¼ 5). Therefore, the hippocam-
pal-dependent learning deficits ob-
served in the Kv4.2 KO mice did not
appear to be due to compensatory
changes in a5 or d GABAAR subunits

Table 1. Open field activity

Group
Total activity

crossings

Vertical
activity

crossings

Center
activity

crossings
Center/

total ratio Fecal boli Weight (g)

Wild type,
n ¼ 19

1964
+201.7

4.74
+1.81

40.53
+9.56

+0.024
+0.004

7.56
+0.76

27.14
+0.037

Kv4.2
knockout,
n ¼ 15

1932
+232.0

5.53
+1.49

44.37
+11.66

0.017
+0.005

5.13
+0.85a

27.66
+0.47

aStatistically significant at P , 0.05.

Figure 3. Kv4.2 knockout mice did not show a change in anxiety com-
pared with wild-type mice. WT and Kv4.2 KO mice were tested for differ-
ences in anxiety using the elevated-plus maze for 10 min. The amount of
time spent in the closed arms (A) and open arms (B) of the elevated-plus
test were not significantly different between WT and Kv4.2 KO mice. Data
are shown as mean+ standard error of the mean. P . 0.05; n ¼ 19 (WT),
n ¼ 14 (KO).

Kv4.2 knockout mice
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in the hippocampus. However, a small change in the protein lev-
els of these receptors in area CA1 could be missed in assays using
the whole hippocampus. Furthermore, post-translational modifi-
cations could change receptor function without altering total re-
ceptor protein levels.

Pharmacological inhibition of GABAA

neurotransmission using picrotoxin
To further explore the possible contribution of increased tonic in-
hibition in the hippocampal-dependent learning and memory
deficits in Kv4.2 KO mice, we administered picrotoxin (0.01 mg/
kg I.P.), a noncompetitive GABAAR antagonist to groups of KO
and WT mice and compared the performance of these groups
with those treated with vehicle in the MWM test. The GABAAR
antagonist had no effect on behavior in the WT mice, nor did it
rescue the spatial learning and memory deficits in the Kv4.2 KO
mice during the training phase (Fig. 5C) or during the probe trial
in the Kv4.2 KO mice (Fig. 5D) of the MWM test. There was no
main effect of group (F(3,27) ¼ 0.92, P ¼ 0.443), but there was a
significant contrast interaction between group over the blocks of
learning (F(3,27) ¼ 3.93, P ¼ 0.02). Separate one-way ANOVAs re-
vealed significant differences on block 7 (F(3,27) ¼ 5.10, P , 0.01)
and on block 8 (F(3,27) ¼ 3.12, P , 0.05) in the Kv4.2 KO mice
treated with saline or picrotoxin compared with the Kv4.2 wild-
type mice treated with saline or picrotoxin (Fig. 5C). Testing in
the probe trial revealed that the picrotoxin treatment did not res-
cue memory deficits in the Kv4.2 KO mice. The saline and
picrotoxin-treated KO mice did not show a preference to the target
quadrant (Fig. 5D). In addition, picrotoxin treatment did not af-
fect memory in the probe trial in WT mice. The WT-saline group
showed a significant preference for the target quadrant (F(3,27) ¼

5.39, P , 0.01) as did the WT–picrotoxin-treated group (F(3,27) ¼

3.83, P , 0.05).
Thus, based on a lack of effect of picrotoxin in either the WT

or KO groups, these studies are inconclusive with regard to a con-

tribution of altered inhibitory tone in the behavioral phenotype
seen in these mice. We used a subconvulsant dose of picrotoxin
for these studies, and perhaps this dose was insufficient to block
GABAARs and tonic inhibition. In addition, the possibility exists
that even in the presence of GABAAR blockade, hippocampal-
dependent learning and memory as assessed by the MWM test
may be unaffected. Indeed, the role of tonic inhibition in hippo-
campal-dependent learning and memory has not been extensive-
ly characterized.

Discussion

The studies presented here reveal that Kv4.2 KO mice have sig-
nificant deficits in hippocampal-dependent learning and memory
tasks. In contrast, these mice show normal learning in the
amygdala-dependent portion of the fear conditioning test and
do not demonstrate alterations in locomotion, anxiety, startle

Figure 4. Kv4.2 knockout mice showed normal acoustic startle and sen-
sorimotor gating. The Kv4.2 KO and wild-type mice were examined for
differences in acoustic startle and sensorimotor gating through prepulse
inhibition of acoustic startle. (A) The maximum startle response amplitude
to the acoustic startle stimulus was not different between the groups. (B)
The Kv4.2 KO mice did not show any alterations in acoustic stimulus to
varying levels of startle. Data are shown as mean+ standard error of the
mean. P . 0.05; n ¼ 24 (WT), n ¼ 15 (KO).

Figure 5. a5 and d GABAA receptor subunit levels were unchanged, and
pharmacological suppression of tonic inhibition does not reverse the
spatial learning and memory deficits in Kv4.2 knockout mice. The
protein levels of a5 or d GABAAR subunits were assessed in the KO and
wild-type mouse hippocampus. The hippocampus was removed from
Kv4.2 KO mice and WT mice and total homogenates and crude synapto-
somes were prepared. (A,B, top) Representative blots from these samples
were probed with antibodies against total a5 and d GABAAR. The protein
levels were densitized for a5 GABAAR subunit and d GABAAR subunit.
There was no significant change between the WT and Kv4.2 KO mice.
P . 0.05; n ¼ 7 (WT). WT and Kv4.2 KO mice were injected (intraperito-
neally) with saline or 0.01 mg/kg of picrotoxin and then tested in the
Morris water maze (MWM) for differences in acquisition and retention
of spatial memory. The mice were injected for 3 d prior to training and
throughout testing. (C) Kv4.2 KO mice show impairment in the ability
to learn to find the hidden platform. However, administration of picrotox-
in did not improve performance in Kv4.2 KO mice and had no effect on
behavior in the WT mice. After the blocks of learning were completed,
the animals were tested for spatial memory retention using the probe
trial. The Kv4.2 KO mice spent less time in the target quadrant compared
with the WT mice (D), but the picrotoxin-treated animals did not show
any improvement compared with the saline-treated WT mice. Overall,
the noncompetitive GABAAR antagonist, picrotoxin, had no effect on
the behavior of the WT or KO mice in the MWM. Data are shown as
mean+ standard error of the mean. (∗) P , 0.05; (∗∗) P , 0.01; n ¼ 7
(WT + sal), n ¼ 8 (WT + picrotoxin), n ¼ 6 (KO + saline), n ¼ 9 (KO +
picrotoxin).
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response, or sensorimotor gating. Thus, these findings provide
further support for a critical role of Kv4.2 channels in hippocam-
pal-dependent learning and memory.

We initially hypothesized that Kv4.2 KO mice would have
enhanced hippocampal-dependent learning and memory, since
this genetic deletion has been shown to nearly eliminate the
A-type current in the dendrites of CA1 pyramidal cells, lead to a
larger B-AP, more calcium influx, and lowers the threshold to in-
duce LTP (Chen et al. 2006). The lower induction threshold to
LTP in the Kv4.2 KO mice might lead one to hypothesize a steeper
learning curve, but, overall, the same learning capacity as WT an-
imals. Unfortunately, the relationship between enhanced synap-
tic plasticity due to genetic manipulations and the influence on
learning and memory is one that is complex and that does not al-
ways correlate (Sanes and Lichtman 1999). For example, there are
studies showing that diminished LTP does not lead to a deficit in
spatial learning, and that mice with enhanced LTP have impaired
spatial memory performance (Migaud et al. 1998; Zamanillo et al.
1999).

Furthermore, our results corroborate a recent study demon-
strating that Kv4.2 KO mice have spatial learning and memory
deficits (Lockridge and Yuan 2010). This study reported that
Kv4.2 KO mice show a selective decrease in the latency to find
the hidden platform in the MWM on day 3 of training. The
Kv4.2 KO mice were able to learn to find the new location of the
hidden platform in reversal learning in the MWM. They also
found that Kv4.2 KO mice used fewer spatial strategies than WT
mice during the early learning trials. Our studies expand those
of Lockridge and Yuan 2010 by examining performance of the
Kv4.2 KO animals in additional behavioral tests to determine
whether these animals have alterations in anxiety and locomo-
tion. We also conducted fear-conditioning assessments and deter-
mined that Kv4.2 KO mice have context-dependent learning
deficits and not global learning deficits. However, even though
we found that Kv4.2 KO mice had deficits in their ability to learn
the MWM task, they did not show differences in their ability for
contextual learning in the training phase of the fear-conditioning
test. Future experiments could examine whether Kv4.2 mice show
deficits in trace fear conditioning, which is believed to be a sensi-
tive measure of hippocampal dysfunction (Wiltgen et al. 2005).
Additional trials of tone-shock pairings could be used to examine
deficits in the acquisition of contextual learning, and we could ex-
amine whether the contextual deficits occur within 1 h after con-
ditioned fear training.

It has been previously reported that Kv4.2 KO mice have de-
creased KChIP1-3 auxiliary subunit protein levels (Chen et al.
2006; Menegola and Trimmer 2006), which are critical regulators
of Kv4.2 activity and expression (Birnbaum et al. 2004). While the
role of KChIP1 and KChIP2 in behavior has not been evaluated,
KChIP 3 KO mice have recently been reported to have enhanced
memory in contextual fear conditioning (Alexander et al. 2009).
However, KChIP3 KO mice do not have altered Kv4.2 protein lev-
els in the hippocampus. At this point, it is unclear whether alter-
ations in KChIP levels contribute to the behavioral phenotype in
the Kv4.2 KO mice.

An increase in magnitude of the tonic GABA current and
an increase in the amplitude of mIPSCs in CA1 pyramidal cells
in hippocampal slices from Kv4.2 KO mice has been reported
(Andrásfalvy et al. 2008). These investigators proposed that the in-
crease in the tonic GABA current in area CA1 from Kv4.2 KO mice
might be a homeostatic response to increased membrane excit-
ability due to the loss of the A-type current in the dendrites of
CA1 pyramidal cells. We hypothesized that this change may con-
tribute to the behavioral phenotype in the Kv4.2 KO mice. The
primary mediators of the tonic GABA current in hippocampal
neurons are a5 and d GABAAR subunits (Glykys et al. 2008). In

further support of this possibility, it has been reported that a5
GABAAR subunit knockout mice have improved performance in
MWM, without alterations in amygdala-dependent learning and
memory (Collinson et al. 2002). In addition, the d GABAAR sub-
unit knockout mice also show enhanced trace fear conditioning
(Wiltgen et al. 2005). Therefore, the absence of Kv4.2 channels
with an associated loss of the dendritic A-type current in hippo-
campal area CA1 along with increased tonic inhibition from alter-
ations in GABAARs could affect learning and memory (Caraiscos
et al. 2004; Glykys et al. 2008). To indirectly assess the possibility
of increased GABAA inhibitory neurotransmission in the Kv4.2 KO
mice, we evaluated the protein levels of a5 and d GABAAR sub-
units. We found no difference in a5 and d GABAAR subunit pro-
tein levels between the WT and Kv4.2 KO mice in hippocampal
homogenate or synaptosomal preparations. We also found that
pharmacological antagonism of GABAARs with picrotoxin, which
is expected to suppress tonic inhibition, did not rescue the learn-
ing and memory deficits in Kv4.2 KO mice. However, this pharma-
cological manipulation had no effect in the WT mice either. Thus,
we are unable to draw any conclusions from this aspect of the
study. Higher doses of picrotoxin are known to evoke seizures,
which would confound the studies.

Based on our data, the behavioral phenotype in Kv4.2 KO
mice is specific to the hippocampus, which has the highest expres-
sion level of Kv4.2 channels (Rhodes et al. 2004). While the mice
have a global knockout of Kv4.2, the KO mice did not show any
other behavioral abnormalities, and their general ability to learn
was not disrupted, as shown through the conditioned stimulus-
only portion of fear conditioning. Kv4.2 channels have a regulato-
ry role in a number of processes in hippocampus, such as suppress-
ing plateau potentials from exceeding beyond dendritic branch
points (Cai et al. 2004). The internalization of Kv4.2 channels sig-
nificantly affects plasticity by controlling synaptic integration in
the spines of hippocampal neurons (Kim et al. 2007). The absence
of Kv4.2 channels widens the temporal window to induce LTP and
increases the threshold to induce LTD (Chen et al. 2006). Thus,
the absence of this channel may affect the ability of dendrites to
appropriately integrate incoming signals, which could then affect
the ability of the animal to acquire new information. It is possible
that the activity-dependent changes in Kv4.2 channel trafficking,
expression, and post-translational modifications may be a neces-
sary step for hippocampal-dependent learning.

Alterations in the modulation and expression of Kv4.2 chan-
nels have been associated with neurological disorders. A trunca-
tion mutation in then KCND2 gene encoding Kv4.2 channels
has been associated with temporal lobe epilepsy (Singh et al.
2006). Furthermore, Kv4.2 expression and phosphorylation is
altered in animal models of temporal lobe epilepsy in both
the acute (Lugo et al. 2008) and chronic (Bernard et al. 2004) phas-
es. While Kv4.2 KO mice do not have unprovoked seizures or ep-
ilepsy, they have an increased susceptibility to chemoconvulsant-
induced seizures (Barnwell et al. 2009). These previous studies sug-
gest that a reduction in the levels of functional Kv4.2 channels is
involved in the development of epilepsy. Furthermore, it is possi-
ble that alterations in ion channels such as Kv4.2 contribute to
cognitive deficits associated with epilepsy.

Materials and Methods

Animals
Mice were housed at the Baylor College of Medicine Transgenic
Mouse Facility Center at a temperature of 22˚C, with 14-h light
and 10-h dark (20:00–6:00 h) diurnal cycle and had free access
to food and water. All procedures were approved by the
Institutional Animal Care and Use Committee of Baylor College
of Medicine, which follows the “Policy on Humane Care and
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Use of Laboratory Animals” and NIH’s “Guide for the Care and
Use of Laboratory Animals.”

The Kv4.2 KO mice used in this study were generated in a
129S6/SvEv background (Guo et al. 2005). The KO mice were
backcrossed with WT 129S6/SvEv to produce (F10 or greater)
littermates that were used in these studies. The Kv4.2 KO and
WT animals were from the offspring of heterozygote parents.
The mice began behavioral testing on approximately post-natal
day 90. Genotyping of littermates was performed by PCR using
Kv4.2-specific primers as previously described (Barnwell et al.
2009).

Behavioral assessments

Locomotor activity and motor skills

Locomotor activity was evaluated as previously described (Paylor
et al. 2006). First, the animals were tested in the open-field activity
test. The mice were weighed and allowed to acclimatize to the
testing room for 30 min. They were then placed into the center
of a clear Plexiglas (40 × 40 × 30 cm) open-field arena and al-
lowed to explore for 30 min. The lighting inside the test chamber
was �100 lux, and a white noise generator produced �55 dB
inside the test arena. Activity in the open field was collected by
a computer-operated optical animal activity system (Versamax
by AccuScan Instruments, Inc.). Total distance (locomotor activi-
ty), vertical activity (rearing measured by number of photobeam
interruptions), and center distance (i.e., the distance traveled in
the center of the arena) were recorded. The center distance was
also divided by the total distance to obtain a center distance:total
distance ratio. The center distance:total distance ratio has been
used as an index of anxiety-related responses (Paylor et al.
2006). The number of fecal boli was recorded at the end of the ex-
periment. Between each trial, the area was thoroughly cleaned
with a 30% isopropyl alcohol, then dried with paper towels.
Data were collected in 2-min intervals over the 30-min test session
and analyzed using independent-sample t-tests.

Elevated plus maze

Approximately 1 wk later, the elevated plus maze was used to eval-
uate whether the Kv4.2 KO mice had a baseline difference in anx-
iety. The elevated-plus maze apparatus consisted of two open and
two enclosed horizontal perpendicular arms (30 × 5 cm) posi-
tioned 40 cm above the floor. There also was a central square plat-
form (5 × 5 cm) that forms from the connection of the four arms.
The mice were initially allowed to acclimate to the room for
30 min. The experiments were conducted under artificial labora-
tory illumination (fluorescent lamps, 30 lux in the open arm)
and a white noise generator that produced a 60-dB background
white noise. Between each trial, the maze was thoroughly cleaned
with 30% isopropyl alcohol and then dried with paper towels. The
sessions were scored by an investigator blind to the genotype us-
ing a handheld Psion from Noldus Information Technology and
later transferred to a computer with the Noldus Observer 5.0 pro-
gram. During the 10-min test, the number of entries into the open
or closed arms and the average time spent in each of the arms was
recorded. The number of entries into open arms and the time
spent in open arms were expressed as percentages of total entries
and total test time, respectively. The increase in either measure is
generally believed to be an index of lowered anxiety. The number
of entries into closed arms is a rough index of animal activity.

Morris water maze

One week later, the Morris water maze (MWM) test was used to ex-
amine spatial learning deficits as previously described (McIlwain
et al. 2001). The test used a 1.3-m diameter circular pool, which
was filled with water made opaque by the addition of a white non-
toxic paint. The mouse movement was monitored by a video cam-
era connected to a digital tracking device (Noldus: Ethovision).
The mice were first allowed to acclimate to the room for 30 min,
then tested for their ability to locate a hidden square platform

(14.5 cm). The mice were tested for a total of 4 d (two blocks of tri-
als per day with four trials per block) for their ability to locate a
hidden platform that was located �1.5 cm beneath the surface
of the water. Thirty minutes after the completion of the eighth
block, each animal was given a probe trial. In the probe trial,
the platform was removed and each animal was allowed 60 sec
to search the pool for the platform. The amount of time that
each animal spent in each quadrant was recorded (quadrant
time). The number of times a mouse crossed into the location
where the hidden platform previously had been located was
placed was recorded. These crossings were compared with the
crossings in the other relative locations within the quadrant
(zone crossing). The following day a visible platform test was con-
ducted to evaluate whether the mice had difficulty in locating a
visible platform. An inability or reduced ability to find the visible
platform could be due to a visual or motor deficit.

Prepulse inhibition

Prepulse inhibition (PPI) testing was conducted 1–2 wk after
MWM testing. PPI of acoustic startle responses was measured
using the SR-Lab System (San Diego Instruments) as previously
described (Paylor et al. 2006). A test session began by placing a
mouse in a clear acrylic cylinder, where it was left undisturbed
for 5 min with a constant background noise level of 70 dB
throughout the entire testing period. There were seven trial types
for a test session. One trial type was a 120-dB sound burst (40
msec) used as the startle stimulus. There were five different acous-
tic prepulse plus acoustic startle stimulus trials. The prepulse
sound was presented 100 msec before the startle stimulus. The
20-msec prepulse sounds were 74, 78, 82, 86, or 90 dB. In addition,
there were trials where no stimuli were presented to the animal to
measure baseline movement in the cylinders. Six blocks of the sev-
en trial types were presented in pseudorandom order to ensure
that each trial type was presented once within a block of seven tri-
als. The average interval between trials was 15 sec (ranged from 10
to 20 sec). The startle response was recorded for 65 msec (the
response was measured in 1-msec increments) starting with the
onset of the startle stimulus. The maximum startle amplitude
recorded during the 65-msec sampling window was used as the de-
pendent variable.

The following formula previously described by Paylor et al.
(2006) was used to calculate % PPI of a startle response: 100 2

[(startle response on acoustic prepulse plus startle stimulus tri-
als/startle response alone trials) × 100]. A high % PPI represents
when the subject showed a reduced startle response to a prepulse
stimulus compared with the startle stimulus alone. A low % PPI
value indicates where the startle response was similar to the one
with or without the prepulse. Acoustic response amplitude data
were analyzed using an independent-sample t-test. PPI data were
analyzed using independent-sample t-tests for each PPI level.

Pavlovian-conditioned fear

Performance in a conditioned fear task was analyzed as previously
described (Paylor et al. 1994; McIlwain et al. 2001) using the freeze
monitor system (Actimetrics). The test chamber (26 × 22 ×
18 cm3 high) was made of clear Plexiglas and was placed inside a
sound-attenuated chamber (Med Associates). Two sides of the
box were Plexiglas, two sides were metal, and a grid floor bottom
was used to deliver a mild foot shock. On the training day, mice
were placed into the test chamber and allowed to explore for
2 min. The conditioned stimulus (CS) was presented for 30 sec
(a white noise 80 dB sound) and was followed immediately by a
mild foot shock (2 sec, 0.7 mA) that served as the unconditioned
stimulus (US). After 2 min, the mice received a second CS–US
pairing. The FreezeFrame monitor system was used to control
the timing of CS and US presentations. Freezing behavior was
measured through the computer program. During the administra-
tion of the shock, responses to the foot shock such as running,
jumping, or vocalizing were also recorded to verify that the ani-
mal received the shock. After each testing session the chamber
was cleaned with 30% isopropyl alcohol.
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Mice were tested for contextual and cued fear conditioning
24 h after conditioning. For the context test, mice were placed
back into the original test chamber for 5 min and their freezing
behavior was recorded. Two hours later, mice were tested for re-
sponses to the auditory CS in a new environment. For the CS
test, white Plexiglas inserts were placed on the sides and floor of
the chamber to alter the shape, texture, and color of the condi-
tioning chamber. The odor in the chamber was changed by add-
ing vanilla extract to a cup located behind the wall insert. In
addition, 70% ethanol was used to clean the chamber between
test sessions. Transfer cages were altered (paper towels instead of
bedding) and the lights were dimmed in the room with the condi-
tioning chamber to change the entry context. Mice were placed
into this new chamber and freezing was recorded for 3 min during
this phase preceding the CS in this new context. The auditory
CS was then presented for 3 min and freezing was recorded as
described. Context and CS test data were analyzed using an
independent-sample t-test.

Western blotting

Based on previous data showing that there is an increase in tonic
inhibition in area CA1 in the hippocampus of Kv4.2 KO mice
(Andrásfalvy et al. 2008), we evaluated protein levels in two
GABAA subunits that could potentially be involved. Adult naive
littermate mice (129S6/SvEvTaq and Kv4.2 knock-out mice)
were decapitated, brains removed, and rapidly placed into ice-cold
cutting saline (consisting of the following in millimolars: 110
sucrose, 3 KCl, 60 NaCl, 28 NaHCO3, 0.5 CaCl2, 5 glucose, 0.6
ascorbate, 1.25 NaH2PO4, and saturated with 95% O2/5% CO2).
The hippocampi were removed, frozen on dry ice, and stored at
280˚C until use.

Total homogenate and crude synaptosomal preparations
from samples were prepared using previously described methods
(Lugo et al. 2008). Each sample was homogenized in ice-cold
homogenization buffer (0.32 M sucrose, 10 mM HEPES at pH
7.4), with a protease and phosphatase inhibitor cocktail (Sigma-
Aldrich). Some of the sample was saved as total homogenate (in-
put), and the remaining amount was used for crude synaptosomal
preparations as previously described (Lugo et al. 2008). The pro-
tein concentration of each sample was determined using the
Bio-Rad Protein assay (Bio-Rad laboratories, Inc.) and all samples
were then normalized. SDS-Page (10%) was performed and the
gels were transferred to Immobolin-P membranes (Millipore).

For Western blotting, the membranes were blocked in 5% dry
milk dissolved in Tween-Tris buffered saline (TTBS; 50 mM Tris at
p.H, 150 mM NaCl, 0.1% Tween) for 1 h at room temperature. The
membranes then were incubated with primary antibodies: 1:500
dilution of a5 GABAAR or d GABAAR antibody (Abcam) and a
1:5000 dilution of actin antibody (Sigma-Aldrich) overnight, fol-
lowed by incubation with a 1:10000 anti-rabbit secondary anti-
body in TTBS (Cell Signaling). Immunoreactive bands were then
visualized by enhanced chemiluminescence (Thermo Scientific).
Immunoreactivity was quantified using NIH Image J public do-
main software. The band for each sample was normalized to its ac-
tin level.

Pharmacological inhibition of tonic inhibition studies

In order to further examine whether a compensatory increase in
tonic inhibition was responsible for the learning and memory dif-
ferences in the MWM test, we administered the GABAAR antago-
nist, picrotoxin as previously described (Cui et al. 2008). This
dose was expected to suppress tonic inhibition, but was sub-
threshold for the induction of seizures. The mice were injected
(IP) with 0.01 mg/Kg with picrotoxin (Tocris) or saline (vehicle)
3 d prior to MWM testing. They then were injected with picro-
toxin or saline 30 min prior to MWM testing every day.

Statistical analysis
All statistical testing was conducted using the SPSS 17.0 software
package (SPSS, Inc.). Differences were considered statistically sig-

nificant at the two-tailed P , 0.05 level for all tests. For the
MWM, the escape latency data were analyzed with a mixed-design
ANOVA. Subsequent independent-sample t-tests were conducted
if an interaction between genotype and block was found. Differ-
ences in quadrant time and number were analyzed by repeated-
measures ANOVA, and individual differences between groups
within each quadrant were analyzed using independent-sample
t-tests. The escape latency for the visible platform testing was re-
corded for four trials averaged within each subject and was then
analyzed across genotype through an independent-sample t-test.
For the other behavioral tests and Western blotting the data
were analyzed using Student’s t-tests.
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