
Cellular/Molecular

KChIPs and Kv4 � Subunits as Integral Components of
A-Type Potassium Channels in Mammalian Brain

Kenneth J. Rhodes,1 Karen I. Carroll,1 M. Amy Sung,1 Lisa C. Doliveira,1 Michael M. Monaghan,1 Sharon L. Burke,1

Brian W. Strassle,1 Lynn Buchwalder,2 Milena Menegola,4 Jie Cao,3 W. Frank An,3 and James S. Trimmer2,4

1Neuroscience, Wyeth Discovery Research, Princeton, New Jersey 08543, 2Department of Biochemistry and Cell Biology, State University of New York,
Stony Brook, New York 11794, 3Millennium Pharmaceuticals, Cambridge, Massachusetts 02139, and 4Department of Pharmacology, School of Medicine,
University of California, Davis, California 95616

Voltage-gated potassium (Kv) channels from the Kv4, or Shal-related, gene family underlie a major component of the A-type potassium
current in mammalian central neurons. We recently identified a family of calcium-binding proteins, termed KChIPs (Kv channel inter-
acting proteins), that bind to the cytoplasmic N termini of Kv4 family � subunits and modulate their surface density, inactivation kinetics,
and rate of recovery from inactivation (An et al., 2000). Here, we used single and double-label immunohistochemistry, together with
circumscribed lesions and coimmunoprecipitation analyses, to examine the regional and subcellular distribution of KChIPs1– 4 and Kv4
family � subunits in adult rat brain. Immunohistochemical staining using KChIP-specific monoclonal antibodies revealed that the KChIP
polypeptides are concentrated in neuronal somata and dendrites where their cellular and subcellular distribution overlaps, in an isoform-
specific manner, with that of Kv4.2 and Kv4.3. For example, immunoreactivity for KChIP1 and Kv4.3 is concentrated in the somata and
dendrites of hippocampal, striatal, and neocortical interneurons. Immunoreactivity for KChIP2, KChIP4, and Kv4.2 is concentrated in
the apical and basal dendrites of hippocampal and neocortical pyramidal cells. Double-label immunofluorescence labeling revealed that
throughout the forebrain, KChIP2 and KChIP4 are frequently colocalized with Kv4.2, whereas in cortical, hippocampal, and striatal
interneurons, KChIP1 is frequently colocalized with Kv4.3. Coimmunoprecipitation analyses confirmed that all KChIPs coassociate with
Kv4 � subunits in brain membranes, indicating that KChIPs 1– 4 are integral components of native A-type Kv channel complexes and are
likely to play a major role as modulators of somatodendritic excitability.
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Introduction
In mammalian central neurons, certain rapidly inactivating, or
A-type, voltage-gated potassium (Kv) currents are concentrated
in somatodendritic membranes (Sheng et al., 1992; Bekkers,
2000a,b; Korngreen and Sakmann, 2000) where they shape
postsynaptic responses to excitatory input (Johnston et al., 2000,
2003; Storm, 2000), regulate amplitude and duration of back-
propagating action potentials (Hoffman et al., 1997), and mod-
ulate dendritic excitability in response to second messenger acti-
vation (Nakamura et al., 1997; Hoffman and Johnston, 1998;
Holmqvist et al., 2001) and long-term potentiation (Frick et al.,
2004). Immunohistochemical analyses (Sheng et al., 1992;
Maletic-Savatic et al., 1995; Tsaur et al., 1997; Varga et al., 2000;
for review, see Trimmer and Rhodes, 2004), pharmacological

sensitivity (Wu and Barish, 1992; Holmqvist et al., 2001), and
electrophysiological characteristics (Serôdio et al., 1994, 1996;
Serôdio and Rudy, 1998) suggest that a major component of the
somatodendritic A-type Kv current is formed by � subunits from
the Shal or Kv4 family (Gutman et al., 2003). However, A-type
currents from Kv4 � subunits expressed in heterologous cells and
neurons differ. That coexpression of Kv4 � subunits with brain
mRNA in heterologous cells gives rise to A-type currents with a
more “native” phenotype (Rudy et al., 1988; Chabala et al., 1993;
Serôdio et al., 1994) prompted our search for accessory Kv4 chan-
nel subunits.

We used the cytoplasmic N terminus of Kv4.3 as bait in a yeast
two-hybrid screen of a rat midbrain cDNA library and identified
two members of a calcium-binding protein family, KChIPs (Kv
channel interacting proteins) 1 and 2, that are highly expressed in
the CNS and interact with Kv4 but not other Kv � subunits (An et
al., 2000). Coexpression of KChIP1, KChIP2, or a third family
member, KChIP3, dramatically increases density, slows inactiva-
tion kinetics, and speeds the rate of recovery from inactivation of
Kv4 channels expressed in heterologous cells (An et al., 2000;
Bahring et al., 2001; Holmqvist et al., 2002; Shibata et al., 2003;
Patel et al., 2004). KChIP4 can have distinct effects, depending on
a splice variant-specific unique N terminus (Holmqvist et al.,
2002; Shibata et al., 2003). Kv4 � subunits and KChIPs form
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Kv44KChIP4 octomeric complexes (Kim
et al., 2004a), with the KChIPs interacting
with the Kv4 N termini (Scannevin et al.,
2004; Zhou et al., 2004) in a large cytoplas-
mic structure in which the KChIPs appear
to enwrap the “hanging gondola” formed
by the Kv4 N termini (Kim et al., 2004b).

Here, we describe in detail the distribu-
tion, colocalization, and coassociation of
Kv4.2, Kv4.3, and KChIPs 1, 2, 3 (An et al.,
2000), and 4 (Holmqvist et al., 2002) in
adult rat brain. We generated and charac-
terized monoclonal antibodies (mAbs) specific for each Kv4 or
KChIP polypeptide and used these reagents for immunohisto-
chemical and multiple-label immunofluorescence and coimmu-
noprecipitation analyses to map the loci of KChIP/Kv4 interac-
tion. We also used circumscribed ibotenic acid lesions within the
hippocampal formation and immunohistochemistry (Mon-
aghan et al., 2001) to confirm the somatodendritic localization of
KChIP and Kv4 immunoreactivity.

Materials and Methods
Materials. Reagents were molecular biology grade from Sigma (St. Louis,
MO) or Roche Diagnostics (Indianapolis, IN), except where noted oth-
erwise. Alexa-488 and Alexa-594 fluorophore-conjugated isotype-
specific antibodies were purchased from Molecular Probes (Eugene,
OR). Biotin-conjugated anti-mouse isotype-specific antibodies were
purchased from Southern Biotechnology (Atlanta, GA). Precast, neutral
pH (NuPAGE) gels were used for all SDS-PAGE experiments and were
purchased from Invitrogen (Carlsbad, CA).

Generation and characterization of KChIP and Kv4 antibodies. Mouse
monoclonal and affinity-purified rabbit polyclonal antibodies were gen-
erated and purified essentially as described previously (Trimmer, 1991;
Rhodes et al., 1995, 1996; Bekele-Arcuri et al., 1996). Peptide or fusion
protein sequences used to generate antibodies against Kv4.2, Kv4.3,
KChIP1, KChIP2, KChIP3, or KChIP4 are listed in Table 1. Rabbits were
immunized with purified recombinant glutathione S-transferase (GST)
fusion proteins or with synthetic peptides [Quality Controlled Biochemi-
cals (Hopkinton, MA) or Research Genetics (Huntsville, AL)] conju-
gated to keyhole limpet hemocyanin. Antibody titers were determined by
ELISA against the cognate synthetic peptide or fusion protein immuno-
gen. In cases in which GST fusion proteins were used as the immunogen,
titers against the GST fusion protein were compared with titers against
GST protein alone. Rabbit polyclonal antibodies were affinity purified on
immobilized peptide or fusion protein affinity columns using standard
procedures (Rhodes et al., 1995).

BALB/c mice used for the production of mAbs were obtained from
Taconic Farms (Germantown, NY). The myeloma cell line SP2/0 was
generously provided by Dr. I. S. Trowbridge (The Salk Institute, La Jolla,
CA). BALB/c mice were first immunized with an intraperitoneal injec-
tion containing 100 �g of Kv4 or KChIP immunogen resuspended in
50% RIBI adjuvant system MPL�TDM emulsion R-700 (RIBI Immu-
nochem, Hamilton, MT) in phosphate-buffered saline (PBS; 150 mM

NaCl and 10 mM sodium phosphate, pH 7.4). Mice were subsequently
immunized with 50 �g of immunogen on days 14 and 21. Sera were
collected on days 10, 17, and 21 and screened for immunoreactivity
against the Kv4 or KChIP immunogen by ELISA using a goat anti-mouse
IgG-specific secondary antibody. The mouse that displayed the more
mature immune response received 50 �g of immunogen in PBS intrave-
nously on days 28 –30 and was killed for splenectomy on day 31.

Hybridomas were produced by standard methodology (Trimmer et
al., 1985; Bekele-Arcuri et al., 1996). In brief, spleen cells were dissociated
and fused with polyethylene glycol to SP2/0 mouse myeloma cells at a
ratio of 10:1 spleen cells to myeloma cells, and the resultant fusion mix-
ture was plated into 10 96-well tissue culture plates. Hybridomas were
selected for growth in media containing hypoxanthine, aminopterin, and
thymidine for 14 d; media containing hypoxanthine and thymidine were

used for the third week. Ten to 14 d after the fusion, tissue culture super-
natants were screened by ELISA against COS-1 cells transiently trans-
fected with cDNAs encoding the appropriate full-length Kv4 or KChIP
polypeptide. Bound mAb was detected by luminometry. In each case,
large pools of positive clones were obtained for additional analysis (K57:
48; K75:48; K55:96; K60:36; K66:60). Samples exhibiting positive reac-
tions were expanded, and the resulting culture supernatants were
screened by immunofluorescence staining of COS-1 cells transiently
transfected with cDNAs encoding the appropriate full-length Kv4 or
KChIP polypeptide. The same sample set was also screened for specific
immunoreactivity on immunoblots of rat brain membranes and for im-
munoperoxidase staining of rat brain sections. Specificity for distinct
Kv4 or KChIP isoforms was verified by immunofluorescence staining
and immunoblot analyses of COS-1 cells transiently transfected with
cDNAs encoding the entire set of full-length Kv4 or KChIP polypeptides,
by competition experiments to show elimination of staining of brain
sections by preincubation with the appropriate peptide/fusion protein
immunogen, and by verification that cellular immunocytochemical
staining patterns matched gene expression patterns obtained from in situ
hybridization analyses. Selected hybridomas were then subcloned by lim-
iting dilution, reassayed, and grown in BALB/c mice for production of
ascites fluid as described previously (Trimmer et al., 1985). Immuno-
globulins were purified by ammonium sulfate precipitation, followed by
DEAE chromatography, as described (Trimmer et al., 1985).

Immunoprecipitation. Immunoprecipitation reactions were per-
formed at 4°C using detergent lysates of crude membranes (Trimmer,
1991) isolated from freshly dissected adult rat brain. In brief, membranes
derived from whole brain or individual brain regions as indicated (0.5 mg
of membrane protein/tube) were solubilized in radioimmunoprecipita-
tion assay (RIPA) buffer [1% IGEPAL CA-630, 0.5% deoxycholic acid,
0.1% SDS, 0.15 M NaCl, and 50 mM Tris-HCl, pH 7.4, containing pro-
tease inhibitor mixture (Roche Diagnostics)]. Affinity-purified rabbit
polyclonal or mouse mAbs specific for each antigen were added, and the
volume was adjusted with RIPA buffer to 0.1 ml per reaction tube. Sixty
microliters of 50% slurry of protein A agarose (Pierce, Rockford, IL) were
added to each tube, and the samples were incubated at 4°C overnight on
a rocker table. After incubation, protein A agarose was centrifuged at
14,000 � g for 20 sec, and the resulting pellets were washed by resuspen-
sion and centrifugation four times with lysis buffer (1% Triton X-100,
0.15 M NaCl, 1 mM EDTA, 10 mM sodium azide, and 10 mM Tris-HCl, pH
8.0). The final pellets were resuspended in 80 �l of 2� reducing sample
buffer.

SDS-polyacrylamide gels and immunoblotting. Pellets from immuno-
precipitation reactions were heated to 50°C for 10 min, vortexed, and
centrifuged to pellet the agarose. Thirty microliters of each sample were
size fractionated on 4 –12% gradient (for analysis of Kv4 � subunits) or
10% (for analysis for KChIP proteins) precast NuPAGE gels. After elec-
trophoretic transfer to nitrocellulose membrane, the resulting blots were
blocked in Tris-buffered saline (20 mM Tris, pH 7.6, and 0.137 M NaCl)
containing 5% nonfat dried milk and 0.1% Tween 20. The blots were
incubated in purified antibody diluted in the blocking agent overnight at
4°C, washed three times for 10 min in TBS–Tween, and then incubated
for 1 hr at room temperature in a blocking agent containing HRP-
conjugated secondary antibody (Jackson ImmunoResearch, West Grove,
PA). After another three 10 min washes in TBS–Tween, the membranes
were incubated in substrate for enhanced chemiluminescence (ECL; Am-

Table 1. Sequences of peptide and fusion protein antigens used to generate Kv4- and KChIP-specific antibodies

Subunit Antigen (aa residues) Sequence Hybridoma Sequence reference

Kv4.2-E 209 –225 CGSSPGHIKELPSGERY K57/27.1 Baldwin et al., 1991
Kv4.3-C GST-415– 636 C-terminal tail K75/30.1 Tsaur et al., 1997
KChIP1 GST-KChIP1 Full-length GST fusion K55/7.1 An et al., 2000
Pan-KChIP GST-KChIP1 Full-length GST fusion K55/82.1* An et al., 2000
KChIP2 GST-KChIP2 Full-length GST fusion K60/73.1 An et al., 2000
KChIP3 GST-KChIP3 Full-length GST fusion K66/36.1 An et al., 2000
KChIP4 GST-KChIP4 Full-length GST fusion 1G2 Holmqvist et al., 2002

C denotes cysteine residue added for conjugation to KLH or BSA. *This antibody recognizes all KChIP family members.
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ersham, Arlington Heights, IL) for 1 min. The excess ECL substrate was
removed and the blots exposed to Hyperfilm-ECL film (Amersham).

Experimental localization of channel subunits. All surgical procedures
were approved by the Wyeth Institutional Animal Care and Use Com-
mittee and were in accordance with the NIH Guide for the Care and Use of
Laboratory Animals. Before surgery, animals were anesthetized deeply
with sodium pentobarbital (50 mg/kg, i.p.) and secured in a stereotaxic
carrier (David Kopf Instruments, Tajunga, CA). Ibotenic acid lesions of
hippocampal subfields were performed as described previously (Mon-
aghan et al., 2001). In brief, ibotenic acid (0.1– 0.4 �l of a 10 �g/�l
solution in 0.1 M sodium phosphate buffer, pH 7.4) was injected directly
into the target structure using a 2 �l Hamilton microsyringe mounted in
a Kopf microsyringe microdrive. In some of these animals, injections
were made at two or three depths, with each injection separated in the
dorsoventral axis by 2.5 mm.

Immunohistochemistry. Animals that sustained surgery were killed 7 d
postoperatively. At the time of death, all animals were anesthetized
deeply with sodium pentobarbital (60 mg/kg, i.p.) and then perfused
through the ascending aorta with 0.1 M NaPO4 buffer, pH 7.4, followed
by fixative containing freshly depolymerized 4% paraformaldehyde in
0.1 M NaPO4 buffer. The remaining procedures for light microscopic
immunohistochemistry were described in detail previously (Rhodes et
al., 1995, 1996). All of the immunohistochemical and immunofluores-
cence data presented here were collected on sections processed using the
purified mouse mAbs described in Results, with the exception of staining
for Kv2.1, which used an affinity-purified rabbit polyclonal antibody
(“KC”) described previously (Trimmer, 1991; Rhodes et al., 1995, 1996;

Monaghan et al., 2001). Briefly, 40-�m-thick
horizontal sections were incubated overnight at
4°C in antibody vehicle containing purified
mouse mAb. Detection of antibody–antigen
complexes was accomplished using the ABC
Elite peroxidase reaction kit (Vector Laborato-
ries, Burlingame, CA) and visualized using a
nickel-enhanced diaminobenzidine procedure
(Tago et al., 1986; Rhodes et al., 1995). Double-
label immunofluorescence labeling was per-
formed as described previously (Rhodes et al.,
1997), except that isotype-specific anti-mouse
antibodies conjugated to Alexa fluorophores
(Molecular Probes) were used as the detecting
antibodies.

Diaminobenzidine-stained and immunoflu-
orescence sections were analyzed and imaged
using an Axiophot photomicroscope and con-
focal microscope (Zeiss, Thornwood, NY)
equipped with argon lasers. Black-and-white 35
mm film negatives containing photomicro-
graphs of stained sections were digitized using a
Nikon LS1000 35 mm film scanner. The
scanned and/or digital images were arranged
and labeled in Adobe Photoshop with only mi-
nor adjustments of image brightness and
contrast.

Results
Characterization of anti-KChIP and anti
Kv4 mAbs
The KChIP polypeptides have variable N
termini but share 70% identity through-
out their C-terminal 185 amino acids (An
et al., 2000; Holmqvist et al., 2002). Ini-
tially, we focused our efforts to generate
KChIP-specific antibodies on the variable
N termini. Although we were successful in
obtaining high-titer rabbit polyclonal an-
tibodies using this approach, whereas
these antibodies were specific for the target
protein, these antibodies did not yield

crisp immunohistochemical staining of brain sections. In a sec-
ond attempt to generate high-quality reagents for immunohisto-
chemistry, we generated GST fusion proteins encoding each full-
length KChIP polypeptide and used these as immunogens to
generate mouse mAbs. To identify anti-KChIP mAbs that reacted
specifically with the desired KChIP polypeptide and not other
antigens, hybridoma supernatants from the KChIP immuniza-
tions were screened by ELISA versus the cognate immunogen, by
immunofluorescence staining versus a panel of transiently trans-
fected COS cells expressing the entire set of full-length Kv4
or KChIP polypeptides (data not shown), and subsequently by
immunoblotting versus cell lysates prepared from transiently
transfected COS cells (supplemental material, available at www.
jneurosci.org). Using this strategy, from large pools of positive
mAbs (see Materials and Methods for details) we identified and
subsequently purified mAbs that specifically recognized the cog-
nate Kv4 or KChIP antigen and not other proteins.

A representative assay of specificity is shown in the supple-
mental material (available at www.jneurosci.org). By immuno-
blotting samples from transfected mammalian cells, each of the
selected mAbs recognized a major band corresponding to the
appropriate Kv4 or KChIP polypeptide and did not cross-react
with other highly related family members. In the immunoblots

Figure 1. Immunohistochemical localization of Kv4 � subunits and KChIPs in the hippocampal formation. Photomicrographs
of coronal sections taken to show the areal and laminar distribution of Kv4.2 ( A), Kv4.3 ( B), KChIP1 ( C), KChIP2 ( D), KChIP3 ( E),
and KChIP4 ( F) immunoreactivity in the rat hippocampus are shown. Immunoreactivity for Kv4.2, KChIP2, KChIP3, or KChIP4 is
concentrated in dendritic fields, including the apical dendritic fields of dentate granule cells and the apical and basal dendrites of
CA and subicular pyramidal cells. In the dentate gyrus and CA3 subfields, immunoreactivity for Kv4.3 is concentrated in granule
and pyramidal cell dendrites. However, in these subfields, Kv4.3 immunoreactivity is also concentrated in the somata and den-
drites of large multipolar interneurons. In all hippocampal subfields, immunoreactivity for KChIP1 is concentrated in the cell
bodies and throughout the dendritic trees of large multipolar interneurons. DG, Dentate gyrus.
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probed with antibodies against Kv4.2 or
Kv4.3, we always observed immunoreactiv-
ity with high molecular weight bands. These
bands represent dimers and larger aggregates
of Kv4.2 or Kv4.3 (supplemental material,
available at www.jneurosci.org) (Sheng et al.,
1993; An et al., 2000). We confirmed that
these higher molecular weight bands are ag-
gregated Kv4 � subunits by stripping and
reprobing the immunoblots with anti-Kv4
antibodies directed at epitopes elsewhere in
the Kv4 sequence. These disparate anti-
Kv4 antibodies recognized these same high
molecular weight bands identified by the
anti-Kv4 mAbs (data not shown), con-
firming that the high molecular weight ag-
gregates contain Kv4 � subunits. In the
immunoblots probed with anti-KChIP3
mAbs, we always observed immunoreac-
tivity with a lower molecular weight (�20
kDa) band (supplemental material, avail-
able at www.jneurosci.org). Presumably,
this band represents a KChIP3 N-terminal
cleavage product, as reported previously
(Tekirian et al., 2001). This lower molecu-
lar weight band is observed only in lysates
prepared from COS cells transfected with
KChIP3, making it is highly unlikely that
this second band indicates cross-reactivity
of the anti-KChIP3 mAb with another
protein.

To further verify the specificity of the
anti-KChIP antibody reagents used for
immunohistochemistry, competition ex-
periments were performed in which each
anti-KChIP antibody was incubated with
either the cognate recombinant KChIP
protein antigen or with one of the other
recombinant KChIP polypeptides. We observed that immuno-
histochemical staining was completely inhibited by incubation
with the cognate KChIP antigen but not with recombinant pro-
teins encoding other KChIP family members (data not shown).
We also verified that cellular immunocytochemical staining pat-
terns matched gene expression patterns obtained from in situ
hybridization analyses. It is also important to note that in our
screen of anti-KChIP hybridomas we identified several hybrid-
omas that secreted mAbs recognizing more than one, or even all,
KChIP polypeptides (so-called “pan-KChIP” antibodies) (Table
1) (An et al., 2000). Table 1 lists the mAbs that were used for the
immunohistochemical analyses described below.

Immunohistochemistry
Because a comprehensive description of the patterns of KChIP
and Kv4 � subunit immunoreactivity is well beyond the scope or
intent of this report, we focused our analyses and descriptions on
brain regions and cell types in which somatodendritic A-currents
have been the most intensely studied: the hippocampal forma-
tion, neocortex, and striatum. We reasoned that the wealth of
published electrophysiological data would allow us to draw rea-
sonable inferences about the relationships between the Kv4 and
KChIP staining patterns and the underlying currents in these
brain regions.

As described in more detail below, immunoreactivity for Kv4

� subunits and KChIPs is concentrated primarily in the dendrites
and somata of central neurons. The staining associated with la-
beled dendrites tends to be quite uniform, with little evidence of
local concentrations of immunoreactivity at synapses or on den-
dritic spines. For comparison and contrast with the pattern of
Kv4 and KChIP immunoreactivity, in most of the figures we
show immunohistochemical staining for Kv2.1, a delayed recti-
fier Kv channel expressed in the somata and proximal dendrites
of rat central neurons (Trimmer, 1991; Rhodes et al., 1995, 1996;
Scannevin et al., 1996; Du et al., 1998).

The hippocampal formation
The staining pattern for Kv4.2, Kv4.3, and all four KChIP
polypeptides across hippocampal subfields and laminas is shown
in Figure 1. Higher magnification micrographs of the staining
patterns within individual hippocampal subfields are shown in
Figures 3–5. Overall, there is a high density of immunoreactivity
and a close correspondence in the staining patterns for Kv4.2,
Kv4.3, and KChIPs 2, 3, and 4 in the dentate gyrus and CA sub-
fields. There is also a close correspondence between the staining
patterns for Kv4.3 and KChIP1, particularly in the dentate hilus
and CA1 subfields, where immunoreactivity for these two Kv
channel subunits is concentrated in the somata and dendrites of
large multipolar interneurons.

In the dentate gyrus, immunoreactivity for Kv4.2, Kv4.3, and

Figure 2. Distribution of Kv4 � subunits and KChIPs in the dentate gyrus. In the dentate gyrus (cellular architecture shown by
the Nissl stain in A), a high density of immunoreactivity for Kv4.2 ( B), Kv4.3 ( C), and KChIPs 2– 4 (E–G, respectively) is concen-
trated throughout the molecular layer, where the staining appears to be concentrated in the dendrites of dentate granule cells.
This extensive dendritic staining contrasts with the distribution of immunoreactivity for Kv2.1 ( H ), which is confined to the soma
and proximal dendrites only. There is also a moderate to high density of immunoreactivity for Kv4.2, Kv4.3, and KChIPs 2– 4 in the
infragranular zone, where the staining is concentrated in the dendritic fields of hilar neurons. In the infragranular zone, immu-
noreactivity for Kv4.3 and KChIP1 is concentrated in the somata and dendrites of large interneurons, presumably dentate mossy
cells, the dendrites of which extend across the entire width of the molecular layer. ig, Infragranular layer; gc, granule cell layer; ml,
molecular layer.
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KChIPs 2, 3, and 4 is concentrated throughout in the molecular
layer, where the staining appears to be associated with the den-
drites of dentate granule cells (Fig. 2). Surprisingly, there is little
or no staining for these subunits in the perinuclear cytoplasm of
dentate granule cells despite the high levels of expression of
Kv4.2, Kv4.3, KChIP2, KChIP3, and KChIP4 mRNA in dentate
granule cell somata (Serôdio and Rudy, 1998, their Fig. 3; M. M.
Monaghan, B. W. Strassle, M. A. Sung, W. F. An, and K. J.
Rhodes, unpublished observations). Across the molecular layer
of the dentate gyrus, the density of Kv4 and KChIP immunore-
activity is not uniform; there is a greater density of immunoreac-
tivity in the outer two-thirds of the molecular layer compared
with the inner third (Fig. 2 and supplemental material, available
at www.jneurosci.org). This staining pattern suggests that there is
a greater density of Kv4-mediated A-type currents in distal den-
drites of dentate granule cells compared with the more proximal
dendrites. Immunoreactivity for KChIP1, together with Kv4.3, is

concentrated in the somata and dendrites
of large multipolar interneurons located
within the infragranular zone and granule
cell layer of the dentate gyrus. The den-
drites of these large interneurons are very
intensely labeled, and there is also a high
density of immunoreactivity for Kv4.3 and
KChIP1 in the perinuclear cytoplasm of
these cells.

In the CA3 subfield, there is a moderate
to high density of immunoreactivity for
Kv4.2, Kv4.3, KChIP2, and KChIP4 and a
low density of immunoreactivity for
KChIP3 (Fig. 3). The immunoreactivity
for these subunits is concentrated in the
stratum oriens and stratum radiatum,
where the staining appears to be associated
with the apical and basal dendrites of CA3
pyramidal cells. There is little or no stain-
ing for these subunits within the stratum
lucidum (mossy fiber zone) or, surpris-
ingly, in the stratum moleculare. As in the
dentate gyrus, there is very little, if any,
Kv4 or KChIP immunoreactivity within
the perinuclear cytoplasm of CA3 pyrami-
dal cells. In CA3, immunoreactivity for
KChIP1 and Kv4.3 is concentrated in the
somata and dendrites of large multipolar
interneurons. These interneurons have
thick dendrites that are very intensely la-
beled for Kv4.3 and KChIP1.

In the CA2 and CA1 subfields, immu-
noreactivity for Kv4.2, KChIP2, KChIP3,
and KChIP4 is concentrated in the stratum
oriens and stratum radiatum and appears
to be associated with the apical and basal
dendritic arbors of pyramidal cells (Fig. 4).
As described for CA3, there is little staining
in the perinuclear cytoplasm of CA1 or
CA2 pyramidal cells. Interestingly, as in
CA3, at the junction of the stratum radia-
tum and stratum moleculare, there is a
very abrupt decrease in the intensity of
immunoreactivity for Kv4.2, KChIP2,
KChIP3, and KChIP4, suggesting that
there is a far lower density of Kv4 channels,

and presumably A-type currents, in the far distal and apical den-
dritic tufts of CA1 (and CA3) pyramidal cells compared the apical
and basal dendrites in the stratum radiatum and oriens or the fine
dendritic branches contained within the stratum radiatum. A
subtle gradient in Kv4.2 expression is also observed in the stratum
radiatum of CA1 (Fig. 2 and supplemental material, available at
www.jneurosci.org).

In stark contrast to CA3, in the CA1 subfield, immunoreac-
tivity for Kv4.3 is concentrated exclusively in large multipolar
interneurons; there is little, if any, detectable Kv4.3 staining in the
apical or basal dendrites of CA1 pyramidal cells. The cellular
patterns of staining for Kv4.2 and Kv4.3 protein in the CA sub-
fields match well to that predicted from previous in situ hybrid-
ization studies (Serôdio and Rudy, 1998). This dramatic differ-
ence in the distribution of Kv4.3 protein between CA3 and CA1
suggests that there is a shift in the � subunit composition of Kv4
channels in CA3 pyramidal cell dendrites versus those in CA1,

Figure 3. Distribution of Kv4 and KChIP immunoreactivity in the CA3 subfield. In the CA3 subfield (cellular architecture shown
by the Nissl stain in A), immunoreactivity for Kv4.2 ( B), Kv4.3 ( C), KChIP2 ( E), and KChIP4 ( G) is concentrated in the apical and
basal dendrites and fine dendritic branches of pyramidal cells. There is little, if any, observable immunoreactivity for these
subunits in the somata of CA3 pyramidal cells. Although there is also immunoreactivity for KChIP3 ( F) in CA3 pyramidal cell
dendrites, the density of KChIP3 immunoreactivity is far lower than KChIPs 2 or 4. Interestingly, there is a greater density of Kv4
and KChIP immunoreactivity in the proximal two-thirds of the dendritic fields of CA3 pyramidal cells (stratum radiatum) than in
the distal third (stratum moleculare). These staining patterns contrast sharply with that for Kv2.1 ( H ), which is restricted to the
proximal one-third of the larger-caliber apical and basal dendritic branches. As in the dentate gyrus, immunoreactivity for Kv4.3
and KChIP1 ( D) is concentrated in the somata and dendrites of large, multipolar interneurons. These Kv4.3- and KChIP1-
immunoreactive interneurons are concentrated in the stratum oriens (or), stratum pyramidale (py), and stratum radiatum (rd);
few KChIP1- or Kv4.3-positive interneurons are observed in the stratum lacunosum moleculare (ml). mf, Stratum lucidum.

Rhodes et al. • KChIP and Kv4 Localization in Rat Brain J. Neurosci., September 8, 2004 • 24(36):7903–7915 • 7907



with likely heteromeric channels contain-
ing Kv4.2 and Kv4.3 in CA3 pyramidal cell
dendrites but predominantly homomeric
channels containing Kv4.2 � subunits
without coassociated Kv4.3 in CA1 pyra-
midal cell dendrites. In CA1, as elsewhere
in the hippocampus, immunoreactivity
for KChIP1 is confined to large multipolar
interneurons, and there is a very close cor-
respondence between the patterns of
KChIP1 and Kv4.3 immunoreactivity in
these cells.

To confirm that the staining patterns
for Kv4 and KChIP polypeptides in the
hippocampal formation reflected localiza-
tion of these subunits to cell bodies and
dendrites and not to axons and terminal
fields, we made circumscribed ibotenic
acid lesions within individual hippocam-
pal subfields and then examined the effects
of these lesions on the distribution and
density of immunoreactivity for each sub-
unit. We previously confirmed that this le-
sion strategy destroys neurons but spares
axons and terminals within the boundaries
of the lesion, and we also described in de-
tail the technical details and caveats to the
interpretation of data obtained from this
strategy (Monaghan et al., 2001).

Ten rats sustained unilateral injections
of the neurotoxin ibotenic acid into the
hippocampal formation. Each injection
was targeted to either the dentate gyrus or
the CA1 subfield. Although the injections
generally destroyed neurons within the
targeted subfield, there was variable spread
of the neurotoxin into adjacent subfields.
An example of an ibotenic acid lesion into
the distal CA1 subfield is shown in Figure
5. This lesion destroyed neurons within
the distal half of the CA1 subfield, the pro-
subiculum, and subiculum, and also
spread across the hippocampal fissure to
destroy neurons within the central portion
of the dentate gyrus. The loss of neuronal
somata and dendrites was confirmed by
the loss of immunoreactivity for Kv2.1 within the boundaries of
the lesion (outlined in Fig. 5H). As expected, there was a dramatic
decrease in the density of immunoreactivity for Kv4.2, Kv4.3, and
all four KChIP polypeptides within and precisely at the bound-
aries of the ibotenic acid lesion, and there was no change in the
distribution or density of immunoreactivity within subfields that
receive afferent input from the affected area. These data confirm
that within the dentate gyrus, CA1 subfield, and subiculum, these
subunits are localized to neuronal somata and dendrites as op-
posed to afferent axons and terminals. Ibotenic acid lesions that
destroyed neurons within the CA3 subfield also produced a loss
of Kv4 and KChIP immunoreactivity within the boundaries of
the lesion (data not shown), indicating that in all hippocampal
subfields, Kv4 � subunits and KChIPs are located postsynapti-
cally on the somata and dendrites of hippocampal neurons. This
localization of Kv4 � subunits and KChIPs stands in sharp con-
trast to the location of Kv1 channels on afferents and nerve ter-

minals, as determined using the same ibotenic acid lesion strategy
(Monaghan et al., 2001).

Posterior cingulate cortex
Previous descriptions of the pattern of Kv4.3 mRNA and protein
expression in brain noted the very high levels Kv4.3 expression
and immunoreactivity in the posterior cingulate cortex (Area 23)
(Tsaur et al., 1997). To confirm and extend these observations,
we examined the distribution of immunoreactivity for Kv4 �
subunits and KChIPs in this brain region. As shown in Figure 6,
there is an exceptionally high density of immunoreactivity for
Kv4.3 in the somata and dendrites of large neurons in layer II of
the posterior cingulate cortex. Staining in these cells is concen-
trated in the apical dendrites that extend in bundles into layer I.
Although there is a far lower density of immunoreactivity for
Kv4.2 compared with Kv4.3 in these cells, the high density of
Kv4.3 immunoreactivity is matched by a similarly high density of

Figure 4. Distribution of Kv4 and KChIP immunoreactivity in the CA1 subfield. In the CA1 subfield (cellular architecture shown
by the Nissl stain in A), immunoreactivity for Kv4.2 ( B), KChIP2 ( E), and KChIP4 ( G) but not Kv4.3 ( C) is concentrated in the apical
and basal dendrites and fine dendritic branches of pyramidal cells. There is little, if any, observable immunoreactivity for these
subunits in the somata of CA1 pyramidal cells. Although there is also immunoreactivity for KChIP3 ( F) in CA1 pyramidal cell
dendrites, the density of KChIP3 immunoreactivity is far lower than KChIPs 2 or 4. As in CA3, there is a far greater density of Kv4.2,
KChIP2, and KChIP4 immunoreactivity in the proximal two-thirds of the dendritic fields of CA3 pyramidal cells (stratum radiatum)
compared with the distal third (stratum moleculare). These staining patterns contrast sharply with that for Kv2.1 ( H ), which is
strikingly restricted to the proximal one-third of the larger-caliber apical and basal dendritic branches. As in the dentate gyrus and
CA3 subfields, immunoreactivity for Kv4.3 and KChIP1 ( D) is concentrated in the somata and dendrites of large, multipolar
interneurons. These Kv4.3- and KChIP1-immunoreactive interneurons are concentrated in the stratum oriens (or), stratum pyra-
midale (py), stratum radiatum (rd), and along the junction of stratum radiatum and stratum moleculare. Interestingly, it appears
that total number of Kv4.3-positive interneurons is a subset of those that are immunoreactive for KChIP1. ml, Stratum lacunosum
moleculare.
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KChIP4 staining. In addition, there is a moderate density of
KChIP2 in the somata and dendrites of the layer II neurons and
the pattern of staining matches that observed for Kv4.3, Kv4.2,
and KChIP4. In the deeper cortical layers of the posterior cingu-

late cortex, there is a moderate density of immunoreactivity for
Kv4.2, KChIP2, and KChIP4 in the somata and apical dendrites
of pyramidal cells located in layers V and VI. The staining in the
apical dendrites of these cells is readily apparent as fascicles of
dendrites ascending through the more superficial cortical lami-
nas to enter layer I. In the cingulate cortex as in the hippocampal
formation, immunoreactivity for Kv4.3 and KChIP1 is concen-
trated within small and large bipolar and multipolar interneurons
scattered throughout layers II–VI. These cells are very intensely
stained for KChIP1, where immunoreactivity is concentrated in the
somata as well as the dendritic arbors.

Neocortex
The pattern of immunoreactivity for Kv4.2, Kv4.3, KChIPs 1– 4,
and Kv2.1 in the parietal sensorimotor cortex is shown in Figure
7. As in the posterior cingulate cortex, immunoreactivity for
Kv4.2 is concentrated in the somata and apical dendrites of cor-
tical pyramidal cells. There is a very high density of immunore-
activity for Kv4.2 in pyramidal cells in layers II and III, and there
is also a high density of immunoreactivity for Kv4.2 in layer V
pyramidal cells, where the staining can be followed along the
entire apical dendrite and extending into apical dendritic tufts in
layer I. Although this pattern of immunoreactivity for Kv4.2 is
matched by a similar pattern of immunoreactivity for KChIPs 2,

Figure 5. Effects of an ibotenic acid lesion on the distribution and density of Kv4 and KChIP im-
munoreactivity in the hippocampal formation. These photomicrographs show the pattern of immu-
noreactivity for the indicated subunits in the unoperated, control hemisphere ( A–G) and operated
hemisphere ( H–N) of an animal that sustained a circumscribed unilateral ibotenic acid lesion. This
lesion destroyed cells in the distal CA1 subfield, prosubiculum, and subiculum and also destroyed a
central portion of the dentate gyrus. The entire CA3 and proximal CA1 subfield was spared by this
lesion. The pattern of cell loss is clearly indicated by the loss of Kv2.1 immunoreactivity within the
boundariesofthelesion(outlinedinH ).This lesiongreatlyreducedthedensityofKv4.2(compareB, I ),
Kv4.3 (compare C, J ), and KChIP1– 4 (compare D–G, K–N ) immunoreactivity within the boundaries
of the lesion, indicating that these subunits are localized to the cell bodies and/or dendrites of dentate
granule cells and CA1 pyramidal cells or, in the case of Kv4.3 and KChIP1, to the cell bodies and
dendrites of dentate and CA1 interneurons.

Figure 6. Distribution of Kv4 and KChIP immunoreactivity in the posterior cingulate cortex.
In the posterior cingulate cortex (cellular architecture shown by the Nissl stain in A), there is a
very high density of immunoreactivity for Kv4.3 ( C) and KChIP4 ( F) in the somata and dendrites
of neurons in layer II. These neurons have thick dendrites that extend in bundles up into layer I.
These cells also have a low to moderate density of immunoreactivity for Kv4.2 ( B) and KChIP2
( E). In the deeper cortical layers, there is a moderate density of immunoreactivity for Kv4.2 and
KChIPs 2 and 4. This immunoreactivity is concentrated in pyramidal cells and can be observed in
fascicles of apical dendrites ascending through the more superficial cortical layers. Immunore-
activity for KChIP1 ( D) and Kv4.3 is concentrated in bipolar and multipolar interneurons scat-
tered throughout layers II–VI of the posterior cingulate cortex.
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3, and 4, it is clear that the pattern of
KChIP3 and KChIP4 immunoreactivity
most closely matches the staining pattern
for Kv4.2. For KChIP2, there is a much
greater density of immunoreactivity in the
apical dendrites of layer II–III pyramidal
cells compared with the density of staining
in layer V neurons, and there is also a very
high density of immunoreactivity for
KChIP2 in layer IV, where the staining is
concentrated in small multipolar neurons
and perhaps also in afferent fibers. The im-
munoreactivity for Kv4.2 and KChIPs 2, 3,
and 4 in fascicles of apical dendrites of corti-
cal pyramidal cells stands out in marked con-
trast to the staining for Kv2.1. Kv2.1 immu-
noreactivity is restricted to the proximal
portion of the apical and basal dendrites,
whereas the immunostaining for Kv4.2 and
these KChIPs extends along the entire apical
dendrite and into distal dendritic arbors.

As in the hippocampus and other brain
regions, immunoreactivity for KChIP1
and Kv4.3 is concentrated in the somata
and dendritic branches of interneurons
scattered throughout all cortical laminas
(Fig. 7). Immunoreactivity was present in
virtually all morphological classes of inter-
neurons, including bipolar, multipolar,
and bi-tufted cells, among others. Staining
for KChIP1 was concentrated in the pe-
rinuclear cytoplasm as well as the dendritic
cytoplasm of these interneurons, whereas
immunoreactivity for Kv4.3 was most in-
tense in the somatodendritic membrane of
these cells. Note that in many of these cells
the Kv4.3 staining on somata was much
less apparent for Kv4.3 than for KChIP1
(Fig. 7).

Striatum
The pattern of immunoreactivity for Kv4 � subunits and KChIPs
in the caudate/putamen is shown in Figure 8. In this brain region,
immunoreactivity for Kv4.2, Kv4.3, KChIP2, KChIP3, and
KChIP4 is concentrated in the neuropil, where the staining is
likely to be associated with the somata and dendrites of striatal
projection neurons. However, immunoreactivity for Kv4.2 and
KChIP2 in the striatal neuropil is so dense that it is difficult to
attribute the staining to a specific cell type or subcellular domain.
In contrast to this, immunoreactivity for Kv4.3 and KChIP1 is
clearly visible in medium to large-sized multipolar striatal inter-
neurons. Based on the size, distribution, and morphology of these
cells, they are likely to represent the somatostatin- and/or neu-
ropeptide Y-containing interneurons. However, detailed analy-
ses using labeling with these specific markers is necessary for a
conclusive identification of these immunoreactive cells. Interest-
ingly, immunoreactivity of KChIP4 is concentrated in very large
multipolar interneurons (Fig. 8F). Based on their size and den-
dritic morphology, these KChIP4-positive cells are likely to be
large cholinergic interneurons that have large A-type currents
(Song et al., 1998), although conclusive double-labeling experi-
ments were not performed.

Colocalization of Kv4 and KChIP immunoreactivity
As described above, in many cell types and brain regions, there is
clear correspondence and overlap in the distribution of Kv4 and
KChIP immunoreactivity. To determine whether and where in-
dividual Kv4 � subunits and KChIP isoforms are colocalized
within the same cell, we performed double-label immunofluores-
cence analyses and examined the staining patterns by laser scan-
ning confocal microscopy. Although overlap of immunofluores-
cence signals indicates that the two target antigens are present
within the same cell and subcellular domain, we cannot conclude
from this type of analysis that the antigens are coassociated.
Thus, these data should be interpreted as suggestive, indicat-
ing sites where it is likely that two channel subunits form a
channel complex. Our ability to perform these colocalization
analyses were limited by the availability of mAbs having com-
patible isotypes; however, because we initiated our efforts to
generate Kv4- and KChIP-specific antibodies with the aim of
performing double-label immunofluorescence studies, we
were able to select antibody reagents that met our strict selec-
tivity criteria for immunohistochemistry and also satisfied
our requirement of isotype compatibility for double-label
immunofluorescence.

Representative confocal images showing colocalization of Kv4
and KChIP isoforms are shown in Figure 9. As described above, in
many brain regions, immunoreactivity for KChIP1 and Kv4.3 is

Figure 7. Distribution of Kv4 and KChIP immunoreactivity in the parietotemporal cortex. In neocortical regions such as the
parietotemporal cortex (cellular architecture shown by the Nissl stain in A), immunoreactivity for Kv4.2 ( B), Kv4.3 ( C), and KChIPs
2– 4 ( D–G) is concentrated along the apical dendrites and in the apical dendritic arbors of cortical pyramidal cells. This distribution
is particularly striking for Kv4.2, KChIP2, KChIP3, and KChIP4, where the staining lines the large apical dendrites of layer V
pyramidal cells as they ascend through layer IV and into more superficial layers and contrasts with the staining pattern for Kv2.1
( H ), which is limited to the somata and proximal dendritic branches of cortical neurons. As in the hippocampal formation,
immunoreactivity for Kv4.3 and KChIP1 is concentrated in the somata and dendrites of cortical interneurons. These interneurons
are multipolar, bipolar and fusiform in shape, and are scattered throughout all cortical layers.
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observed in interneurons. As shown in Figure 9, A–C, in many,
but not all, of these interneurons, Kv4.3 and KChIP1 are colocal-
ized. However, in these interneurons, there is a high density of
immunoreactivity for KChIP1 in the perinuclear cytoplasm, as
predicted from studies in heterologous cells (Shibata et al., 2003),

but no detectable cytoplasmic staining for Kv4.3. Instead, the
immunoreactivity for Kv4.3 is predominantly concentrated
along the somatodendritic membrane, and here there is also a
high density of staining for KChIP1. It is important to point out
that in the hippocampus, neocortex, and striatum, virtually all of
the cells in which Kv4.3 and KChIP1 are colocalized are interneu-
rons, based on both morphology, density, and location and stain-
ing with immunohistochemical markers (supplemental material,
available at www.jneurosci.org). In the hippocampus, virtually
every Kv4.3-positive cell also expresses KChIP1, and vice versa.
Figure 9, D–F, also shows colocalization of Kv4.2 with KChIP4 in
the dendritic arbors of layer II neurons in the posterior cingulate
cortex, in the apical and basal dendrites of CA1 pyramidal cells,
and in the glomeruli formed by the dendrites of cerebellar gran-
ule cells. In these regions, there is very tight overlap in the pat-
terns of immunofluorescence for Kv4.2 and KChIP4, and it is
important to point out that in many of the cells in which colocal-
ization of Kv4.2 with KChIP4 (and KChIP2) was observed are
excitatory glutamatergic projection neurons.

Coimmunoprecipitation analyses
The immunohistochemical and immunofluorescence data de-
scribed above indicate that Kv4.2, Kv4.3, and the four KChIP
isoforms show tight overlap in their regional and subcellular dis-
tribution across several brain regions but that there is preferential
codistribution of Kv4.2 with KChIPs 2, 3, and 4 and preferential
codistribution of Kv4.3 with KChIP1. To determine that these
channel subunits are not only codistributed but are also coasso-
ciated in brain Kv channel complexes, we performed reciprocal
coimmunoprecipitation analyses on detergent extracts of rat hip-
pocampal membranes. Because the molecular mass of individual
KChIP isoforms and their mobility on SDS-PAGE gels corre-
sponds closely to that for the light chain of IgG, it was not possible
to obtain clean, clear, and interpretable results from immunopre-
cipitation analyses when we used the purified mAbs described
above for both immunoprecipitation and immunoblotting.

Thus, for coimmunoprecipitation studies,
we used affinity-purified rabbit polyclonal
antibodies for immunoprecipitation and
the purified mAbs to detect associated
proteins via immunoblotting. As such, we
were limited in the repertoire of available
subtype-specific antibodies for the immu-
noprecipitation reactions. Moreover, the
propensity of Kv4.2 to aggregate (Sheng et
al., 1993; Shibata et al., 2003) limited the
quantitative interpretation of these data.
However, as shown in Figure 10, immuno-
precipitation reactions performed using
an affinity-purified anti-KChIP antibody
that recognizes all known KChIP isoforms
yielded strong coimmunoprecipitation of
Kv4.2 but not Kv2.1 and, as expected,
yielded strong immunoprecipitation of
each KChIP (1–3) polypeptide analyzed.
Immunoprecipitation reactions per-
formed using an affinity-purified antibody
against Kv4.2 yielded coimmunoprecipi-
tation of each KChIP isoform. Interest-
ingly, the anti-Kv4.2 antibody also coim-
munoprecipitated Kv4.3 (but not Kv2.1),
suggesting that Kv4.2 and Kv4.3 may be
present in heteromeric Kv4 complexes in

Figure 8. Localization of Kv4 � subunits and KChIPs in the striatum. In the striatal neuropil,
there is a very high density of immunoreactivity for Kv4.2 ( A) and KChIP2 ( D) and a lower
density of immunoreactivity for Kv4.3 ( B) and KChIPs 3 ( E) and 4 ( F). Immunoreactivity for
Kv4.3 and KChIP1 ( C) is concentrated in what appear to be medium-sized striatal interneurons,
whereas immunoreactivity for KChIP4 can be observed in very large, multipolar interneurons.

Figure 9. Confocal images showing colocalization of Kv4 and KChIP immunoreactivity. These confocal images show that Kv4.3
(red) and KChIP1 (green) tend to be colocalized in the somatodendritic membranes of hippocampal ( A), neocortical ( B), and
striatal ( C) presumed inhibitory interneurons, whereas Kv4.2 (red) and KChIP4 (green) tend to be colocalized in the somatoden-
dritic membranes of presumed excitatory neurons, in the posterior cingulate cortex ( D), hippocampus ( E), and cerebellar granule
cell layer ( F).
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regions in which Kv4.2/Kv4.3 colocalization is observed (e.g.,
hippocampal dentate granule cells and CA3 pyramidal cell den-
drites, glomeruli of cerebellar granule neurons). Taken together,
these analyses confirm that Kv4.2 and Kv4.3 are coassociated
with KChIP isoforms in rat brain membranes and that the
KChIPs are tightly associated with Kv4 � subunits in rat brain Kv
channel complexes.

Discussion
Here, we generated and characterized mAbs against Kv4.2, Kv4.3,
and KChIPs 1– 4 that were used in immunohistochemical and
immunoprecipitation analyses of rat brain Kv4 channel com-
plexes. We did not analyze Kv4.1 because specific antibodies were
not available. In general, KChIPs 2, 3, and 4 colocalize with Kv4.2
in excitatory neurons including cortical and hippocampal CA1
pyramidal cells, and KChIP1 and Kv4.3 colocalize in inhibitory
interneurons throughout the cortex and hippocampus and in
striatal interneurons. However, this general inverse relationship
between Kv4.2 and Kv4.3, as noted in previous mRNA analyses
(Song et al., 1998; Tkatch et al., 2000; Liss et al., 2001; Lien et al.,
2002), does not hold for all cell types, in that hippocampal den-
tate granule and CA3 pyramidal cells and cerebellar granule cells
express high levels of colocalized Kv4.2 and Kv4.3. Coimmuno-
precipitation analysis in detergent-solubilized hippocampal
membranes revealed that all four KChIPs coassociate with Kv4 �

subunits in hippocampal membranes, confirming that the
KChIPs are tightly associated with Kv4 � subunits in native brain
A-type channel complexes.

Although our data confirm that each of the anti-KChIP mAbs
described here are specific for their respective antigen, it is im-
portant to note that alternatively spliced isoforms of each KChIP
polypeptide have been reported (An et al., 2000; Bahring et al.,
2001; Decher et al., 2001; Liss et al., 2001; Morohashi et al., 2002;
Patel et al., 2002; Boland et al., 2003). Most of the alternative
splicing occurs within the variable N termini; a smaller number of
splice variants have been reported that contain insertions or de-
letions within the C-terminal “core” domain. As part of our an-
tibody characterization efforts, we expressed N-terminal trunca-
tion mutants of each KChIP polypeptide (An et al., 2000;
Holmqvist et al., 2002) in COS cells and tested each mAb for
reactivity against the core domain by immunofluorescence. Us-
ing this approach, we determined that the epitope for each of the
anti-KChIP mAbs maps within the conserved 185 amino acid
core domain. Because of this, the staining patterns described here
reflect the distribution of all possible N-terminal splice forms for
each individual KChIP family member. This point must be con-
sidered in interpreting the immunohistochemical staining de-
scribed here because the specific contribution of KChIP expres-
sion to the phenotype of Kv4-mediated currents is likely to
depend on the specific splice variant that is expressed (Boland et
al., 2003; Decher et al., 2004; Patel et al., 2004). This is especially
critical for KChIP4, for which the “KChIP4a” splice variant pro-
foundly slows the kinetics of Kv4 inactivation, but the
“KChIP4ap” variant does not (Holmqvist et al., 2002). Although
immunohistochemical localization of individual KChIP splice
forms will require generation of variant-specific antibodies, valu-
able information about the contribution of individual KChIP
splice variants to Kv4 currents in native cells can also be gained
from single-cell analyses of KChIP isoform expression (Liss et al.,
2001).

The protein we identified as KChIP3 (An et al., 2000) was
identified independently as DREAM, a Ca 2�-dependent tran-
scriptional repressor (Carrion et al., 1999), and calsenilin, a pre-
senilin interacting protein (Buxbaum et al., 1999). Recently,
Zaidi et al. (2002) described the distribution of calsenilin immu-
noreactivity in mouse brain, using a rabbit polyclonal antibody
raised against a full-length calsenilin/KChIP3 fusion protein,
which is likely to cross-react with other KChIP family members.
Their immunoblot data strongly support this contention because
in mouse brain membranes their antibody detects several bands
in the 25–35 kDa range, corresponding to the predicted molecu-
lar masses of other KChIP family members (Zaidi et al., 2002).
Interestingly, neither the polyclonal antibody used by Zaidi et al.
(2002) nor our KChIP3-specific mAb exhibit staining in the nu-
cleus of neurons or glial cells, which might be expected for a
Ca 2�-dependent regulator of transcription (Carrion et al., 1999;
Cheng et al., 2002). The remarkable correspondence between
Kv4.2 (Sheng et al., 1992; present study) and KChIP3 (Zaidi et al.,
2002; present study) localization suggests that the preferred bind-
ing partner for KChIP3 in neurons is Kv4.2, raising questions as
to whether KChIP3 in native cells is truly the multifunctional
protein suggested by studies in heterologous expression systems.

Somatodendritic A-currents have been studied most exten-
sively by patch clamp in hippocampal pyramidal cells and in the
large layer V pyramidal neurons in the motor and somatosensory
cortex (Wu and Barish, 1992; Hoffman et al., 1997; Hoffman and
Johnston, 1998; Golding et al., 1999; Bekkers, 2000a,b; Johnston
et al., 2000; Korngreen and Sakmann, 2000; Storm, 2000). In CA1

Figure 10. Heteromeric Kv4 and KChIP channel complexes in rat hippocampus. Immunopre-
cipitation reactions were performed on detergent extracts of adult rat hippocampal membranes
(HCM) with the indicated rabbit polyclonal antibodies (anti-KChIP, anti-Kv4.2, or anti-Kv2.1).
Aliquots of the HCM detergent extract and of the products of the immunoprecipitation reactions
were size fractionated by 4 –12% (Kv4 blots) or 10% (KChIP blots) SDS-PAGE. The samples were
then transferred to nitrocellulose and probed with mouse mAbs as indicated below each blot
panel. Bound antibody was detected by ECL/autoradiography. The arrows or brackets to left of
the panels highlight the band resulting from specific detection of the antigen listed below each
panel. The numbers to left of the panels refer to electrophoretic mobility of molecular weight
standards.
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pyramidal cells, A-type currents play a critical role in synaptic
integration and plasticity by controlling subthreshold excitation
and the amplitude of back-propagating action potentials (Hoff-
man et al., 1997; Johnston et al., 2000). In these cells, the density
of A-type currents on the trunk of the apical dendrite increases
dramatically with distance from the pyramidal cell soma (Hoff-
man et al., 1997). We did not observe a striking gradient in the
intensity of Kv4.2, KChIP2, or KChIP4 immunoreactivity across
the stratum radiatum of CA1 using immunoperoxidase staining,
although a striking gradient was observed across dendrites of
dentate granule cells in the molecular layer of the denate gyrus.
Confocal analysis of sections with double immunofluorescence
staining for Kv4.2 and KChIP4 (Fig. 9E) or Kv4.2 and PSD-95
(supplemental material, available at www.jneurosci.org) revealed
only a subtle increase in the density of Kv4.2 immunoreactivity in
the superficial third of the stratum radiatum. Unlike in the neo-
cortex (see below), the extremely close packing of CA1 pyramidal
cells precludes detailed immunocytochemical analyses of indi-
vidual apical dendrites required for conclusive correlations with
electrophysiological studies. Moreover, our experiments label
Kv4.2 not only on the main trunk of the apical dendrites accessi-
ble by patch clamp but also each branch and collateral in the
entire, and very complex, intertwining dendritic trees of the
densely packed CA1 pyramidal neurons. We are also visualizing
both intracellular and surface pools of Kv4.2 in our detergent-
permeabilized sections. Finally, dynamic modulation of den-
dritic Kv4 channel activity by phosphorylation (Hoffman and
Johnston, 1998; Varga et al., 2000; Schrader et al., 2002; Frick et
al., 2004) may lead to inconsistencies between the density of
channel protein and functional channels.

Two striking findings in the present study are that in CA1–
CA3, there is an abrupt decrease in the density of Kv4.2 (and
KChIP2, 3, and 4) at the transition from the stratum radiatum to
the stratum moleculare and that there is little or no Kv4.3 immu-
noreactivity in CA1 pyramidal cells but a high density of Kv4.3
(with Kv4.2) immunoreactivity in CA3 pyramids. The very low
density of Kv4.3 immunoreactivity in CA1 compared with CA3
pyramidal cells suggest that in CA1 pyramidal cells, the majority
of A-type channel complexes are homomeric Kv4.2 channels. To
our knowledge, there is little published data exploring the de-
tailed biophysical properties of heteromeric channels formed by
coexpression of Kv4.2 and Kv4.3 or concatenated � subunits (but
see Guo et al., 2002). Nevertheless, the dramatic change in Kv4 �
subunit expression in these adjacent hippocampal subfields is
intriguing. The drop-off of Kv4 and KChIP immunoreactivity in
the stratum moleculare suggests a very low density of Kv4-
mediated A-type current in very distal dendrites of CA pyramidal
cells.

Neocortical layer V pyramidal cells differ from hippocampal
CA1 pyramidal cells in that they do not express a gradient of
A-current along the apical dendrite and in having a much lower
density of dendritic A-type current (Hoffman et al., 1997; Bek-
kers, 2000a,b; Korngreen and Sakmann, 2000). This suggests that
dendritic A-current does not exert as dominant an influence in
cortical pyramidal cells as it does in CA1 (Storm, 2000). Here, we
observed that immunoreactivity for Kv4.2 and KChIPs 2, 3, and 4
can be followed along the entire apical dendrite of cortical layer V
pyramidal cells and that there is a fairly uniform density of im-
munoreactivity along the dendritic shaft. It is important to note
that Kv4.2 and KChIP immunoreactivity can be followed all the
way into the most distal dendritic branches and the apical den-

dritic tufts of cortical pyramidal cells. The presence of Kv4 im-
munoreactivity in the most distal dendritic regions indicates that
these channels may modulate excitatory input along the entire
dendrite and that in neocortical pyramidal cells, A-type currents
are not as compartmentalized within the dendrite as they are in
hippocampal CA pyramids.

Although KChIPs are clearly a component of the Kv4 modu-
latory factors encoded in brain mRNA (Nadal et al., 2001), an-
other factor that accelerates Kv4 inactivation has been identified
as the CD26-like dipeptidyl-peptidase dipeptidyl aminopeptidase-
like protein (DPPX) (Nadal et al., 2003). Coexpression of Kv4 �
subunits with KChIPs and DPPX in heterologous cells gives rise
to currents that recapitulate the features of native A-type cur-
rents, indicating that native brain Kv4 channels are likely to be
formed as complexes of all three proteins. Future studies are
needed to explore the relative contributions of DPPX and
KChIPs to the formation of A-type currents in native neurons.
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