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Background: The necessity for, or redundancy of, distinctive KChIP proteins is not known.
Results: Deletion of KChIP2 leads to increased susceptibility to epilepsy and to a reduction in IA and increased excitability in
pyramidal hippocampal neurons.
Conclusion: KChIP2 is essential for homeostasis in hippocampal neurons.
Significance:Mutations in K� channel auxiliary subunits may be loci for epilepsy.

The somatodendritic IA (A-type)K� current underlies neuronal
excitability, and loss of IA has been associated with the develop-
ment of epilepsy.Whether any one of the four auxiliary potassium
channel interacting proteins (KChIPs), KChIP1–KChIP4, in spe-
cific neuronal populations is critical for IA is not known. Here we
show that KChIP2, which is abundantly expressed in hippocampal
pyramidal cells, is essential for IA regulation in hippocampal neu-
rons and that deletion ofKchip2 affects susceptibility to limbic sei-
zures. The specific effects of Kchip2 deletion on IA recorded from
isolated hippocampal pyramidal neurons were a reduction in
amplitudeandshift in theV1⁄2 for steady-state inactivationtohyper-
polarizedpotentialswhencomparedwithWTneurons.Consistent
with the relative loss of IA, hippocampal neurons from Kchip2�/�

mice showed increased excitability. WT cultured neurons fired
only occasional single action potentials, but the average spontane-
ous firing rate (spikes/s) was almost 10-fold greater in Kchip2�/�

neurons. In slice preparations, spontaneous firing was detected in
CA1 pyramidal neurons from Kchip2�/� mice but not fromWT.
Additionally, when seizureswere induced by kindling, the number
of stimulations required to evoke an initial class 4 or 5 seizure was
decreased, and the average duration of electrographic seizureswas
longer in Kchip2�/� mice compared withWT controls. Together,
thesedatademonstrate that theKChIP2 is essential forphysiologic
IAmodulation and homeostatic stability and that there is a lack of
functional redundancy among the different KChIPs in hippocam-
pal neurons.

The potassium channel interacting proteins (KChIPs 1–4)2
are a subfamily of neuronal calcium sensor proteins that were

originally identified as partners for Kv4 � subunits in a yeast
two-hybrid screen (1, 2). Through these interactions, KChIPs
modulate trafficking, targeting to the plasmamembrane, aswell
as turnover and endocytosis of Kv4 channels. Co-expression of
Kv4� subunits with one of theKChIPs results in larger currents
that inactivatemore slowly and recover from inactivationmore
quickly than the currents generated byKv�-subunits expressed
alone (1). All four KChIPs are expressed in brain (1, 2).
Kv4 � subunits, the major targets of KChIP2, are pore-form-

ing subunits of the neuronal somatodendritic A-type K current
(IA). IA regulates neuronal activity mainly through effects on
excitatory postsynaptic potentials and back-propagated action
potentials (3, 4). By severely dampening dendritic excitability,
IA influences dendritic integration and propagation of informa-
tion and modulates the input and output relationship of elec-
trical signals. Reductions in the Kv4.2 channel mRNA or pro-
tein level have been demonstrated in animal models of epilepsy
(5–8). A mutation in KCND2, the gene encoding Kv4.2, was
found in a patient with temporal lobe epilepsy (9).
Whether any one KChIP plays a distinctive and essential role

in IA regulation or whether there is functional redundancy
among the KChIPs is not known. Knock-out of KChIP2 or
KChIP3 is associated with compensatory up-regulation of
other KChIPs in posterior cortical neurons. IA density was
unaffected by KChIP2 knock-out but mildly reduced by
KChIP3 knock-out regardless of the expression levels of other
KChIPs (10). This suggests that KChIP3 may have a more
prominent role in posterior neurons. Distinctive roles in IA reg-
ulation for individual KChIPs in other areas have not been
tested, however, and not all neuronsmay be capable of the same
compensatory changes present in posterior cortical neurons.
Specifically, whether the absence of KChIP2 affects function of
neurons outside of the posterior cortex or has physiological
effects has not been reported.
Here, we investigated the role of KChIP2 in hippocampal

neurons and in epilepsy. We focused specifically on hippocam-
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pal neurons because KChIP2 is concentrated in their apical and
basal dendrites, where it co-localizes with Kv4.2 (11), yet the
effect of KChIP2 deletion on IA in hippocampal neurons has not
been investigated. We also evaluated the physiological conse-
quences of KChIP2 deletion, considering the hypothesis that an
effect on IAmight influence the development of limbic seizures
because of the importance of the hippocampus in networks
involving limbic seizures.

EXPERIMENTAL PROCEDURES

Animals—The generation ofKchip2�/� mice was previously
described (12), as was their rederivation (13) in a mixed 129SV
and Black Swiss background. Heterozygotes were bred to gen-
erate WT or Kchip2�/� animals, which were then maintained
as separate lines. WT and Kchip2�/� mice used for the exper-
iments in this report have the identical genetic background, and
any differences in responses betweenWT and Kchip2�/� mice
to the kindling induced seizures are background-independent.
Adult (male, 7–10 months) and 5–6-week-old (male and
female) WT and Kchip2�/� mice were used for kindling and
brain slice experiments, respectively. Dissociated hippocampal
neuron cultures were obtained from newborn (postnatal days 1
and 2) pups. The animals were handled according to National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. The study was approved by DukeUniversity andDur-
hamVeteransAffairsMedical CenterAnimal Care andWelfare
Committees.
Surgery and Kindling—Procedures for surgery and kindling

were performed as described previously (14, 15) by an individ-
ual blinded to the genotypes of the animals. Briefly, under pen-
tobarbital (60 mg/kg) anesthesia, a bipolar electrode used for
stimulation and recording was stereotactically implanted in the
right amygdala. Following a postoperative recovery period of
�1 week, the electrographic seizure threshold in the amygdala
was determined, and stimulations at the intensity of the elec-
trographic seizure threshold were subsequently administered
twice daily, 5 days per week. Electroencephalographic and
behavioral manifestations of seizures were classified according
to amodification of the description of Racine (16) as previously
described (14, 15): 1, facial clonus; 2, head nodding; 3, unilateral
forelimb clonus; 4, rearing with bilateral forelimb clonus; 5,
rearing and falling (loss of postural control); 6, running or
bouncing seizures; and 7, tonic hind limb extension. The mice
were stimulated until fully kindled as defined by the occurrence
of three consecutive seizures of class 4 or greater. Unstimulated
control animals of each genotype underwent surgical implan-
tation of an electrode in amygdala and were handled identically
but were not stimulated. Accuracy of electrode placement was
verified by histological analysis, and only animals with correct
electrode placement in the amygdala were included in the sta-
tistical analysis for kindling experiment.
Hippocampal Neuronal Cultures—Hippocampi from 1–2-

day newborn WT and Kchip2�/� mice were dissociated
through enzymatic treatment with 0.25% trypsin and subse-
quent trituration. The cells were plated on glass coverslips pre-
viously coated with poly-D-lysine and laminin in 12-well cell
culture plate in the density of 100,000/ml. Hippocampal cells
were grown in neurobasal A medium (Invitrogen) supple-

mented with 2% B27, 2 mM glutamine, 10% heat-inactivated
fetal bovine serum, and 1% penicillin/streptomycin in 5% CO2
incubator at 37 °C overnight, and then this medium was
replaced by one containing 2%B27, 0.5mM glutamine, 1% heat-
inactivated fetal bovine serum, 70 �M uridine, and 25 �M

5-fluorodeoxyuridine.
Electrophysiology of Dissociated Hippocampal Neuronal

Culture—Electrophysiological recordings were performed at
room temperature. Inhibitory and excitatory synapses form
and maturate within 12 days in vitro (d.i.v.) in dissociated hip-
pocampal neuronal cultures (17). To conduct multiple experi-
ments (i.e., obtain IA parameters, quantify spontaneous firing
and evoked action potentials, and measure synaptic currents)
from cultures plated at same day and thereby eliminate culture
selection bias from the different parameters evaluated, we per-
formed experiments sequentially in the following time frames:
IA recordings were performed on cultures at 10–13 d.i.v.; anal-
ysis of spontaneous firing and action potential was performed
on cultures at 14–18 d.i.v.; and miniature inhibitory postsyn-
aptic currents (mIPSCs) and miniature excitatory postsynaptic
currents (mEPSCs) were performed on cultures at 16–19 d.i.v.
IA, mIPSCs, and mEPSCs were obtained from hippocampal
pyramidal shape neurons in the whole cell voltage patch clamp
configuration with an Axopatch 200B amplifier at a holding
potential of �70 mV. Spontaneous firing and action potential
were recorded in the whole cell current patch clampmode. The
current clamp recordings were held at 0 current. Currents and
potentials were sampled at 10 kHz and filtered at 2 kHz.
For IA, spontaneous firing, action potential, and mEPSC

recordings, the pipette internal solution contained 120 mM

potassium gluconate, 10 mM KCl, 5 mM MgCl2, 0.6 mM EGTA,
5 mM HEPES, 0.006 mM CaCl2, 10 mM phosphocreatine diso-
dium, 2 mM Mg-ATP, 0.2 mM GTP, and 50 units/ml creatine
phosphokinase, pH 7.2 adjusted with KOH; for mIPSC record-
ings, the pipette internal solution contained 115mMKCl, 5 mM

MgCl2, 10 mM EGTA, 5 mM HEPES, 2 mM Mg-ATP, 0.2 mM

Na-ATP, 5 mM phosphocreatine disodium, pH 7.3, adjusted
with KOH. External solution for IA contained 119 mM NaCl, 3
mM KCl, 20 mM HEPES, 2 mM CaCl2, 1 mM MgCl2, 30 mM

glucose, 0.0005 mM tetrodotoxin, 2 mM CsCl, 5 mM tetraethyl-
ammonium chloride, 0.1mMCdCl2, and synaptic blockers, 0.05
mM 2-amino-5-phosphonovaleric acid (APV), 0.02 mM 6,7-
dinitroquinoxaline-2,3-dione (DNQX), and 0.1 mM picrotoxin,
pH 7.3, adjusted with NaOH. Basic external solution for spon-
taneous firing, action potential, andmIPSCandmEPSC record-
ings contained 126 mM NaCl, 3 mM KCl, 20 mM HEPES, 2 mM

CaCl2, 1 mM MgCl2, 30 mM glucose, pH 7.3, adjusted with
NaOH. For spontaneous firing and action potential, 0.002 mM

glycine was added to the basic solution; for mIPSC recording,
0.001 mM tetrodotoxin, 0.05 mM APV, and 0.02 mM DNQX
were added; formEPC recording, 0.001mM tetrodotoxin, 0.002
mM glycine, and 0.1 mM picrotoxin were added.

To isolate IA, total outward K� currents and the slow activat-
ing and slow inactivating componentswere recorded separately
in the same neuron with two different protocols (18). Total
outward K� currents were induced by steps from �90 to �50
mV in 10-mV increments over 400 ms after a 100-ms step to
�130 mV from the holding potential. Slowly activating and
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slowly inactivating components were obtained with a 100-ms
prepulse to �10 mV before the steps from �90 to �50 mV. IA
was yielded by subtracting the slowly activating and inactivat-
ing components from the total K� currents. Activation curves
were obtained using a Boltzmann function: G/Gmax � (1 �
exp(�(V � V1⁄2)/k))�1, where G/Gmax is the conductance nor-
malized to itsmaximal value,V is themembrane potential,V1⁄2 is
the membrane voltage at which the current amplitude is half-
maximal, and k is the slope factor. Steady-state inactivationwas
tested by a two-pulse protocol with the first pulse of 400 ms
from �100 to �10 mV in 10-mV increments followed by a
second pulse fixed at �10 mV. IA induced by the second pulse
was normalized to themaximal current and plotted as the func-
tion of the voltages initiated by the first pulse, which was fitted
with the Boltzmann function: I/Imax � (1 � exp((V � V1⁄2)/
k))�1, where I/Imax is the normalized value. Another two-pulse
protocol was adopted to test A-type channel recovery from
inactivation. Both pulses 1 and 2 were depolarized to �10 mV
with various intervals ranging from 1 to 600 ms between them.
IA were separated from noninactivating sustained K� currents
by setting the base line as the current level at the end of P2 at the
shortest interval of 1ms.Currents induced byP2over that by P1
(I2/I1 ratios) were plotted as a function of the various intervals.
Recovery � was estimated with first order exponential decay:
y � y0 � Ae�x/t, where y0 indicates y offset, A indicates ampli-
tude, and t indicates time constant.
Series resistance for voltage patch clamp experiments ranged

from 6 to 15 M� (WT, 10.0 � 1.0 M�; Kchip2�/�, 10.6 � 0.9
M�) with 40–60% correction. Junction potential in current
patch clamp experiments was measured immediately after
recording by quickly detaching pipette from the recorded cell.
The measured junction potential was 2.0 � 0.5 mV for WT
neurons and 2.1 � 0.9 mV for Kchip2�/� neurons, which was
not corrected.
Electrophysiology of Brain Slice—The animals were deeply

anesthetized with isoflurance. The brain was quickly removed
from the skull after decapitation and immediately chilled in an
ice-cold, oxygenated artificial cerebrospinal fluid containing
120 mM NaCl, 3.3 mM KCl, 25 mM NaHCO3, 1.23 mM

NaH2PO4, 1.8 mM CaCl2, 1.2 mM MgSO4, and 10 mM glucose.
Coronal slices (300-�m thickness) containing the hippocam-
pus or the basolateral nucleus of the amygdala (BLA) were cut
with a moving blade microtome and were kept in normal oxy-
genated artificial cerebrospinal fluid at 35 °C for 60 min. The
slices were then kept at room temperature until used for
recording.
A single slice was transferred to the recording chamber con-

stantly perfused (�3 ml/min) with oxygenated artificial cere-
brospinal fluid at 35 °C. The neurons were viewed under a Zeiss
upright microscope equipped with a 40� water immersion
objective and an enhanced differential interference contrast
videomicroscope system. Recording electrodes with resistance
of 4–8 M� were pulled from borosilicate glass capillaries (1.5
mmouter diameter) using a P87 electrode puller. Access resist-
ance and input capacitancewere electronically compensated by
�60–70% and monitored throughout the experiment to con-
firm the stability of the recording. The signals were filtered at 5

kHz and digitized at 10 kHz through a Digidata1440 interface
controlled by pClamp10 software (Molecular Devices).
Spontaneous and evoked action potentials in CA1 and BLA

pyramidal neurons were recorded under whole cell current
clamp configuration. Evoked action potentials were induced by
injecting a series of depolarization current with 600-ms dura-
tion in 10-pA increments from a holding potential of �70 mV.
The minimal current injected that could evoke action poten-
tialswas defined as the current threshold for individual neurons
from WT or Kchip2�/� mice. Spontaneous inhibitory and
excitatory postsynaptic currents (sIPSCs and sEPSCs) were
recorded from soma in hippocampal CA1 pyramidal neurons
under whole cell voltage clamp mode at a holding potential of
�70 mV. sIPSCs were isolated in the presence of APV (50 �M)
and DNQX (20 �M), and sEPSCs were obtained in the presence
of APV (50 �M) and picrotoxin (75 �M). All internal pipette
solutions for slice recording were same as those used in the
experiments with cultured hippocampal neurons.
Quantitative PCR Analysis—Total mRNA was purified from

hippocampal tissue from5-month-oldmice using the RNAeasy
Plus mini kit (Qiagen). The primers are: for Kchip1, forward
5�-TCAAAAACGAGTGCCCTAGC, reverse 5�-CAGAGCA-
GTCACAAAGTCCTCG; for Kchip2, forward 5�-ATGGCTG-
TATCACGAAGGAGG, reverse 5�-CCGTCCTTGTTTCTG-
TCCATC; for Kchip3, forward 5�-GGAGATCCTGGGCGCA-
TAC, reverse 5�-GTGAACCGTGGCCTTTGC; for Kchip4,
forward 5�-AGCAGTTCTGATCGTCATTGTGC, reverse 5�-
GCTGTCTTCTAAACCTGCTTCAATC; and for �-actin,
forward 5�-GATCAAGATCATTGCTCCTCCTG, reverse 5�-
AGGGTGTAAAACGCAGCTCA. Real time PCR quantificat-
ion was performed using the Applied Biosystems 7300 Real-
Time PCR System (Invitrogen). The relative amount of target
message in each reaction was determined from the detection
threshold cycle number (Ct), which is inversely correlated with
the abundance of the initial level of the message, after norma-
lization to the Ct for actin, obtained in the same experiment.
Statistics—The numerical averages are presented as the

means � S.E. The cumulative amplitude distributions of syn-
aptic currents were analyzed with Kolmogorov-Smirnov com-
parisons, and statistical significance for other parameters was
calculated using the unpaired two-sample Student’s t test.

RESULTS

Enhanced Seizure Susceptibility—Because loss of IA via dele-
tion of Kv4.2 increased susceptibility to seizures in response to
convulsant stimuli (19), we hypothesized that deletion of
KChIP2 protein might similarly enhance susceptibility to sei-
zures evoked by brief, low intensity trains of electrical stimula-
tion applied to the right amygdala in the kindling model, if
KChIP2 were a significant regulator of IA. There were no
observable behavioral alterations in KChIP2�/� mice, and
there were no spontaneous seizures observed while handling
WT or Kchip2�/� mice before kindling. In electroencephalo-
graphic recordings, no significant differences were detected in
the current required to evoke an initial electrographic seizure
(210 � 25 �A versus 168 � 28 �A, respectively; p � 0.31)
between WT and Kchip2�/� mice (n � 5 and 9, respectively).
Likewise no significant differences were detected in the dura-
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tion of the initial evoked electrographic seizure (16.0 � 4.5 ver-
sus 12.6 � 1.8 s; p � 0.54) between WT and Kchip2�/� mice.
However, striking increases in behavioral and electrographic
seizure responses to subsequent stimulations were evident in
Kchip2�/� compared with WT mice (Fig. 1). The number of
stimulations required to evoke the initial class 4 or 5 seizurewas
decreased by 	2-fold in Kchip2�/� mice (5.0 � 1.0) compared
withWT controls (11.4� 1.2; p� 0.005). Likewise the number
of stimulations required to induce the third consecutive clonic

tonic seizure (class 4 or greater) was significantly decreased
(9.1 � 1.6 for Kchip2�/� and 16.0 � 1.4 for WT mice, respec-
tively; p � 0.01) (Fig. 1B). The duration of electrographic sei-
zures accompanying the behavioral seizures inKchip2�/� mice
exceeded that of WT controls (Fig. 1, A and C), evident in the
average duration accompanying the first class 4 or 5 seizure of
59.4 s inKchip2�/�mice comparedwith 34.8 s inWTmice (p�
0.04). Thus, despite similar excitability in the naïve condition as
assessed by electrographic seizure threshold and duration of

FIGURE 1. Acceleration of kindling development in Kchip2 �/� mice. A, electroencephalograms showing the examples of electrographic seizure induced by
the fifth stimulation from WT and Kchip2�/� mice. The arrow represents stimulation. A class 2 seizure (in WT mouse) and a class 4 seizure (in Kchip2�/� mouse)
accompanied these electrographic seizures. B, behavioral seizure class of kindling development. The right panel shows number of stimulations required to
induce the first time seizure for different seizure classes. Fully kindled stage was defined by the occurrence of three consecutive seizures of class 4 or greater.
C, electrographic seizure duration. The right panel shows the electrographic seizure duration for the first seizure induced at the indicated seizure classes. The
stimulation number in the left panels of both B and C refers to the number of stimulations that evoked an electrographic seizure with duration of at least 5 s. cls,
class.
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the initial electrographic seizure, the absence of KChIP2
enhanced epileptogenesis as revealed by a more rapid rate of
development of kindling. These stark differences strongly
implicate KChIP2 as nonredundant in at least some sets of
neurons.
Diminished IA in Hippocampal Neurons—Although a previ-

ous study has suggested a lack of effect of KChIP2 deletion on IA
in posterior cortical neurons, we asked whether IA in hip-
pocampal neuronsmight be sensitive to the absence of KChIP2.
Among the KChIP proteins, KChIP2 is especially highly
expressed within the apical and basal dendrites of hippocampal
pyramidal cells (11). We therefore recorded IA in cultured hip-
pocampal neurons from Kchip2�/� and WT animals using a
two-step procedure (18). After recording total K� current, we
isolated the residual slowly activating component in the same
neuron by eliminating the fast activating IA component with a
prepulse to a�10mV.We then subtracted the slowly activating
component from the total K� current to yield IA. As shown in
the inset of Fig. 2A, we confirmed the identity of this current as
IA by showing that it was completely blocked by 4-aminopyri-
dine in WT and KChIP2�/� neurons. With this method, Fig. 2
(A and B) shows that KChIP2 deletion reduced IA amplitude
with the strongest depolarizations (	40 mV; p � 0.04), but the
overall effect was mild. Previous studies have demonstrated
that KChIP proteins increase Kv4 channel availability (depolar-
izing shift in steady-state inactivation) and enhance channel
recovery from inactivation while having a minimal effect upon
channel activation (1, 20). We therefore assessed whether any
of these IA gating kinetics were altered by elimination of
KChIP2. Consistent with those previous observations, deletion
of KChIP2 did not affect channel activation (Fig. 2C) but did
shift the V1⁄2 for steady-state inactivation (�54.7 � 1.1 versus
�59.7 � 1.1 mV; p � 0.004) (Fig. 3,A and B) and slowed recov-
ery from inactivation (� � 23.2 � 2.5 versus 32.3 � 2.2 ms,
respectively; p � 0.01) (Fig. 3, C and D). Although these data
suggest that the absence of KChIP2 imparts only a mild
decrease to IA amplitude, they demonstrate significant effects
upon IA availability and recovery from inactivation in hip-
pocampal neurons. To test whether other Kv currents were
affected, we analyzed the residual slowly activating component.
No significant difference was found between WT and
Kchip2�/� neurons (data not shown). Together, these observa-
tions show that KChIP2 is an important regulator of IA in hip-
pocampal neurons and provide additional evidence that there is
no redundancy for KChIP2 in hippocampal pyramidal neurons.
Increased Excitability in Hippocampal Neurons in Dissoci-

atedHippocampal Culture andBrain Slice Preparation—What
are the physiological consequences of these effects upon IA?We
first tested in dissociated hippocampal culturewhether absence
of KChIP2 affected spontaneous firing, an important parameter
for neuronal excitability.WT neurons were relatively quiet, fir-
ing only occasional single action potentials. In contrast, the
average spontaneous firing rate (spikes/s) was almost 10-fold
greater in Kchip2�/� neurons (2.8 � 0.5 s�1 for Kchip2�/�

versus 0.3 � 0.1 s�1 for WT neurons; p � 0.0001). This spon-
taneous activity consisted of single as well as complex action
potentials (Fig. 4,A andB). The increase in spontaneous activity
did not result from a change in resting membrane potential,

whichwas similar between the two groups (�71.7� 1.2mV for
WT versus �70.2 � 1.7 mV for Kchip2�/�), nor from a differ-
ence in input resistance (123 � 10.9 versus 161.2 � 22.4 M�;
p � 0.14). Moreover, injection of depolarizing current for 5 ms
elicited single action potentials in WT and Kchip2�/� neurons
(Fig. 4C) that were indistinguishable in standard action poten-
tial parameters (Table 1). The input resistance and half-width
of induced action potentials trended higher inKChIP2�/� neu-
rons, but the changeswere not statistically significant. This sug-
gested that the increased spontaneous activity in Kchip2�/�

neurons in cultured hippocampal neurons was mostly synapti-
cally driven. Indeed, application of DNQX, an 2-amino-3-(3-

FIGURE 2. Voltage-dependent activation of IA in cultured hippocampal
pyramidal neurons. A, example current traces and protocols for isolating IA
from WT and Kchip2�/� neurons. The upper row shows total outward K� cur-
rents evoked by 400-ms depolarization steps from �90 to �50 mV in 10-mV
increments following a �130-mV hyperpolarization step of 100-ms duration
from a holding potential of �70 mV; the middle row shows that the currents
were induced by the 400-ms depolarization steps from �90 to �50 mV in
10-mV increments following a predepolarization pulse to �10 mV, by which
the fast activating and fast inactivating component was eliminated. The slow
inactivated and noninactivated components of the total outward K� currents
remained. The bottom row shows the fast activating and fast inactivating IA
derived from subtraction of the currents in middle row from the total outward
K� currents in the upper row. Inset, IA was blocked by 5 mM 4 AP, A-type
channel blocker. B, summarized peak current amplitudes (n � 14 for WT, n �
19 for Kchip2�/�; *, p 
 0.04). C, voltage-dependent activation curve.
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hydroxy-5-methyl-isoxazol-4-yl)propanoic acid receptor an-
tagonist, completely silenced the spontaneous activity in
Kchip2�/� neurons (Fig. 4D). These data suggest that KChIP2

is crucial for the maintenance of homeostatic excitability in
hippocampal pyramidal neurons.
We next investigated whether the increased excitability

in Kchip2�/� hippocampal pyramidal neurons was present in
slice preparations. Although we observed spontaneous firing in
all 12 CA1 pyramidal neurons from Kchip2�/� mice, we
observed no spontaneous firing in pyramidal neurons fromWT
mice (Fig. 5,A and B). Further, the threshold to evoke an action
potential in Kchip2�/� neurons (�63 � 1.3 mV) was signifi-
cantly lower than in WT neurons (�54 � 1.2 mV; p � 0.0002
compared with Kchip2�/�) as shown in Fig. 5C. This increased
excitability in Kchip2�/� neurons appeared to be region-spe-
cific, because we observed no spontaneous action potentials in
BLA neurons fromWTorKchip2�/� neurons (Fig. 5,A and B).
Moreover, the threshold potential was not different between
WT and Kchip2�/� in BLA neurons (51 � 0.4 mV for WT
versus 52 � 0.8 mV for Kchip2�/�; p � 0.23), as shown in
Fig. 5C.
We further confirmed the increased excitability in

Kchip2�/� hippocampal neurons by measuring the minimal
stimulation intensity necessary to induce action potentials
(during a series of 600-ms depolarization steps). CA1pyramidal
neurons from Kchip2�/� mice required a lower stimulation
intensity (39 � 7.8 pA) thanWT (76 � 15.3 pA; p � 0.04) (Fig.
5, D and E). Consistent with the regional specific differences

FIGURE 3. Steady-state inactivation and recovery from inactivation of IA in cultured hippocampal pyramidal neurons. A and B, steady-state inactivation
of IA, measured by a two-pulse stimulation with a 400-ms first pulse from �100 to �10 mV followed by a second pulse at �10 mV. IA induced by the second
pulse were normalized to the maximum current and plotted as the function of the voltages initiated by the first pulse. Examples of IA induced by the second
pulse following a first pulse at Vtest of �100, �70, �60, or �50 mV recorded in WT and Kchip2�/� neurons are shown in A. IA steady-state inactivation fitted with
Boltzmann equation is shown in B (n � 13 for WT, n � 15 for Kchip2�/�; *, p � 0.004). C, examples of recovery from inactivation in WT and KChIP2 deleted
neurons. The recovery from inactivation was tested by a two-pulse stimulation protocol to �10 mV with the intervals ranging from 1 to 600 ms between the
two pulses. D, I2 over I1 ratio at various intervals (n � 14 for WT, n � 12 for Kchip2�/�; *, p � 0.02). P1, pulse 1; P2, pulse 2.

FIGURE 4. Spontaneous and evoked action potentials in cultured hip-
pocampal neurons. A, examples of spontaneous action potentials from WT
and Kchip2�/� neurons. B, summarized spontaneous firing rate (n � 20 for
both; *, p � 0.0001). C, examples of action potentials evoked by a 5-ms depo-
larization step in WT and Kchip2�/�neurons. D, spontaneous firing in KChIP2
deleted neuron was completed blocked by 20 �M 2-amino-3-(3-hydroxy-5-
methyl-isoxazol-4-yl)propanoic acid receptor blocker DNQX.

TABLE 1
Action potential induced by 5-ms depolarization
AMP, peak amplitude; TH, threshold, the voltage at which action potential was
evoked,HD, half duration, thewidth of action potential at the level of 50%AMP; RT,
rise time, from 10 to 99% of rising phase; DT, decay time, from 99 to 10% of repo-
larization phase.

AMP TH HD RT DT N

mV mV ms ms ms
WT 105 � 1.4 �41 � 1.6 1.3 � 0.1 4.7 � 0.2 1.8 � 0.1 21
KChip2�/� 100 � 2.7 �40 � 1.5 1.6 � 0.1 4.9 � 0.1 2.2 � 0.3 22
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observed for spontaneous action potentials and the action
potential threshold, there was no significant difference in the
stimulation intensity in BLA betweenWT and Kchip2�/� neu-
rons (156 � 26.1 pA versus 111 � 22.0 pA, respectively; p �
0.22) (Fig. 5, D and E). Thus, these results from brain slices
extend and confirm those obtained from cultured neurons,
showing that hippocampal pyramidal neurons are more excit-
able in Kchip2�/� mice and suggesting that KChIP2 regulation
of IA is region-specific.

The marked differences in regional excitability suggested
insufficient compensatory regulation by other KChIP isoforms,
if any, inKchip2�/�hippocampus. Thiswould stand in contrast
to results reported in posterior cortical neurons (10) and sug-
gested regional specific regulation of KChIP transcription lev-
els. We measured the mRNA levels of Kchip1, Kchip2, Kchip3,
and Kchip4 in hippocampi isolated from adult mice by reverse
transcriptase quantitative PCR. As expected based on previous
studies of the patterns of KChIP expression (11), we found that
Kchip2 was the most highly expressed KChIP in hippocampus
and that there was no detectable Kchip2 mRNA in Kchip2�/�

hippocampi (Fig. 5F). For the other KChIPs, we did not observe
any differences between WT and Kchip2�/� hippocampi (Fig.
5F). Thus, unlike in posterior cortical neurons (10), other
KChIPs do not compensate for the absence of KChip2 in
hippocampus, providing a basis for the regional increased
excitability.
Homeostatic Changes—Recent studies have shown that neu-

rons can detect changes in their own firing rates through a set of
calcium-dependent sensors that then regulate receptor traf-
ficking to increase or decrease the accumulation of synaptic
receptors at synaptic sites (21). The resultant altered activity
leads to network-wide changes in activity that generate net-
work-wide adjustments in the balance between excitation and
inhibition (22). Therefore, we first measured miniature synap-
tic currents in cultured hippocampal neurons. We found a sig-
nificant increase inmIPSC amplitudes (p� 0.006) and a shift in
the cumulative amplitude distribution in Kchip2�/� neurons
(p 
 0.001). These results are similar to what was observed
when the IA pore-forming Kv4.2 subunit was deleted (23).
There was no change in mEPSC amplitude (Fig. 6). The mIPSC
frequency was also increased (p � 0.006), whereas the mEPSC
frequency was reduced in Kchip2�/� neurons (p � 0.02), sug-
gesting additional presynapticmechanisms. Thus, as with dele-
tion of Kv4.2, a chronic decrease in IA by KChIP2 deletion pro-
duced a compensatory up-regulation of inhibitory synaptic
activity and a reduced excitatory input.
We evaluated whether these homeostatic changes were also

present within the context of hippocampal brain slices, in
which network architecture and intrinsic synaptic connections
are preserved by recording sIPSCs and sEPSCs in CA1
pyramidal neurons. We found that in Kchip2�/� mice, the
frequency (8 � 0.8 Hz versus 3 � 0.6 Hz; p � 0.0003), ampli-
tude (100 � 12.8 pA versus 65 � 4.6 pA; p � 0.04), and
amplitude distribution (p 
 0.001) of sIPSCs increased in
pyramidal neurons from Kchip2�/� mice (Fig. 7), consistent
with what we observed in cultured hippocampal neurons
(Fig. 6). In contrast, there was no significant difference
between WT and KChIP2�/� mice in either sEPSC fre-
quency (6 � 1.1 Hz versus 4 � 1.1 Hz; p � 0.33) or amplitude
(26� 2.3 pA versus 30� 5.0 pA; p� 0.75) (Fig. 7). These data
further demonstrate that chronic higher activity in pyrami-
dal neurons leads to up-regulation of inhibitory synaptic
activity in the hippocampi of KChIP2�/� mice.

DISCUSSION

The essential role of IA in synaptic physiology was firmly
established through pharmacological blockade (24) and gene

FIGURE 5. Spontaneous and evoked action potentials in CA1 and BLA
pyramidal neurons in brain slices. A, current clamp recording in CA1 and
BLA pyramidal neurons from WT mice. B, current clamp recording in CA1 and
BLA pyramidal neurons from Kchip2�/� mice. Spontaneous action potentials
were only observed in CA1 pyramidal neurons from Kchip2�/� mice. Current
injection was required to induce action potentials in WT CA1 and WT and
Kchip2�/� BLA pyramidal neurons. C, average threshold potential for CA1
(WT, n � 7; Kchip2�/�, n � 12; *, p � 0.0002) and BLA (WT, n � 5; Kchip2�/�,
n � 6; p � 0.23) pyramidal neurons. D, examples of action potentials (at the
current threshold) evoked in CA1 pyramidal neurons for WT and Kchip2�/�. E,
average threshold currents required for action potentials induced by a
600-ms depolarization in CA1 (WT, n � 8; Kchip2�/�, n � 10; *, p � 0.04) and
BLA (WT, n � 8; Kchip2�/�, n � 7; p � 0.22) pyramidal neurons. F, mRNA levels
of Kchip1, Kchip2, Kchip3, and Kchip4 measured with quantitative PCR in hip-
pocampi from WT and Kchip2�/� mice (n � 5).
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deletion of the pore-formingKv4.2 channel subunit (25).More-
over, the role of IA in regulating neuronal excitability has been
underscored by the demonstration that development of tempo-
ral lobe epilepsy is associated with decreased IA through tran-
scriptional down-regulation of Kv4.2 and increased Kv4.2
phosphorylation by ERK (7) and that Kv4.2�/� mice show an
increased susceptibility to seizures after injection of kainate
(19). Although these studies highlighted the essential nature of
Kv4.2, the specific contributions of its auxiliary KChIP subunits
were less clear. Knock-out of KChIP2 or KChIP3 is associated
with compensatory up-regulation of other KChIP members in
posterior cortical neurons, suggesting a functional redundancy
among at least some KChIPs in specific neuronal populations
(10). The high level of KChIP2 expression in the hippocampus,
particularly within the apical dendrites of pyramidal cells, sug-
gested to us that KChIP2 may have a more prominent role in
hippocampal IA, for which the specific contribution of KChIP2
has not been previously investigated. Indeed, we found that
KChIP2 deletion affected IA in hippocampus, as indicated by
several independent parameters. These include a reduction in
current density, decreased channel availability, and slowed
recovery from inactivation. The reduction in current density in
KChIP2�/� neurons and the slowed recovery from inactivation
are consistent with roles established for KChIPs in heterolo-
gous expression systems (1), suggesting that another KChIP
does not fully replace the loss of KChIP2. The modest diminu-

tion in IA after deletion of the auxiliary KChIP2 subunit, com-
pared with the much larger reduction in IA with acute pharma-
cologic blockade or deletion of Kv4.2, is consistent with
maintenance of the pore-forming Kv4.2 in these KChip2�/�

mice.
Nevertheless, these resulting effects upon IA have important

physiological consequences, as shown by the marked (�10-
fold) increased spontaneous activity in Kchip2�/� hippocam-
pal neurons compared with neurons isolated from wild type
mice. Interestingly, this increased spontaneous activity in
KChIP2�/� mice was not associated with a difference in resting
membrane potential or input resistance. Likewise, the kinetics
of evoked action potentials were unaffected (although the half-
width time tended to increase), as shown in Table 1. These data
suggest that the observed increased neuronal excitability was
caused by reduced IA rather than the changes in membrane
properties. We hypothesize that the reduced IA attenuated
modulatory effects on synaptic inputs and amplitude of back-
propagated action potentials, as previously suggested for IA in
the context of pharmacological blockade (3, 4), thereby shifting
the input-output relationship and contributing to an increase
in spontaneous firing. These physiological consequences in the
absence of KChIP2 demonstrate that other KChIPs cannot sub-
stitute, thereby demonstrating a lack of redundancy among
KChIPs in hippocampal neurons. Indeed, quantitative PCR
analysis showed no change in the mRNA levels of Kchip1,

FIGURE 6. mIPSCs and mEPSCs in cultured hippocampal neurons. A, exam-
ples of mIPSC and mEPSCs. B, summarized frequency and average amplitude
of mIPSC (WT, n � 11; Kchip2�/�, n � 11; *, p � 0.006 for both frequency and
amplitude) and mEPSC (WT, n � 20; Kchip2�/�, n � 21; *, p � 0.02 for fre-
quency and 0.58 for amplitude) and cumulative distributions of amplitude for
mIPSCs (p 
 0.001) and mEPSCs (p � 1.0).

FIGURE 7. sIPSCs and sEPSCs in CA1 pyramidal neurons in brain slices. A,
examples of sIPSCs and sEPSCs. B, summarized frequency and average ampli-
tude of sIPSC (WT, n � 8; Kchip2�/�, n � 12; *, p � 0.0003 for frequency and
0.04 for amplitude) and sEPSC (WT, n � 11; Kchip2�/�, n � 6; p � 0.33 for
frequency and 0.75 for amplitude) and cumulative distributions of amplitude
for sIPSCs (p 
 0.001) and sEPSCs (p � 0.18).
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Kchip3, orKchip4 in hippocampi inKchip2�/� mice compared
with WT. The increased excitability in cultured hippocampal
neurons was confirmed in brain slices. This preparation also
demonstrated that the changes are regionally specific and cor-
relate with KChIP2 expression: we did not observe any change
in BLA, an area in which KChIP2 expression is not well
documented.
Along with the increase in spontaneous firing, we observed

an increase in mIPSC frequency and a decrease in mEPSC fre-
quency in cultured KChip2�/� neurons. This suggests that
deletion of Kchip2 leads to neuronal programs aimed at stabi-
lizing activity. We also observed a compensatory up-regulation
of GABA currents as indicated by increased amplitude of
mIPSCs, similar to what was found in the Kv4.2 knock-outmodel
(23). This up-regulation of inhibitory synaptic activity was con-
firmed in brain slice in which in vivo synaptic connections are
preserved.Generally, stabilization of neuronal activity includes,
for example, activity-dependent regulation of intrinsic neuro-
nal firing; synaptic scaling (which is involved in excitatory pre-
and postsynaptic plasticity), the balancing of excitation and
inhibition with neuronal networks, and compensatory changes
in synaptic receptor and synapse numbers (22). Ahallmark of IA
deletion (i.e., in Kv4.2�/� mice) is a compensatory up-regula-
tion of inhibitory currents. The consequences of this homeo-
static change in Kv4.2�/� mice is a relatively small net increase
in excitability when comparedwith themarked increased excit-
ability observed if IA was acutely blocked by 4-amino-
pyridine (23, 24). Our observations fit well with these general
principles and suggest that the KChIP2 and IA are parts of a
powerful homeostatic synaptic signaling pathway and that
KChIP2, an important regulator of IA in hippocampal pyrami-
dal neurons, plays a crucial role in themaintenance of neuronal
homeostatic excitability. Although themechanisms underlying
homeostatic regulation of inhibition have been extensively
studied in many systems (26–32), the specific sensors and the
downstream signaling cascades in KChIP2�/� neurons are not
known.
The increased susceptibility of Kchip2�/� mice to kindling

even though the electrographic seizure thresholds and dura-
tions of the initial electrographic seizure were not different
between Kchip2�/� and WT mice is an additional indication
that KChIP2 may be nonredundant in at least some neuronal
populations but dispensable in others. The lack of an effect on
initial seizure threshold might reflect that deletion of KChIP2
has limited effects on IA in amygdala (where the seizures initi-
ated).Our data showing a region-specific effect of KChIP2 dele-
tion on intrinsic excitability (and, specifically, no effect in the
BLAwhere kindling is initiated) are entirely consistentwith this
hypothesis. In contrast, the differences manifested after subse-
quent stimulations suggest that absence of KChIP2 may affect
the limbic-hippocampal circuit, possibly because of the specific
effects we observed in isolated hippocampal neurons and CA1
pyramidal neurons in brain slices. In addition, the increased
excitability caused byKChIP2 deletionmay have triggered both
intra- and extrahippocampal compensatory mechanisms to
maintain homeostatic excitability, thereby preventing sponta-
neous seizures or changes to the seizure threshold in
Kchip2�/� mice. Moreover, the effects of KChIP2 may not be

limited to regulation of IA, as suggested by roles of other
KChIPs. KChIP3-deficient mice show both reduced responses
in models of acute pain through a transcriptional mechanism
and decreased amyloid � production via down-regulatory
�-secretase activity (33, 34), but these effects are not likely
through IA, because KChIP3 also interacts with Alzheimer dis-
ease-associated presenilin-2 (2, 35), binds to a downstream reg-
ulatory element, and functions as a transcriptional repressor
(35, 36).
Although a number of epilepsy syndromes have been associ-

ated with loss of function or mutations in ion channel pore-
forming subunits (37), the demonstration here that loss of func-
tion of a channel modulatory subunit can lead to epilepsy fits
within a smaller but growing category. For example, a previous
study identified epilepsy-associated mutations or deletion in
the Na� channel �1b subunit (38, 39). Recently it was reported
that the Scn1b-encoded Na� channel �1 subunit can interact
withKv4.2 and increase IAby stabilizing the expression ofKv4.2
in a heterologous system and can regulate neuronal excitability
through modulation of Kv4.2 in Scn1b-null cortical pyramidal
neurons (40), suggesting that, in addition to the change in
sodium currents, reduced IAmay also contribute to the seizures
in Scn1b-nullmice. Further,mutations of Ca2� channel�4 (41)
and the Ca2� channel �2�-2 subunit (42) have also been asso-
ciatedwith epilepsy. The potential importance of channelmod-
ulatory subunits to epilepsy is underscored by the mechanism
of action of the gabapentinoids gabapentin and pregabalin,
which exert their anticonvulsant action through Ca2� channel
�2� subunits (43). Identification of additional modulators, such
as KChIP2, offers potential new targets for therapeutic inter-
vention and drug design.
Finally, our demonstration of KChIP2 as a seizure suscepti-

bility gene may have implications for sudden unexpected death
in epilepsy. This entity, which describes the marked increase
risk of epilepsy patients (compared with the general popula-
tion) to die suddenly, has garnered increased attention in the
last few years (44). Because Kchip2�/� mice were previously
shown to be highly susceptible to induced arrhythmias (12), our
data suggest that loss of function mutations in an ion channel
modulatory subunit could confer an increased susceptibility to
both seizures and cardiac arrhythmias, thereby providing a uni-
fied mechanism for a neurocardiac syndrome such as sudden
unexpected death in epilepsy.
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