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Immunohistochemical Localization of DPP10 in Rat
Brain Supports the Existence of a Kv4/KChIP/DPPL
Ternary Complex in Neurons
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ABSTRACT
1

Subthreshold A-type K currents (ISAs) have been
recorded from the cell bodies of hippocampal and neocortical interneurons as well as neocortical pyramidal
neurons. Kv4 channels are responsible for the somatodendritic ISAs. It has been proposed that neuronal Kv4
channels are ternary complexes including pore-forming
Kv4 subunits, K1 channel-interacting proteins (KChIPs),
and dipeptidyl peptidase-like proteins (DPPLs). However, colocalization evidence was still lacking. The distribution of DPP10 mRNA in rodent brain has been
reported but its protein localization remains unknown.
In this study, we generated a DPP10 antibody to label
DPP10 protein in adult rat brain by immunohistochemistry. Absent from glia, DPP10 proteins appear mainly in
the cell bodies of DPP10(1) neurons, not only at the
plasma membrane but also in the cytoplasm. At least
6.4% of inhibitory interneurons in the hippocampus
coexpressed Kv4.3, KChIP1, and DPP10, with the

highest density in the CA1 strata alveus/oriens/pyramidale and the dentate hilus. Colocalization of Kv4.3/
KChIP1/DPP10 was also detected in at least 6.9% of
inhibitory interneurons scattered throughout the neocortex. Both hippocampal and neocortical Kv4.3/KChIP1/
DPP10(1) inhibitory interneurons expressed parvalbumin or somatostatin, but not calbindin or calretinin. Furthermore, we found colocalization of Kv4.2/Kv4.3/
KChIP3/DPP10 in neocortical layer 5 pyramidal neurons
and olfactory bulb mitral cells. Together, although
DPP10 is also expressed in some brain neurons lacking
Kv4 (such as parvalbumin- and somatostatin-positive
Golgi cells in the cerebellum), colocalization of DPP10
with Kv4 and KChIP at the plasma membrane of ISAexpressing neuron somata supports the existence of
Kv4/KChIP/DPPL ternary complex in vivo. J. Comp.
Neurol. 523:608–628, 2015.
C 2014 Wiley Periodicals, Inc.
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Subthreshold A-type K1 currents (ISAs), which are
rapidly activated at membrane potentials below action
potential thresholds, control neuronal excitability and
firing properties. The majority of neuronal ISAs are mediated by the Kv4 subunits of voltage-gated K1 (Kv) channels (Maffie and Rudy, 2008). To produce ISAs that
resemble neuronal ISA, it has been proposed that Kv4
pore-forming subunits must coassemble with the following two types of Kv4 auxiliary subunits: K1 channelinteracting proteins (KChIPs) and dipeptidyl peptidaselike proteins (DPPLs, integral membrane proteins)
(Nadal et al., 2003). When expressed alone in heterologous cells, Kv4 subunits are poorly transported to the
cell surface and encode K1 currents different from
those of neuronal ISAs. Coexpression with KChIP or
DPPL promotes the trafficking and surface expression
of Kv4 (Shibata et al., 2003; Jerng et al., 2004).
C 2014 Wiley Periodicals, Inc.
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Although coexpression with KChIP allows Kv4-mediated
currents to recover rapidly from inactivation, the currents are still different from neuronal ISAs (An et al.,
2000). Only coexpression of Kv4, KChIP, and DPPL can
fully constitute the other characteristic properties of
ISAs, such as rapid activation and rapid inactivation
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(Nadal et al., 2003; Maffie and Rudy, 2008; Pongs and
Schwarz, 2010).
To test whether the Kv4/KChIP/DPPL ternary complex does exist in native tissues, several pieces of in
vivo evidence are required. For example, coimmunoprecipitation supports the presence of Kv4.2/KChIP3/
DPP10 in brain tissues (Jerng et al., 2005). Colocalization at both the cellular and subcellular levels in neurons not only supports the existence of a ternary
complex but also locates the cell type and subcellular
distribution of the three types of proteins. However, so
far the evidence for colocalization is still lacking.
Kv4.3 and KChIP1 proteins have been detected in hippocampal interneurons (Rhodes et al., 2004), and coincidently DPP10 mRNA also appears in these neurons
(Zagha et al., 2005). It will be interesting to know
whether Kv4.3, KChIP1, and DPP10 are colocalized in
hippocampal interneurons. However, the distribution of
DPP10 protein in the brain remains unknown. To test
the existence of the Kv4/KChIP/DPPL ternary complex
in neurons, we raised an antibody against DPP10,
mapped its distribution in rat brain, and compared it to
the distribution of Kv4 and KChIP proteins. The present
study shows that DPP10 is colocalized with Kv4.3 and
KChIP1 in some hippocampal and neocortical interneurons. DPP10 is also colocalized with Kv4.2, Kv4.3, and
KChIP3 in neocortical layer 5 pyramidal neurons. Since
ISAs have been recorded from hippocampal and neocortical interneurons as well as neocortical pyramidal neurons (Lien et al., 2002; Sun, 2009; Norris and Nerbonne,
2010), colocalization of Kv4, KChIP, and DPP10 in these
ISA-expressing neurons strongly supports the existence
of a Kv4/KChIP/DPPL ternary complex in vivo.

MATERIALS AND METHODS
Animals
Male adult Sprague–Dawley rats (200–250 g;
RRID:RGD_70508) were provided by the Animal Center,
National Yang-Ming University. National guidelines on
animal care were followed and all the experiments were
approved by the local Ethics Committee of the National
Yang-Ming University.

Antibody characterization
Table 1 provides information on the primary antibodies
used in this study, including immunogen, source, host
species, catalog number, clone or lot number, Research
Resource Identifier (RRID), concentration of stock solution, and dilutions for various experiments. Table 2 lists
the details of related secondary antibodies.
Mouse anti-calbindin (Swant, Bellinzona, Switzerland,
Switzerland; Cat. no. 300, RRID:AB_10000347) was

raised against chicken calbindin D-28k. Western blot identified a single band at 28 kD (molecular weight [m.w.] of
calbindin) in brain lysate of wildtype mice or rats, which
was absent in brain lysate of calbindin D-28k
knockout mice (manufacturer’s information). Calbindinimmunoreactivity (IR) has been detected in the cell bodies
of some hippocampal interneurons (Freund and Buzsaki,
1996) and in the somatodendritic compartment of cerebellar Purkinje cells in the rat brain (Bastianelli, 2003).
Our immunostaining pattern of calbindin in the rat hippocampus and cerebellum was similar to that reported.
Mouse anti-calretinin (Swant, Cat. no. 6B3, RRID:AB_10000320) was generated against recombinant
human calretinin-22k, one of two splice products of calretinin gene. In addition, to mark two calretinin bands
on immunoblot of rat brain extract, this antibody
labeled a subpopulation of interneurons in the neocortex of wildtype mice, which was absent in the neocortex of calretinin gene knockout mice (manufacturer’s
information). Calretinin has also been detected in some
interneurons scattered in the rat hippocampus and cerebellum (Freund and Buzsaki, 1996; Bastianelli, 2003).
Our immunostaining pattern of calretinin in the rat hippocampus and cerebellum was similar to that reported.
Rabbit anti-DPP10 (customer-made by GeneTex,
Irvine, CA; RRID:AB_2336936) was raised against a synthetic peptide corresponding to the last 17-amino acid
portion of rat DPP10 polypeptide (Ren et al., 2005). The
immunogenic peptide, which has an extracellular localization, is conserved in all DPP10 splicing variants (Takimoto et al., 2006; Jerng et al., 2007). This antibody was
purified by affinity chromatography conjugated with the
immunogenic peptide (GeneTex). Immunocytochemistry
demonstrated that this antibody labeled DPP10transfected HEK293 cells but not untransfected cells
(Fig. 1A). Western blot identified a single band at 97 kD
(m.w. of DPP10) in lysate of DPP10-transfected HEK293
cells or rat neocortex (Fig. 1D). Immunohistochemistry
showed evident DPP10-IR in adult rat brain, which could
be competed away by preincubating anti-DPP10 with
excess DPP10 immunogenic peptide (Fig. 2B). Furthermore, DPP10-IR in hippocampal interneurons and cerebellar Purkinje cells (Figs. 3, 5) was consistent with
DPP10 mRNA localization mapped by in situ hybridization (Zagha et al., 2005).
Mouse anti-GFP (University of California at Davis/NIH
NeuroMab Facility, Davis, CA; abbreviated NeuroMab;
Cat. no. 75-132, clone N86/38, RRID:AB_10672529)
was generated against a recombinant fusion protein
containing the full-length (amino acids 1–238) of jellyfish green fluorescent protein (GFP). This antibody
reacts with GFP and also crossreacts with cyan and yellow fluorescent proteins (CFP and YFP), respectively. It
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TABLE 1.
Primary Antibodies Used
Antigen

Immunogen

Source, host, species, catalog
number, Clone or Lot#, RRID

Concentration

Calbindin (CB)

Chicken calbindin D-28k

Swant, mouse monoclonal, Cat# 300,
RRID:AB_10000347

1:200 dilution (IF)

Calretinin (CR)

Recombinant human calretinin-22k

Swant, mouse monoclonal, Cat# 6B3,
RRID:AB_10000320

1:200 dilution (IF)

DPP10

KLH-conjugated synthetic peptide
corresponding to the C-terminal
amino acids 780-796 of rat DPP10
(CLKEEVSVLPQEPEEDE).
Antibody was affinity purified.

Customer made by GeneTex, rabbit
polyclonal,
RRID:AB_2336936

2.05 mg/ml (stock)
1:700 dilution (IF)
1:1,500 dilution (IHC)
1:2,000 dilution (S-ICC)
1:5,000 dilution (WB)
1:6,000 dilution (ICC)
1:7,000 dilution (IF-T)

GFP

Fusion protein amino acids 1-238
(full length) of jellyfish green
fluorescent protein
Antibody was purified by ammonium
sulfate precipitation followed by ion
exchange chromatography

NeuroMab, mouse monoclonal, Cat#
75-132, clone N86/38,
RRID:AB_10672529

0.99 mg/ml (stock)
1:2,000 dilution (ICC)

KChIP1

Recombinant protein corresponding
to amino acids 1-216 of rat
KChIP1b.
Antibody was affinity purified.

NeuroMab, mouse monoclonal, Cat#
75-003,
RRID:AB_10673162

1.05 mg/ml (stock)
1:50 dilution (IF)

KChIP3

Recombinant protein corresponding
to Amino acids 1-256 of rat
KChIP3.
Antibody was affinity purified.

NeuroMab, mouse monoclonal, Cat#
75-005, clone 66/38,
RRID:AB_2130257

1.02 mg/ml (stock)
1:25 dilution (IF)

Kv4.2

Amino acids 454-469 of rat Kv4.2
(C)SNQLQSSEDEPAFVSK.
Antibody was affinity purified.

Alomone, rabbit polyclonal, Cat# APC023, Lot# AN02,
RRID:AB_2040176

0.3 mg/ml (stock)
1:1001:200 dilution (IF)

Kv4.3

Amino acids 415-636 of rat Kv4.3.
Antibody was affinity purified.

NeuroMab, mouse monoclonal, Cat#
75-017, clone K75/41,
RRID:AB_2314723

1.04 mg/ml (stock)
1:100 dilution (IF)
1:1,000 dilution (IF-T)

Pan-cadherin

KLH-conjugated synthetic peptide
corresponding to the C-terminal 23
amino acids of chicken N-cadherin
with an extra N-terminal lysine
residue (total 24 amino acids).
Antibody was affinity purified.

Sigma, mouse monoclonal, Cat#
C1821,
RRID:AB_476826

7.5 mg/ml (stock)
1:200 dilution (ICC, IF)

Parvalbumin (PV)

Carp muscle parvalbumin

Swant, mouse monoclonal, Cat# 235,
RRID:AB_10000343

1:1,000 dilution (IF)

Somatostatin (SOM)

Synthetic peptide mapping amino
acids 84-102 of human
somatostatin.
Antibody was affinity purified.

Santa Cruz, goat polyclonal, Cat# sc7819,
RRID:AB_2302603

0.2 mg/ml (stock)
1:50 dilution (IF)

a-Tubulin

Amino acids 154-448 of human atubulin 4a. Antibody was affinity
purified.

GeneTex, rabbit polyclonal, Cat#
GTX112141,
RRID:AB_10722892

1.0 mg/ml (stock)
1:5,000 dilution (WB)

ICC, fluorescence immunocytochemistry in cultured HEK293 cells with membrane permeabilization; S-ICC (Surface-ICC), fluorescence immunocytochemistry in cultured HEK293 cells without membrane permeabilization; IF, immunofluorescence immunostaining in brain tissues; IF-T, immunofluorescence staining in brain tissues amplified by tyramide; IHC, immunoperoxidase staining; WB, western blot.
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TABLE 2.
Secondary Antibodies Used
Secondary antibody
Alexa Fluor 488 donkey anti-goat
Alexa Fluor 488 donkey anti-mouse
Alexa Fluor 488 donkey anti-rabbit
Alexa Fluor 594 donkey anti-mouse
Alexa Fluor 594 donkey anti-rabbit
Alexa Fluor 647 donkey anti-mouse
Biotinylated donkey anti-mouse
Biotinylated goat anti-rabbit
Donkey anti-rabbit conjugated with
horseradish peroxidase

Source
Jackson ImmunoResearch,
RRID:AB_2336933
Jackson ImmunoResearch,
RRID:AB_2336932
Jackson ImmunoResearch,
RRID:AB_2313584
Jackson ImmunoResearch,
RRID:AB_2336934
Jackson ImmunoResearch,
RRID:AB_2336928
Jackson ImmunoResearch,
RRID:AB_2336935
Jackson ImmunoResearch,
RRID:AB_2336931
Jackson ImmunoResearch,
RRID:AB_2336930
Jackson ImmunoResearch,
RRID:AB_10015282

specifically labels transfected cells expressing target
protein by immunofluorescence staining and immunoblot (manufacturer’s information).
Mouse anti-KChIP1 (NeuroMab, Cat. no. 75-003, clone
K55/7, RRID:AB_10673162) was generated against a
recombinant fusion protein containing full-length (amino
acids 1–216) of rat KChIP1b. In immunofluorescence
and immunoblot assays, this antibody specifically recognized rat KChIP1 but not rat KChIPs 2–4 expressed in
heterologous cells (Rhodes et al., 2004). Moreover, this
antibody labeled a subset of hippocampal interneurons
in the mouse or rat brain (Rhodes et al., 2004; Menegola
et al., 2008). Our immunostaining pattern of KChIP1 in
the rat hippocampus was similar to that reported.
Mouse anti-KChIP3 (NeuroMab, Cat. no. 75-005,
clone 66/38, RRID:AB_2130257) was raised against a
recombinant fusion protein containing full-length (amino
acids 1–256) of rat KChIP3. Western blot identified a
single band at 36 kD (m.w. of KChIP3) in brain lysate of
wildtype mice, which was absent in brain lysate of
KChIP3 knockout mice (manufacturer’s information).
Immunohistochemistry showed KChIP3-IR in the dendrites and somata of neocortical pyramidal neurons
(Rhodes et al., 2004). Our immunostaining pattern of
KChIP3 in the neocortex was similar to that reported.
Rabbit anti-Kv4.2 (Alomone, Jerusalem, Israel; Cat.
no. APC-023, Lot no. AN02, RRID:AB_2040176) was
raised against a peptide corresponding to amino acids
454–469 of rat Kv4.2. Western blot identified a single
band at 70 kD (m.w. of Kv4.2) in lysate of rat brain
(manufacturer’s information). Kv4.2 has been detected
in the dendrites of hippocampal CA1 pyramidal neurons
(Sheng et al., 1992) and in the somatodendritic domain
of neocortical pyramidal neurons (Rhodes et al., 2004).

Working dilution
Cat# 705-545-147,

1:200

Cat# 715-545-151,

1:200

Cat# 711-545-152,

1:200

Cat# 715-585-151,

1:200

Cat# 711-585-152,

1:200

Cat# 715-605-151,

1:200

Cat# 715-065-151,

1:500

Cat# 111-065-144,

1:500

Cat# 711-035-152,

1:5,000

Our immunostaining pattern of Kv4.2 in the rat hippocampus and neocortex was similar to previous studies.
Mouse anti-Kv4.3 (NeuroMab, Cat. no. 75-017, clone
K75/41, RRID:AB_2314723) was raised against a fusion
protein containing amino acids 415–636 of rat Kv4.3.
Western blot identified a single band at 73 kD (m.w. of
Kv4.3) in brain lysate of wildtype mice, which was absent
in brain lysate of Kv4.3 knockout mice (manufacturer’s
information). Immunohistochemistry showed Kv4.3-IR in
the somatodendritic domain of a subset of hippocampal
interneurons in wildtype mice (Rhodes et al., 2004),
which was absent in Kv4.3 knockout mice (Burkhalter
et al., 2006). Our immunostaining pattern of Kv4.3 in the
rat hippocampus was similar to that reported.
Mouse anti-pan-cadherin (Sigma, St. Louis, MO; Cat.
no. C1821, RRID:AB_476826) was raised against a peptide containing the last 23 amino acids of chicken Ncadherin and an extra lysine residue added to the Nterminus. This immunogenic peptide, which has an
intracellular localization, is conserved in cadherin family
members. Western blot identified a single band at 135
kD (m.w. of N-cadherin) in bovine kidney extract (manufacturer’s information). Because cadherins are present
at the plasma membrane of most cells examined (Filiz
et al., 2002), anti-pan-cadherin has been used as a
marker for plasma membrane. Our immunostaining pattern of cadherin in rat brain neurons was similar to that
in other cell types reported previously.
Mouse anti-parvalbumin (Swant; Cat. no. 235, RRID:AB_10000343) was raised against carp muscle parvalbumin. Western blot identified a single band at 12
kD (close to 9–11 kD, m.w. of parvalbumin) in rat or
mouse brain extract. This antibody labeled neocortical
interneurons in wildtype mice but did not mark those in
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Goat anti-somatostatin (Santa Cruz, Dallas, TX; Cat.
no. sc-7819, RRID:AB_2302603) was raised against a
peptide near the C-terminus of human somatostatin
(identical to corresponding mouse sequence). Western
blot identified a single band in lysate of human
somatostatin-transfected cells (manufacturer’s information). Somatostatin labels a subset of hippocampal
interneurons (Freund and Buzsaki, 1996). Our immunostaining pattern of somatostatin in the rat hippocampus
was similar to that reported.
Rabbit anti-a-tubulin (GeneTex, Cat. no. GTX112141,
RRID:AB_10722892) was generated against a recombinant protein fragment containing amino acids 154–448
of human a-tubulin 4a. Western blot identified a single
band at 55 kD (close to 50 kD, m.w. of a-tubulin) in
lysate of rat or mouse brain (manufacturer’s information). Our immunoblot also detected a single band at
55 kD in lysate of rat neocortex.

Plasmid constructs and transfection

Figure 1. Specificity analysis of DPP10 antibody. A: Immunocytochemistry showed some HEK293 cells cotransfected with constructs encoding DPP10 (red) and EYFP (green), and
untransfected cells had only nucleus labeling (blue). B: Besides
the cytoplasm, DPP10 overlaps with cadherin at the plasma membrane of DPP10-transfected HEK293 cells. C: When DPP10transfected HEK293 cells was not permeabilized, only surface
DPP10 proteins were labeled. D: Protein homogenates of HEK293
cells, DPP10-transfected HEK293 cells, and rat neocortex were
separated by SDS/PAGE and immunoblotted with DPP10 antibody, in the absence (left) and presence (1C, right) of DPP10
immunogenic peptide, respectively. The positions of molecular
mass standards (in kD) are shown in the middle. In DPP10transfected HEK293 cells or rat neocortex, the protein band at
the position of 97 kD is consistent with the molecular weight of
DPP10 protein. a-Tubulin was used as a loading control. The positions of molecular mass standards (in kD) are shown. Scale
bar 5 21 lm in A; 16 lm for B; 13 lm for C.

parvalbumin knockout mice (Celio et al., 2013). Parvalbumin has also been detected in rat hippocampal interneurons (Freund and Buzsaki, 1996) as well as
cerebellar Purkinje cells, basket cells, and satellite cells
(Bastianelli, 2003). Our immunostaining pattern of parvalbumin in the rat neocortex, hippocampus, and cerebellum was similar to that reported.

612

Rat DPP10a cDNA in pcDNA3 vector (pDPP10) was a
kind gift from Dr. Koichi Takimoto (University of Cincinnati, Children’s Hospital Medical Center, Cincinnati, OH)
(Ren et al., 2005). The plasmid construct pCAG-EYFP
(pEYFP) was generously provided by Dr. Tetsuichiro
Saito (Graduate School of Medicine, Chiba University,
Japan) and Dr. Jun-ichi Miyazaki (Osaka University Medical School, Japan). Human embryonic kidney (HEK) 293
cells were cultured with Dulbecco’s Modified Eagle’s
Medium (Invitrogen, Carlsbad, CA) containing 10% fetal
bovine serum, and 100 units penicillin/100 mg streptomycin per ml, in a humid chamber with 5% CO2 at
37 C. For transfection in dishes with 6 cm diameter, 5
ll Lipofectamine 2000 (Invitrogen) and 5 lg DNA (1 lg
pEYFP and 4 lg pDPP10) or 1 lg pEYFP DNA were
incubated in serum-free medium for 18 hours. Then the
plasmid-containing medium was removed and replaced
with normal culture medium. Cells were cultured for
another 24 hours before immunocytochemistry or western blot.

Fluorescence immunocytochemistry
HEK293 cells grown on coverglasses were fixed with
4% paraformaldehyde (PFA) in phosphate-buffered
saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 2 mM KH2PO4, pH 7.4) at room temperature
for 20 minutes. After cells were washed in low-salt Trisbuffered saline (LTBS; 25 mM Tris [pH 7.5], 0.15 M
NaCl) and permeabilized in LTBS containing 0.1% Triton
X-100 (LTBST) for 20 minutes, nonspecific binding was
blocked by 3% normal donkey serum and 2% bovine
serum albumin in LTBST for 1.5 hours. Cells were then
incubated at room temperature overnight in LTBST
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Figure 2. Overall distribution of DPP10 protein in the brain. Parasagittal section (A, B) and coronal sections (C–J, from rostral to caudal)
of adult rat brain were used. Sections were immunostained with anti-DPP10, except in (B), where anti-DPP10 was preabsorbed with
DPP10 immunogenic peptide. DPP10-IR is evident in the main olfactory bulb, accessory olfactory bulb, olfactory tubercle, neocortex, hippocampus, pontine nuclei, and piriform cortex. Amg, amygdala; AOB, accessory olfactory bulb; BS, brain stem; Cb, cerebellum; CPu, caudate
putamen; Cx, neocortex; DCD, dorsal cochlear deep nucleus; DR, dorsal raphe; FN, facial nucleus; Hp, hippocampus; MOB, main olfactory
bulb; OMN, oculomotor nucleus; Pir, piriform cortex; Pn, pontine nuclei; Th, thalamus; Tu, olfactory tubercle. Scale bar 5 1.6 mm in A;
1.6 mm for B; 810 lm for C; 2.3 mm for D,F; 2.0 mm for E; 2.1 mm for G,H,J; 2.0 mm for I.

containing two primary antibodies from different species and 3% normal donkey serum, followed by three
10-minute washes in high-salt Tris-buffered saline
(HTBS; 25 mM Tris [pH 7.5], 0.3 M NaCl) containing
0.1% Triton X-100 (HTBST). Subsequently, HTBST containing secondary antibodies Alexa Fluor 594conjugated donkey antirabbit IgG (1:200; Jackson
ImmunoResearch, West Grove, PA; Cat. no. 711-585152, RRID:AB_2336928) and Alexa Fluor 488-

conjugated donkey antimouse IgG (1:200; Jackson
ImmunoResearch; Cat. no. 715-545-151, RRID:AB_2336932) was applied to cells. Following a wash
in HTBST, cells on coverglasses were mounted with
40 ,6-diamidino-2-phenylindole (DAPI)-containing antifading medium Fluoromount-G (Southern Biotech, Birmingham, AL) onto slides. For anti-DPP10 surface labeling,
the procedure was similar except that Triton X-100 was
omitted in all buffers.
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Western blot analysis
Ice-cold RIPA buffer (50 mM Tris [pH 7.4], 150 mM
NaCl, 1 mM EDTA, 1% sodium deoxycholate, 0.1% SDS,
1% Triton X-100) containing 0.07 mM calpain inhibitor I,
0.06 mM calpain inhibitor II, protease inhibitor cocktail,
and 1.15 mM PMSF (Sigma) was used. For the preparation of HEK cell lysate, after 1 ml RIPA buffer was added
to a 6-cm dish, cells were scraped from the dish and
lysed by two rounds of freeze and thaw. For the preparation of neocortex lysate, an adult rat was anesthetized
with inhalational isofluorance and decapitated. Small
pieces of neocortex were frozen on dry ice immediately
after isolation. Tissues were chopped into fine pieces and
homogenized in RIPA buffer. The supernatant of cell or
tissue lysate was collected after centrifugation at
14,000 rpm for 30 minutes at 4 C to remove debris. Protein concentration of the supernatant was determined by
the BCA protein assay (Thermo, Waltham, MA), and aliquots of the supernatant were stored at 272 C before
use.
Approximately 20 lg total protein content of cell or tissue lysate was solubilized in a loading buffer (50 mM Tris
[pH 6.8], 2% sodium dodecyl sulfate [SDS], 0.2% bromophenol blue, and 10% glycerol). After denature by boiling
for 5 minutes in the presence of 5% 2-mercaptoethanol,
proteins in lysate were separated by 6% SDS/polyacrylamide gel electrophoresis, and electrophoretically transferred to a nitrocellulose membrane. Following a brief
rinse in HTBS containing 0.3% Tween 20 (HTBSW), the
membrane was blocked for nonspecific binding with 5%
non-fat milk in HTBSW for 1 hour, washed in HTBSW 10
minutes three times, and incubated at 4 C overnight in
HTBSW containing 5% nonfat milk and anti-DPP10 (1:500
dilution of 2.05 mg/ml stock solution, 0.41 lg/ml). For
peptide competition, anti-DPP10 was preabsorbed with
an equal quantity of DPP10 immunogenic peptide (0.41
lg/ml) at room temperature for 1 hour. After a wash,
donkey antirabbit secondary antibody conjugated with
horseradish peroxidase (1:5,000; Jackson ImmunoResearch; Cat. no. 711-035-152, RRID:AB_10015282) was
applied for 1 hour. In the presence of chemiluminescent
reagent (Luminata Forte; Millipore, Temecula, CA), immunoreactive bands were visualized by exposing the membrane in a luminescence/fluorescence image system
(Fujifilm LAS4000, Tokyo, Japan). The membrane was
then stripped and immunoblotted for anti-a-tubulin
(1:5,000) as a control of protein loading.

lowed by cold 2% or 4% PFA in PBS for 20 minutes.
After perfusion, the brain was isolated and immersed
in the same fixative at room temperature for 2 hours.
Note that 2% PFA treatment was required for all immunohistochemical analysis using anti-Kv4.2 or antiKChIP3, because both neuronal somata and dendrites
could be detected in 2% PFA-treated brain, but only
neuronal somata were observed in 4% PFA-treated
brain. Other antibodies showed no significant difference in brain treated with 2% or 4% PFA. Following
dehydration for cryoprotection in 30% (w/v) sucrose in
0.1 M phosphate buffer (PB, 0.08 M K2HPO4, 0.02 M
NaH2PO4, pH 7.4), all specimens were kept at 272 C
before sectioning.

Single antigen immunohistochemistry
Brain was cut with a cryostat into 20-lm floating sections. Sections were washed with LTBS 10 minutes
once, followed by washing in LTBST twice for 10
minutes. Sections were then treated with 0.2% hydrogen peroxide in LTBS for at least 30 minutes to exhaust
endogenous hydrogen peroxidase activity. Nonspecific
binding was blocked by 3% normal goat serum and 2%
bovine serum albumin in LTBST for 1.5 hours. Sections
were incubated at room temperature overnight with primary antibody in LTBST containing 3% normal serum.
After overnight incubation with primary antibody, sections were washed three times for 10 minutes each
with HTBST and then incubated with goat antirabbit biotinylated secondary antibody (1:500; Jackson ImmunoResearch; Cat. no. 111-065-144, RRID:AB_2336930) for
1.5 hours at room temperature. Following washing
three times with HTBST, avidin-biotin horseradish peroxidase complex (Pierce, Rockford, IL) in LTBST was
applied in a 1:160 dilution to sections for 1.5 hours at
room temperature. Antigens were visualized by combining equal volumes of an ammonium nickel sulfate solution (30 mg/ml in 0.1 M sodium acetate, pH 6.0) and a
diaminobenzidine solution (4 mg/ml in LTBS) in the
presence of 0.01% hydrogen peroxide. Floating sections
were spread flat on slides and air-dried. All sections on
slides were rinsed with distilled water for 1 minute and
dehydrated through an ethanol gradient (70% once, 95%
twice, and 100% twice) for 2 minutes each and then in
xylene for 3 minutes twice before being coverslipped
with mounting medium (Permount; Merck, Darmstadt,
Germany).

Double-fluorescence immunohistochemistry
Tissue processing for immunohistochemistry
The rat was anesthetized by intraperitoneal injection
of sodium pentobarbital (100 mg/kg; Sigma) and
briefly perfused transcardially with normal saline, fol-
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The following procedure was used for two primary
antibodies derived from different species. Sections
were processed similar to that described under "Single
antigen immunohistochemistry" except that treatment
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with hydrogen peroxidase was omitted. The second
antibodies included Alexa Fluor 488-conjugated donkey
antigoat IgG (1:200; Jackson ImmunoResearch; Cat. no.
705-545-147, RRID:AB_2336933), Alexa Fluor 488conjugated donkey antimouse IgG (1:200; Jackson
ImmunoResearch; Cat. no. 715-545-151, RRID:AB_2336932), or Alexa Fluor 488-conjugated donkey
antirabbit IgG (1:200; Jackson ImmunoResearch; Cat.
no. 711-545-152, RRID:AB_2313584), together with
Alexa Fluor 594-conjugated donkey antimouse IgG
(1:200; Jackson ImmunoResearch; Cat. no. 715-585151, RRID:AB_2336934) or Alexa Fluor 594-conjugated
donkey antirabbit IgG (1:200; Jackson ImmunoResearch;
Cat. no. 711-585-152, RRID:AB_2336928). After floating sections were spread flat on slides and air-dried, all
sections on slides were mounted with antifading
medium Fluoromount-G (Southern Biotech, Birmingham,
AL) under coverslips.

Triple-fluorescence immunohistochemistry
For three primary antibodies derived from three different species, the procedure was similar to that of
double-fluorescence immunohistochemistry. Taking the
costaining of somatostatin/Kv4.3/DPP10 as an example, second antibodies included Alexa Fluor 488conjugated donkey antigoat IgG (1:200) for goat antisomatostatin, Alexa Fluor 594-conjugated donkey antirabbit IgG (1:200) for rabbit anti-DPP10, and Alexa
Fluor 647-conjugated donkey antimouse IgG (1:200;
Jackson ImmunoResearch; Cat. no. 715-605-151, RRID:AB_2336935) for mouse anti-Kv4.3.
For two primary antibodies derived from the same
species, the tyramide amplification method was used to
amplify one of the two primary antibodies first. Taking
the costaining of Kv4.3/KChIP1/DPP10 as an example,
on the first day sections were incubated overnight with
mouse anti-Kv4.3 (1:1,000), a concentration 10 times
lower than that for double staining using two antibodies
derived from different species (Table 1). On the second
day, with intervening washes with HTBST, the antiKv4.3 signal was amplified sequentially by biotinylated
donkey antimouse IgG (1:500), avidin-biotin horseradish
peroxidase complex (1:160), and 0.5% cyanine 3conjugated tyramide (TSA Plus Cyanine 3 kit; PerkinElmer, Waltham, MA). Then sections were incubated
overnight with mouse anti-KChIP1 (1:50) and rabbit
anti-DPP10 (1:700), whose concentrations were the
same as for double staining using two antibodies
derived from different species (Table 1). On the third
day, Alexa Fluor 488-conjugated donkey antirabbit IgG
(1:200) and Alexa Fluor 647-conjugated donkey antimouse IgG (1:200) were applied to label rabbit antiDPP10 and mouse anti-KChIP1, respectively.

Image acquisition and processing
Images of fluorescence immunocytochemistry were
acquired using a Zeiss LSM700 confocal laser scanning
microscope (Carl Zeiss, Jena, Germany) at 1024 3 1024
pixel resolution. Images of single antigen immunohistochemistry were acquired with a DMX1200 digital camera
connected to a BX51 microscope (Olympus, Tokyo, Japan).
Images of double-fluorescence immunohistochemistry were
acquired using an Olympus FV10i (1024 3 1024 pixel resolution) or FV300 (512 3 512 pixel resolution) confocal
microscope. Images of triple-fluorescence immunohistochemistry were acquired using an Olympus FV10i confocal
microscope at 1024 3 1024 pixel resolution. In Photoshop
CS2 software (Adobe, San Jose, CA; RRID:SciRes_000161),
all images were cropped into appropriate sizes with
adjusted brightness and contrast before assembly.

Colocalization measurement
For the quantification of hippocampal interneurons, coronal sections of the adult rat brain (bregma 23.14 
23.6 mm) (Paxinos and Watson, 1986) were sampled.
After double or triple fluorescence immunohistochemistry
and confocal image acquisition, all the immunopositive
interneurons showing clear fluorescence in their cell
bodies were counted from one hippocampus section. For
the quantification of neocortical interneurons, similar coronal sections of the brain (bregma 23.14  23.6 mm)
were sampled. Six areas (480 3 480 lm2 in each area,
with roughly equal distance between neighboring two
areas) in the parietal cortex were chosen from one section.
Because it was difficult to distinguish DPP10(1) interneurons from DPP10(1) pyramidal neurons in the neocortical
layer 5, only the immunopositive interneurons in layers 1–
4 and 6 were counted. For the quantification of cerebellar
Golgi interneurons, parasagittal sections of the brain (lateral 1.40–2.40 mm) were sampled, and all the immunopositive interneurons were counted from the granular layer of
one cerebellum section. In all cases, three sections were
sampled from each brain, with a distance at least 80 lm
apart. The average values (in numbers) of each protein and
merge were obtained respectively from three sections per
animal. Then, the average value (in percentage) of the
three rats was presented as mean 6 standard deviation,
and the numbers in the parentheses of each table were
total counts pooled from three rats.

RESULTS
Specificity analysis of DPP10 antibody
DPP10a, the first identified splicing variant of DPP10,
encodes a protein of 796 amino acids (Qi et al., 2003;
Ren et al., 2005). We raised anti-DPP10 antibody
against a synthetic peptide corresponding to the last
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TABLE 3.
Distribution of DPP10 Protein in Adult Rat Brain

Main olfactory bulb
Glomerular layer
External plexiform layer
Mitral cell layer
Granule cell layer
Accessory olfactory bulb
glomerular layer
external plexiform layer
mitral/tufted cell layer
granule cell layer
Olfactory tubercle
Molecular layer
Dense cell layer
Multiform layer
Piriform cortex
Layer 1
Layer 2
Layer 3
Layer 4
Neocortex
Layer 1
Layer 2
Layer 3
Layer 4
Layer 5
Layer 6
Basal ganglia
Caudate putamen
Globus pallidus
Amygdala
Medial amygdala
Central amygdala
Basolateral amygdala
Epithalamus
Septum
Hippocampus
CA1 stratum alveus/oriens
CA1 stratum pyramidale
CA1 stratum radiatum
CA1 stratum lacunosum mol.
CA3 stratum oriens
CA3 stratum pyramidale
CA3 stratum lucidum
CA3 stratum radiatum
CA3 stratum lacunosum mol.

Soma

Neuropil

1111
11112
1111
1/2

2/1
11
2/1
2/1

2
2
111
111

2/1
2/1
11
2

11
2/1
2

11
2/1
11

2
11113
1111
1

2/1
11
1
2

2
1,11114
1,11114
11114
1111
114

2
11
11
2
11
2

11
2

1
2

11
2
111
1
11

1
11
11
2
2/1

11114
1,11114
1111 4
1111 4
1111 4
1,11114
11114
1111 4
2/1

11
2
1
1
2
2
2
2
1

DG outer molecular layer
DG middle molecular layer
DG inner molecular layer
DG stratum granulosum
DG Hilus
subiculum
Thalamus
Anterior nucleus
Anteror dorsal nucleus
Lateral dorsal nucleus
Lateral posterior nucleus
Ventral anterior nucleus
Ventral lateral nucleus
Ventral posterior nucleus
Medial dorsal nucleus
Central medial nucleus
Posterior nucleus
Reticular nucleus
Zona incerta
Hypothalalmus
Mammillary body
Midbrain
Substantia nigra
Superior colliculus
Inferior colliculus
Mesencephalic trigeminal nucleus
Central gray
Dorsal raphe
Paratrochlear nucleus
Oculomotor nucleus
Red nucleus
Brainstem
Pontine nucleus
Motor trigeminal nucleus
Facial nucleus
Vestibular nucleus
Ambiguus nucleus
Solitary tract nucleus
Medial solitary tract nucleus
Lateral solitary tract nucleus
Cerebellum
Molecular layer
Purkinje cell layer
Granule cell layer
Deep nuclei

Soma

Neuropil

2
2
1111 4
1, 11114
1111 4
111

1111
11
11
11
2
2

11
11
111
11
11
11
11
11
1
2/1
2/1
1
11
2/1

2
2
2
2
2/1
1
2
2
2
2
2/1
2/1
2/1
2/1

1
2/1
2/1
11
2/1
111
11
1
1

2/1
2/1
2
2
2/1
2/1
1
2/1
2/1

11
1111
1111
1
111
111
11
11

2/1
2/1
2/1
1
1
2/1
2
2/1

2
111
115
1111

2
2/1
1
2/1

The data for this table were generated from serial coronal and parasagittal sections from different rats. Neuropil is defined as the unmyelinated
axons, dendrites, and glial cell processes that form a synaptically dense region containing a relatively low number of cell bodies in the nervous system. Relative levels of expression were determined and normalized (1111, very high; 111, high; 11, moderate; 1, low; 2/1, very low but
clearly above background; 2, not detectable).
1
Staining in some neurons scattered between two glomeruli
2
Staining in tufted cells scattered in the upper portion of the external plexiform layer
3
Staining in deep pyramidal neurons.
4
Staining in interneurons
5
Staining in Golgi cells.

17-amino acid of rat DPP10a polypeptide, and this
extracellularly located immunogenic peptide sequence
was conserved for all splicing variants (Takimoto et al.,
2006; Jerng et al., 2007). Fluorescence immunocytochemistry showed that DPP10 immunoreactivity (DPP10IR) was present in HEK293 cells cotransfected with con-
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structs encoding DPP10a and enhanced yellow fluorescent protein (EYFP), but absent from untransfected cells
(Fig. 1A). Overlap with cadherin indicated DPP10 proteins at the plasma membrane of DPP10a-transfected
cells, besides cytoplasmic distribution (Fig. 1B). DPP10IR appeared only at the plasma membrane if cells
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Figure 3. DPP10 protein in the hippocampus. Coronal sections of rat brain were immunostained for DPP10 alone (A–D) or coimmunostained
with various markers as indicated (E–I). A: A low-magnification image shows overall DPP10-IR in the hippocampus. B–D: Intermediate magnification images show DPP10-IR in each lamina of CA1, dentate gyrus and CA3, respectively. B’–D’: High-magnification images show DPP10(1)
interneurons (arrowheads) scattered in CA1, dentate hilus, and CA3, respectively. Note strong DPP10-IR in the outer one-third of dentate
molecular layer (C’). E: Besides the cytoplasm, DPP10 overlaps with cadherin at the plasma membrane of interneurons. F–H: DPP10 in
parvalbumin(1) (arrowheads) but not in calbindin(1) or calretinin(1) interneurons. I: Coexpression of Kv4.3 and KChIP1 in some DPP10(1)
interneurons (arrowheads) scattered in the dentate hilus. J: Higher magnification of an interneuron shows that DPP10 is colocalized with
Kv4.3 and KChIP1 at the plasma membrane of somata (arrowhead). CB, calbindin; CR, calretinin; DG, dentate gyrus; g, granule cell layer; h,
hilus; iml, inner molecular layer; mml, middle molecular layer; oml, outer molecular layer; PV, parvalbumin; sa, stratum alveus; sl, stratum lucidum; slm, stratum lacunosum moleculare; so, stratum oriens; sp: stratum pyramidale; sr, stratum radiatum. Scale bar 5 460 lm in A; 120
lm for B; 58 lm for B’; 150 lm for C; 55 lm for C’; 160 lm for D; 85 lm for D’; 17 lm for E; 59 lm for F–H; 40 lm for I; 9 lm for J.
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TABLE 4.
Distribution of DPP10(1), SOM/Kv4.3/DPP10(1), and Kv4.3/KChIP1/DPP10(1) Interneurons in Hippocampal Laminae
Laminae

DPP10(1)

CA1 st.alveus/oriens
CA1 st. pyramidale
CA1 st. radiatum
CA1 st. lacunosum mol.
CA3 st. alveus/oriens
CA3 st. pyramidale
CA3 st. lucidum
CA3 st. radiatum
CA3 st. lacunosum mol.
DG st. molecule
DG st. granulosum
DG hilus

19.9 6 0.6
16.0 6 1.2
6.2 6 2.0
0.8 6 0.3
10.1 6 1.6
10.5 6 1.8
1.6 6 1.2
3.7 6 0.4
0.0 6 0.0
1.6 6 0.9
7.9 6 1.9
21.9 6 1.4

(97 of 489)
(78 of 489)
(30 of 489)
(4 of 489)
(49 of 489)
(51 of 489)
(8 of 489)
(18 of 489)
(0 of 489)
(8 of 489)
(39 of 489)
(107 of 489)

SOM/Kv4.3/DPP10(1)
21.2 6 3.4
20.1 6 0.8
4.5 6 0.7
0.0 6 0.0
7.9 6 2.4
9.1 6 0.6
3.2 6 0.9
3.9 6 1.7
0.0 6 0.0
1.2 6 1.0
6.6 6 1.8
21.5 6 2.2

(33 of 153)
(31 of 153)
(7 of 153)
(0 of 153)
(12 of 153)
(14 of 153)
(5 of 153)
(6 of 153)
(0 of 153)
(2 of 153)
(10 of 153)
(33 of 153)

Kv4.3/KChIP1/DPP10(1)
24.2 6 1.4
27.2 6 2.6
7.8 6 1.8
0.0 6 0.0
2.9 6 0.1
5.8 6 0.2
0.0 6 0.0
2.9 6 0.1
0.0 6 0.0
0.0 6 0.0
5.8 6 0.2
23.2 6 4.3

(25 of 101)
(28 of 101)
(6 of 101)
(0 of 101)
(3 of 101)
(6 of 101)
(0 of 101)
(3 of 101)
(0 of 101)
(0 of 101)
(6 of 101)
(24 of 101)

The average value (in percent) of three hippocampi from three rats was presented as mean 6 SD, and the numbers in the parentheses were total
counts pooled from three rats. For example, total 489 DPP10(1) interneurons were counted after immunoperoxidase staining, and 19.9% of them
(97 cells) were located in CA1 st. alveus/oriens; in contrast, total 153 SOM/Kv4.3/DPP10(1) interneurons were counted after triple-fluorescence
staining, and 21.2% of them (33 cells) were located in CA1 st. alveus/oriens.

were not permeabilized by detergent (Fig. 1C). AntiDPP10 recognized a single band at 97 kD in protein
lysate prepared from rat neocortex or DPP10atransfected HEK293 cells, but not from untransfected cells (Fig. 1D). The protein band at 97 kD
was consistent with the molecular weight of DPP10
protein (Jerng et al., 2005), and this band was no
longer detected if anti-DPP10 was preabsorbed with
excess DPP10 immunogenic peptide (Fig. 1D). Both
immunocytochemical and western blot data support
the specificity of this pan-DPP10 antibody.

Overall distribution of DPP10 protein in the
brain
Using single antigen immunohistochemistry in the
adult rat brain, we found DPP10-IR in widespread parts
of the gray matter, with only very low levels in the major
white matter tracts (Fig. 2A). DPP10-IR became undetectable if anti-DPP10 was preabsorbed with excess
DPP10 immunogenic peptide (Fig. 2B). The intensity of
DPP10-IR was strong in the main olfactory bulb, accessory olfactory bulb, piriform cortex, and neocortex, moderate in the amygdala, hippocampus, thalamus, and
brain stem, and weak in the basal ganglia, midbrain, and
cerebellum (Fig. 2A,C–J). The overall distribution of
DPP10-IR in the brain is summarized in Table 3, in which
the relative intensity of DPP10-IR in soma and neuropil
was compared separately. There was no DPP10-IR in the
cell bodies of glial cells. The detailed localization of
DPP10 protein in the hippocampus, neocortex, cerebellum, and main olfactory bulb are illustrated below.

Hippocampus
The strongest DPP10-IR in the hippocampus was
detected in the outer one-third of the dentate molecular
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layer of the upper blade (Fig. 3A,C’). The dentate molecular layer includes three parts: the outer one-third
receives input from the lateral entorhinal cortex, the middle one-third receives projections from the middle entorhinal cortex, and the inner one-third is innervated by
the mossy fibers and axons from the ventral hippocampal CA3 pyramidal cells (Freund and Buzsaki, 1996). It is
likely that DPP10 proteins are localized in the nerve terminals of axons, which originate from the lateral
entorhinal cortex and project selectively to the upper
blade of the dentate molecular layer. Moderate DPP10IR appeared in the basal dendrites of CA1 pyramidal
cells (which arborize in the stratum oriens) (Fig. 3B’) and
the dendrites of dentate granule cells (which ramify in
the dentate molecular layer) (Fig. 3C’). Moreover, weak
DPP10-IR was observed in the somata of all principal
neurons in the hippocampus, including CA1-CA3 pyramidal cells and dentate granule cells (Fig. 3B’,C’,D’).
The strongest DPP10-IR also appeared in the cell
bodies of many interneurons scattered throughout the
hippocampus (Fig. 3B–D), with the highest density in
the dentate hilus and CA1 strata oriens/alveus/pyramidale (Table 4). Besides overlap with cadherin at the
plasma membrane, DPP10 proteins were also distributed in the cytoplasm (Fig. 3E). Parvalbumin (PV), calbindin, and calretinin mark largely nonoverlapping subsets
of inhibitory interneurons in the hippocampus (Freund
and Buzsaki, 1996). Double-fluorescence immunohistochemistry revealed DPP10 in 72% PV(1) interneurons
but not in calbindin(1) or calretinin(1) interneurons
(Fig. 3F–H; Table 5). Because 22% of inhibitory interneurons are PV(1) (Freund and Buzsaki, 1996), we estimate 16% of inhibitory interneurons expressing
DPP10. The neuropeptide somatostatin (SOM) labels
14% of hippocampal inhibitory interneurons (Freund and
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81.8 6 1.6 (391/478)
0.0 6 0.0 (0/140)
0.0 6 0.0 (0/155)
19.9 6 1. (97/487)
23.0 6 1.0 (99/428)
35.5 6 4.4 (313/892)

merge/DPP10
60.8 6 1.6
0.0 6 0.0
0.0 6 0.0
29.0 6 3.4
44.7 6 1.5
39.7 6 1.7
(391/643)
(0/76)
(0/ 89)
(97/332)
(99/222)
(313/789)

merge/marker

Neocortical interneurons

36.7 6 3.1 (97/266)
13.7 6 1.5 (38/280)
–
81.7 6 2.9 (261/317)
–
–

33.0 6 2.0 (154/468)
–

60.0 6 2.0 (154/257)
–

31.0 6 2.6 (154/500)
–

merge/DPP10

34.0 6 3.6 (114/327)
44.0 6 4.0 (209/475)

merge/Kv4.3

31.7 6 2.1 (114/352)
27.2 6 4.5 (209/778)

merge/KChIP1

Kv4.3/KChIP1/DPP10

The mean percentage and SD across three rats was calculated, and the numbers in parentheses indicate the total number of cells pooled from three rats.

Hippocampus
Neocortex

merge/Kv4.3

merge/SOM

SOM/Kv4.3/DPP10

Number of interneurons

merge/DPP10
32.3 6 4.0 (114 /346)
22.8 6 1.3 (209/920)

TABLE 6.
Quantitation of SOM/Kv4.3/DPP10(1) Hippocampal Interneurons and Kv4.3/KChIP1/DPP10(1) Hippocampal and Neocortical Interneurons

61.3 6 1.5 (97 of 158)
9.3 6 1.5 (38 of 414)
–
65.7 6 4.0 (261 of 395)
–
–

DPP10/marker

Cerebellar Golgi interneurons
merge/DPP10

The mean percentage and SD across three rats was calculated, and the numbers in parentheses indicate the total number of cells pooled from three rats.

(173/241)
(0/86)
(0/74)
(92/287)
(141/327)
(150/352)

72.0 6 4.6
0.0 6 0.0
0.0 6 0.0
32.0 6 3.5
43.1 6 2.0
42.9 6 3.2

60.0 6 4.4
0.0 6 0.0
0.0 6 0.0
30.0 6 1.2
40.8 6 1.5
43.7 6 4.7

parvalbumin
calretinin
calbindin
somatostatin
Kv4.3
KChIP1

(173/288)
(0/124)
(0/115)
(92/311)
(141/346)
(150/346)

merge/marker

merge/DPP10

Marker

Hippocampal interneurons

TABLE 5.
Colocalization Analysis of DPP10 and Markers in Hippocampal Interneurons, Neocortical Interneurons, and Cerebellar Golgi Interneurons

DPP10 protein in brain
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Buzsaki, 1996), despite that 15% of them also express
PV (Jinno and Kosaka, 2000). DPP10-IR appeared in 32%
SOM(1) interneurons (Table 5) (14% 3 32% 3 [100 –
15%]) 5 4%, another 4% of inhibitory interneurons also
express DPP10. Combining DPP10(1)/PV(1) and
DPP10(1)/SOM(1) interneurons, 20% of inhibitory
interneurons express DPP10. Since DPP10 is also
expressed in PV(–) and SOM(–) interneurons (Table 5),
together with PV(1) and SOM(1) interneurons, and represent approximately one-third of inhibitory interneurons,
at least 20% of inhibitory interneurons in the hippocampus express DPP10.
Quantitative measurement indicated that 93.4 6 2.3%
of Kv4.3(1) hippocampal interneurons expressed
KChIP1, and 88.9 6 1.3% KChIP1(1) interneurons
showed Kv4.3 signal (n 5 3, total 434 Kv4.3(1) and
456 KChIP1(1) neurons were counted). However, only
43% of Kv4.3(1) interneurons expressed DPP10 and
41% of DPP10(1) interneurons had Kv4.3 signal; 44%
DPP10(1) interneurons expressed KChIP1 and 43% of
KChIP1(1) interneurons had DPP10 signal (Table 5).
Triple-fluorescence
immunohistochemistry
showed
Kv4.3/KChIP1/DPP10 coexpression in 34% of
Kv4.3(1), 32% of KChIP1(1), and 32% of DPP10(1) hippocampal interneurons, respectively (Fig. 3I; Table 6).
Because DPP10 protein appears in at least 20% of
inhibitory interneurons, together with 32% of DPP10(1)
interneurons that express Kv4.3 and KChIP1, we estimate at least 6.4% of inhibitory interneurons in the hippocampus coexpressing Kv4.3, KChIP1, and DPP10.
The highest density of Kv4.3/KChIP1/DPP10(1) interneurons was detected in the CA1 strata alveus/oriens/
pyramidale and the dentate hilus (Table 4). Note that
Kv4.3 and KChIP1 are coexpressed in both the somata
and dendrites, whereas DPP10 is present in the somata
but absent from the dendrites (Fig. 3J).
ISA and Kv4.3 mRNA have been detected from
SOM(1) interneurons in the CA1 strata alveus/oriens
(Lien et al., 2002), and a small proportion of SOM(1)
interneurons in the CA1 stratum pyramidale showed a
high percentage (80%) of colocalization with Kv4.3
(Bourdeau et al., 2007). Triple staining showed that
60% of SOM(1), 33% of Kv4.3(1), and 31% of
DPP10(1) interneurons coexpressed the other two
types of proteins (Table 6). The highest density of
SOM/Kv4.3/DPP10(1) interneurons appeared in the
CA1 strata alveus/oriens/pyramidale and the dentate
hilus (Table 4), which is consistent with previous
reports (Lien et al., 2002; Bourdeau et al., 2007).

Neocortex
Prominent DPP10-IR was observed throughout the
neocortical layers except layer 1 (Fig. 4A). DPP10-IR was
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strong in layer 5 (Fig. 4D), weak in layers 2/3 (Fig. 4B),
and barely detectable in layer 4 (Fig. 4C) and layer 6
(data not shown). Kv4.2, Kv4.3, and KChIP3 have been
detected from the somata and apical dendrites of layer
5 pyramidal neurons (Rhodes et al., 2004; Burkhalter
et al., 2006). Triple staining showed colocalization of
DPP10 with Kv4.2 and KChIP3 at the plasma membrane
of layer 5 pyramidal neuron somata (Fig. 4E). Together
with overlap between Kv4.2 and Kv4.3 (Fig. 4F), DPP10
is colocalized with Kv4.2, Kv4.3, and KChIP3 in the
somata of layer 5 pyramidal neurons.
There were also many DPP10(1) interneurons in layers
2–6 (Fig. 4A). The intensity of DPP10-IR in layers 2/3 was
much stronger in interneurons than that in pyramidal neurons (Fig. 4B). In layers 4 and 6, because of little DPP10IR in pyramidal neurons, DPP10(1) interneurons could be
easily identified (Fig. 4A,C). Nevertheless, it was difficult
to distinguish DPP10(1) interneurons from DPP10(1)
pyramidal neurons in layer 5, due to strong DPP10-IR in
both types of neurons (Fig. 4D). Three distinct groups of
neocortical inhibitory interneurons have been identified
by the expression of PV, calretinin, and SOM. PV is never
colocalized with calretinin and SOM, whereas calretinin
and SOM populations partially overlap (Gonchar et al.,
2008). Double labeling showed DPP10 in 61% of PV(1)
and 29% of SOM(1) interneurons but not in calretinin(1)
interneurons (Fig. 4G-H; Table 5). Based on that 39% and
23% of inhibitory interneurons are labeled by PV and
SOM, respectively (Gonchar et al., 2008) (39% 3 61%)
plus (23% 3 29%) 5 30%, we estimate 30% of inhibitory
interneurons expressing DPP10. Since PV(1) and
SOM(1) interneurons represent 62% of inhibitory interneurons, at least 30% of inhibitory interneurons in the
neocortex express DPP10.
Furthermore, Kv4.3 and KChIP1 are highly colocalized
in neocortical interneurons (Rhodes et al., 2004). Triple
immunostaining revealed Kv4.3/KChIP1/DPP10 colocalization in 44% of Kv4.3(1), 27% of KChIP1(1), and 23%
of DPP10(1) neocortical interneurons, mainly at the
plasma membrane of cell bodies (Fig. 4I; Table 6).
Since at least 30% of inhibitory interneurons express
DPP10, at least 6.9% of inhibitory interneurons in the
neocortex coexpress Kv4.3, KChIP1 and DPP10.

Cerebellum
DPP10-IR was relatively weak in the cerebellum compared to other brain regions (Fig. 2A). The intensity of
DPP10-IR was Purkinje cell layer > granular layer >
molecular layer > white matter (at a background level)
(Fig. 5A). In the Purkinje cell layer, DPP10-IR was evident
in the somata of Purkinje cells (Fig. 5B), and colocalization with calbindin confirmed DPP10 protein in Purkinje
cells (Fig. 5E). Although DPP10 mRNA has been detected
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Figure 4. DPP10 protein in the neocortex. Coronal sections of rat brain were immunostained for DPP10 alone (A–D) or coimmunostained
with various markers as indicated (E–I). A: DPP10-IR is most evident in layers 2/3 and 5. B: Higher magnification of layers 2/3 shows
strong DPP10-IR in interneurons (arrowheads) and weak DPP10-IR in small pyramidal neurons (arrows). C: Few DPP10(1) interneurons
(arrowheads) in layer 4. D: Many large DPP10(1) pyramidal neurons (arrows) in layer 5. E: Overlap of Kv4.2, KChIP3 and DPP10 in the
cell bodies of layer 5 pyramidal neurons. F: Colocalization of Kv4.2 and Kv4.3 in layer 5 pyramidal neurons. G,H: Partial overlap of DPP10
with parvalbumin (PV) or somatostatin (SOM) in layer 2/3 interneurons. I: Some interneurons in layer 2/3 coexpress Kv4.3, KChIP1 and
DPP10 at the plasma membrane of somata. wm, white matter. Scale bar 5 200 lm in A; 25 lm for B; 29 lm for C; 33 lm for D; 40 lm
for E; 42 lm for F; 52 lm for G,H; 15 lm for I.

in Purkinje cells (Zagha et al., 2005), it was unknown
whether DPP10 also appeared in other types of cerebellar
neurons. We found a few polygonal DPP10(1) neurons
scattered within the granular layer (Fig. 5C), which looked
like Golgi cells (a type of interneuron) (Altman and
Bayer, 1997). In the granular layer, SOM, PV, and calretinin are markers of Golgi cells, despite that calretinin

also labels another two types of interneurons: Lugaro
cells and unipolar brush cells (Fortin et al., 1998;
Geurts et al., 2001; Bastianelli, 2003). Double staining
showed DPP10 in 66% of SOM(1), 61% of PV(1), and
9% of calretinin(1) interneurons (Fig. 5F–H; Table 5),
confirming DPP10 expression in Golgi cells. Moreover,
prominent DPP10-IR was observed in many neurons
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Figure 5. DPP10 protein in the cerebellum. Parasagittal sections of rat brain were immunostained for DPP10 alone (A–D) or coimmunostained with various markers (E–H). A: DPP10-IR is strong in the Purkinje cell layer, moderate in the granule cell layer, and weak in the
molecular layer. B,C: DPP10 in the somata of Purkinje cells and some interneurons scattered in the granular layer (arrowheads in C). D:
DPP10 is also expressed in the deep cerebellar nuclei (arrow), and the insert show DPP10(1) deep neurons. E: DPP10 in the somata of
Purkinje cells, whose somata and dendritic trees are labeled by calbindin. F–H: DPP10 in some somatostatin(1), calretinin(1) and
parvalbumin(1) Golgi cells (arrowheads), respectively. CB, calbindin; CR, calretinin; DCN, deep cerebellar nuclei; g, granular layer; m,
molecular layer; p, Purkinje cell layer; PV, parvalbumin; SOM, somatostatin; wm, white matter. Scale bar 5 460 lm in A; 100 lm for B; 33
lm for C; 490 lm for D (58 lm for the inset); 54 lm for E; 22 lm for F–H.

clustered in the deep cerebellar nuclei (Fig. 5D). Thus,
DPP10 is expressed mainly in the somata of Purkinje
cells, most SOM(1) and PV(1) Golgi cells, as well as
deep nucleus neurons.

Main olfactory bulb
The strongest DPP10-IR in the brain was observed in
the main olfactory bulb (Fig. 2A), especially the mitral
cell layer (Fig. 6A). Very intense DPP10-IR was found in
the somata of mitral cells (Fig. 6D). There were also
many DPP10(1) large neurons situated between the
lower parts of two glomeruli and in the upper portion of
external plexiform layer (Fig. 6A–C). Based on the morphology and localization (Sherpherd, 1998), these neurons are likely to be the external and middle tufted
cells, respectively. Evident DPP10(1) neuropil staining
in the external plexiform layer could be contributed by
DPP10 protein expression in the dendrites of mitral and
tufted cells (Fig. 6A,D). In the somata of mitral cells,
DPP10 was colocalized with cadherin at the plasma
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membrane (Fig. 6E). Coexpression of Kv4.2 and Kv4.3
has been observed at the plasma membrane specializations of mitral cell somata (Kollo et al., 2008). Consistently, our data showed Kv4.2 and Kv4.3 at the plasma
membrane specializations between neighboring mitral
cell somata (Fig. 6F). Interestingly, DPP10 and KChIP3
were expressed in the plasma membrane and cytoplasm of mitral cell somata and colocalized with Kv4.2
at the plasma membrane specializations (Fig. 6G,H).
These results demonstrate colocalization of Kv4.2,
Kv4.3, KChIP3, and DPP10 at the plasma membrane
specializations of mitral cell somata.

DISCUSSION
We are the first to provide the distribution of DPP10
protein in rodent brain, and three major findings arise
from this study. (1) We introduce using immunohistochemical colocalization to support the hypothesis that
native Kv4 channels are formed by Kv4/KChIP/DPPL
ternary complex in ISA-expressing neurons. (2) This
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Figure 6. DPP10 protein in the main olfactory bulb. Coronal sections of brain were used for immunostaining. A: The strongest DPP10-IR
appears in the mitral cell layer. B: Higher magnification of the glomerular layer, showing DPP10(1) neurons between the lower parts of
two glomeruli. C: DPP10(1) neurons in the upper portion of the external plexiform layer. D: DPP10(1) mitral cells in the mitral cell layer.
E: Besides the cytoplasm, DPP10 overlaps with cadherin at the plasma membrane of mitral cell somata. F: Coexpression of Kv4.2 and
Kv4.3 at the plasma membrane specializations (arrows) of mitral cell somata. G: Overlap of DPP10 and Kv4.2 at the plasma membrane
specializations (arrows) of mitral cell somata. H: Colocalization of Kv4.2, KChIP3, and DPP10 at the plasma membrane specializations
(arrows) of mitral cell somata. epl, external plexiform layer; g, glomerulus; gl, glomerular layer; grl, granule cell layer; ipl, internal plexiform
layer; mcl, mitral cell layer; onl, olfactory nerve layer; wm, white matter. Scale bar 5 140 lm in A; 32 lm for B; 36 lm for C; 44 lm for
D; 12 lm for E; 10 lm for F; 12 lm for G; 18 lm for H.

study reveals DPP10 protein expression in many types
of brain neurons that were not reported previously by
DPP10 mRNA mapping (Zagha et al., 2005), such as
layer 5 pyramidal neurons and inhibitory interneurons in
the neocortex, Golgi cells and deep nucleus neurons in
the cerebellum, as well as mitral cells and tufted cells
in the main olfactory bulb. We also found diffuse but
evident distribution of DPP10 proteins in some brain
regions with dense gathering of nerve terminals, such
as the outer one-third of dentate molecular layer in the
hippocampus. (3) This report shows that DPP10 protein
in some neurons lacking Kv4 but expressing other Kv
pore-forming subunits, such as cerebellar Golgi cells

(Table 7), suggests that DPP10 may have additional
Kv4-unrelated functions in the nervous system.

Identification of Kv4/KChIP/DPPL
composition in several types of
ISA-expressing neurons
The ISA in the somata of hippocampal interneurons is
contributed mainly by Kv4.3 (Lien et al., 2002;
Bourdeau et al., 2007), and KChIP1 can modulate this
Kv4.3-mediated ISA (Bourdeau et al., 2011). Consistently, Kv4.3 and KChIP1 proteins have been detected
in the somata and dendrites of hippocampal
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TABLE 7.
Colocolization of DPP10 With Pore-Forming Kv and KChIP Subunits in the Adult Rat Brain
DPP10

Pore-forming Kv and KChIP subunits

Hippocampus
Interneurons
DG molecular layer
Outer
Middle
Inner
Neocortex
L5 pyramidal neurons
L2/3, L4, L6 interneurons
Cerebellum
Purkinje cells
Golgi cells
Deep neurons
Olfactory bulb
Mitral cells
Tufted cells

Somata: Kv1.66, Kv2.117, Kv2.28, Kv3.1b1, Kv3.22, Kv3.32, Kv4.310, Kv7.211, Kv7.313, Kv11.119,KChIP110
Process: Kv1.24,Kv3.416, Kv4.210, Kv4.310, Kv7.213, KChIP210, KChIP310, KChIP410
Process: Kv1.14, Kv1.24, Kv1.44, Kv3.416, Kv4.210, Kv4.310, KChIP210, KChIP310, KChIP410
Process: Kv1.116, Kv1.616, Kv3.1a1, Kv4.210, Kv4.310, KChIP210, KChIP310, KChIP410
Somata: Kv2.13, Kv4.210, Kv4.39, KChIP310, KChIP410
Somata: kv2.117, Kv3.1b5, Kv3.27, Kv4.29, Kv4.310, Kv11.119, KChIP110
Somata: Kv1.316, Kv1.520, Kv1.620, Kv2.13, Kv2.23, Kv3.32, Kv7.211, Kv7.315, Kv11.119, KChIP212
Somata: Kv1.216, Kv7.211
Somata: Kv1.120, Kv1.316, Kv1.520, Kv1.620, Kv3.1a1, Kv3.1b1, Kv3.32, Kv4.212, Kv4.312, KChIP212, KChIP312
Somata: Kv1.116, Kv1.216, Kv1.416, Kv2.118, Kv3.1a1, Kv4.214, Kv4.314, Kv7.211
Somata: Kv3.1b1, Kv1.216, Kv1.416, Kv4.214, Kv4.314

1

Ozaita et al., 2002.
Chang et al., 2007.
3
Hwang et al., 1993.
4
Monaghan et al., 2001.
5
Weiser et al., 1995.
6
Rhodes et al., 1997.
7
Chow et al., 1999.
8
Maletic-Savatic et al., 1995.
9
Burkhalter et al., 2006.
10
Rhodes et al., 2004.
11
Cooper et al., 2001.
12
Strassle et al., 2005.
13
Roche et al., 2002.
14
Kollo et al., 2008.
15
Geiger et al., 2006.
16
Veh et al., 1995.
17
Du et al., 1998.
18
Eyre et al., 2009.
19
Papa et al. 2003.
20
Chung et al., 2001.
2

interneurons (Rhodes et al., 2004; Menegola et al.,
2008). Although DPP10 also regulates Kv4 currents
when coexpressed in heterologous cells (Zagha et al.,
2005; Li et al., 2006), it is unclear whether DPP10 is
coexpressed with Kv4.3 and KChIP1 in hippocampal
interneurons. Here, using triple-fluorescence immunohistochemistry, we demonstrate that DPP10 is colocalized with Kv4.3 and KChIP1 in the cell bodies of at
least 6.4% of hippocampal inhibitory interneurons,
which have the highest density in the CA1 strata
alveus/oriens/pyramidale and the dentate hilus (Fig. 3;
Table 4). This finding supports that Kv4.3, KChIP1, and
DPP10 are components of the Kv4 channel complex to
generate ISA in the somata of hippocampal inhibitory
interneurons. Further coimmunoprecipitation analysis is
required for confirmation.
In the neocortex, Kv4.2 and Kv4.3 have been detected
in the somata and apical dendrites of pyramidal neurons
(Rhodes et al., 2004; Burkhalter et al., 2006). The ISA in
the cell bodies of neocortical pyramidal neurons is
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encoded for the most part by Kv4.2 and Kv4.3 (Norris and
Nerbonne, 2010), and deletion of Kv4.2 or Kv4.3 increases
firing rates of layer 5 pyramidal neurons (Carrasquillo
et al., 2012). Although a coimmunoprecipitation approach
has identified Kv4.2/KChIP3/DPP10 protein complex in
the rat neocortex (Jerng et al., 2005), it is uncertain which
types of neurons coexpress them. Our immunohistochemical approach not only demonstrates Kv4.2/KChIP3/
DPP10 in the somata of layer 5 pyramidal neurons, but
also finds a participation of Kv4.3 (Fig. 4). Because antiKv4.2 antibody could coimmunoprecipitate Kv4.3 in hippocampus lysate, it has been suggested that Kv4.2/Kv4.3
heteromers are present in regions where colocalization of
Kv4.2 and Kv4.3 is observed (Rhodes et al., 2004). All
these studies support that Kv4.2/Kv4.3 heteromers,
KChIP3, and DPP10 form ternary complex to produce ISA
in the somata of neocortical layer 5 pyramidal neurons.
A small ISA has been recorded from the somata of fastspiking inhibitory interneurons in layer 4 of mouse barrel
cortex (Sun, 2009). Our data show Kv4.3/KChIP1/DPP10
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colocalization in the cell bodies of at least 7% of inhibitory
interneurons throughout the neocortical layers 2–6
(Fig. 4). This finding not only supports that Kv4.3, KChIP1
and DPP10 are components of Kv4 channels underlying
the ISA in layer 4 interneurons, but also implicates the
existence of ISA in interneurons of layers 2/3, 5, and 6.
IA has been detected from the somata of mitral cells in
the main olfactory bulb of neonatal rats (Wang et al.,
1996), but the electrical properties of this IA do not fit with
those of Kv1, Kv3, or Kv4-mediated IA (Coetzee et al.,
1999). It remains unknown which Kv pore-forming subunit
mediates this IA. Here we found colocalization of Kv4.2/
Kv4.3, KChIP3, and DPP10 at plasma membrane specializations of mitral cell somata (Fig. 6E–H), suggesting that
ISA produced by the Kv4 channel complex may contribute
to the IA in mitral cell somata reported previously.
DPP6 appears mainly in the dendrites of some other
brain neurons (Clark et al., 2008), and it has been
shown that DPP6 contributes to the dendritic ISAs of
CA1 hippocampal pyramidal neurons (Sun et al., 2011).
Detection of DPP10 in the cell bodies of neurons
described above suggests that DPP10 contributes
mainly to the ISAs in the somata.

DPP10 have Kv4-related functions
If DPPL proteins associate with Kv4 subunits in the
nervous system, one would expect that the two types of
proteins be expressed in the same type of neurons and
at the same subcellular compartment. DPP6, the other
member in the DPPL subfamily, is expressed mainly in
the dendritic compartment and shows a similar pattern
to Kv4.2 in most neurons examined (Clark et al., 2008).
Here our data reveal colocalization of DPP10 with Kv4.2
and/or Kv4.3 in the somata of many neuronal populations, such as PV(1) and SOM(1) hippocampal interneurons (Fig. 3), PV(1) and SOM(1) interneurons, as
well as layer 5 pyramidal neurons in the neocortex (Fig.
4), and mitral cells in the main olfactory bulb (Fig. 6),
supporting that DPP10 have Kv4-related functions.
Accumulating evidence suggests a model for Kv4 ternary complex trafficking to the neuronal surface where
KChIP stability is dependent on Kv4, Kv4 stability is
dependent on DPPL binding, and DPPL can exist in a
neuron independently of the ISA channel complex. The
amplitude of ISA is limited by the level of Kv4 expression, and sufficient KChIP and DPPL are normally
expressed in neurons to accommodate additional Kv4
being produced (Jerng and Pfaffinger, 2014). Our data
show that DPP10 proteins are largely intracellularly
localized in Kv4-expressing neurons under a normal
physiological state. It is likely that extra DPP10 proteins
are synthesized and stored intracellularly under a normal physiological condition; when new Kv4 proteins are

synthesized in response to certain stimulation, these
intracellularly located DPP10 proteins can immediately
bind to Kv4 proteins to protect Kv4 proteins from degradation during trafficking to the neuronal surface.
Kv4.1 is another member in the Kv4 subfamily, in
addition to Kv4.2 and Kv4.3. Using in situ hybridization,
Kv4.1 mRNA has been detected in hippocampal CA1CA3 pyramidal cells, dentate granule cells, granule cells
of the main olfactory bulb, and possibly cerebellar Purkinje cells (Serodio and Rudy, 1998), as well as pacemaker neurons in hypothalamic suprachiasmatic
nucleus (Itri et al., 2010). By single cell reverse
transcription-polymerase chain reaction, Kv4.1 mRNA
has been also observed in neostriatal spiny neurons,
neocortical cholinergic interneurons, globus pallidus
neurons, and basal forebrain cholinergic neurons
(Tkatch et al., 2000; Hattori et al., 2003). These studies
indicate that Kv4.1 mRNA is widely distributed in brain
neurons, although its protein localization remains uncertain. ISA has been recorded from Purkinje cell somata
(Sacco and Tempia, 2002), but the mRNAs and proteins
of Kv4.2 and Kv4.3 were not observed in Purkinje cells
(Serodio and Rudy, 1998; Hsu et al., 2003; Rhodes
et al., 2004), suggesting that this ISA is mediated by
Kv4.1. Since KChIP2 and DPP10 proteins appear in
Purkinje cell somata (Strassle et al., 2005; Fig. 5 in this
report), it will be interesting to test whether Kv4.1,
KChIP2, and DPP10 are colocalized in Purkinje cell
somata when specific Kv4.1 antibody is available.

DPP10 may have additional Kv4-unrelated
functions
In hippocampal CA1, Kv4.3 and KChIP1 are completely colocalized in a subset of interneurons, with
only a few cells presenting preferential immunofluorescence staining for one or the other subunit (Menegola
et al., 2008). Similarly, in the entire hippocampus our
data show that 93% of Kv4.3(1) interneurons expressed
KChIP1 and 89% of KChIP1(1) interneurons had Kv4.3
signal. However, less than half of DPP10(1) interneurons expressed Kv4.3 or KChIP1, and less than half of
Kv4.3(1) or KChIP1(1) interneurons had DPP10 signal
(Table 5). These findings suggest that Kv4.3 is more
closely associated with KChIP1 than with DPP10.
Unexpectedly, the localizations of DPPLs in the hippocampus are also similar to those of Kv3 subfamily members. DPP6 proteins have been observed in the axons of
dentate granule cells (Clark et al., 2008), similar to Kv3.4
(Veh et al., 1995). DPP10 protein is strongly expressed in
the outer one-third of the dentate molecular layer (Fig.
3), again similar to Kv3.4 (Table 7). Furthermore, Kv3.1b
and Kv3.2 appear in 100% of PV(1) and 50% of
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SOM(1) interneurons, but not in calbindin(1) or
calretinin(1) interneurons (Du et al., 1996; Tansey et al.,
2002). Like Kv3.1b and Kv3.2, DPP10 is present in 72%
of PV(1) and 32% of SOM(1) interneurons, but completely absent from calbindin(1) and calretinin(1) interneurons (Table 5). In contrast, besides 63% of PV(1) and
55% of SOM(1) interneurons, Kv4.3 and KChIP1 also
appear in 72% of calbindin(1) and 60% of calretinin(1)
interneurons in hippocampal CA1 (Menegola et al.,
2008). Since Kv4.3 and KChIP1 are colocalized in only
one-third of DPP10(1) interneurons (Table 6), it is likely
that DPP10 is coexpressed with Kv3.1b and/or Kv3.2 in
some PV(1) and SOM(1) interneurons.
Kv pore-forming subunits that have been detected in
the same subcellular compartment of DPP10(1) neurons are listed in Table 7. For example, Kv1.2 and
Kv7.2 are present in the somata of cerebellar Golgi
cells, which express DPP10 but not Kv4 (Table 7). Thus,
the possibility that DPPLs have additional Kv4-unrelated
functions has not been excluded.

CONCLUSION
The DPP10 gene has been identified to be associated
with autism (Marshall et al., 2008), but the pathologic
mechanism remains unknown. This report shows the
distribution of DPP10 protein in two brain regions (hippocampus and neocortex) that are closely related to
cognitive functions, which is a useful first step toward
understanding the role of DPP10 in autism. In addition,
previous researchers used various combinations of
Kv4/KChIP/DPPL to study the properties of Kv4 ternary complex without physiological significance. Based
on the identification of Kv4/KChIP/DPPL composition
in ISA-expressing neurons provided by this report, how
each specific auxiliary subunit modulates Kv4-mediated
ISA can be studied precisely, which may shed light on
how pharmacological reagents (such as arachidonic
acid and protein kinase A) have impacts on neuronal
ISAs (Holmqvist et al., 2001; Schrader et al., 2002).
Taken together, this report is helpful in elucidating the
physiological and pharmacological properties of ISA in
specific groups of neurons in the mammalian brain.
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