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A Role for DPPX Modulating External TEA Sensitivity of Kv4 Channels
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Shal-type (Kv4) channels are expressed in a large variety of tissues, where they contribute to transient voltage-
dependent K' currents. Kv4 are the molecular correlate of the A-type current of neurons (Iss), the fast component
of Ito current in the heart, and also of the oxygen-sensitive K* current (Kog) in rabbit carotid body (CB) chemore-
ceptor cells. The enormous degree of variability in the physiological properties of Kv4-mediated currents can be
attributable to the complexity of their regulation together with the large number of ancillary subunits and scaffold-
ing proteins that associate with Kv4 proteins to modify their trafficking and their kinetic properties. Among those,
KChIPs and DPPX proteins have been demonstrated to be integral components of Isy and It currents, as their co-
expression with Kv4 subunits recapitulates the kinetics of native currents. Here, we explore the presence and func-
tional contribution of DPPX to Ko, currents in rabbit CB chemoreceptor cells by using DPPX functional knockdown
with siRNA. Additionally, we investigate if the presence of DPPX endows Kv4 channels with new pharmacological
properties, as we have observed anomalous tetraethylammonium (TEA) sensitivity in the native Koo currents. DPPX
association with Kv4 channels induced an increased TEA sensitivity both in heterologous expression systems and
in CB chemoreceptor cells. Moreover, TEA application to Kv4-DPPX heteromultimers leads to marked kinetic ef-
fects that could be explained by an augmented closed-state inactivation. Our data suggest that DPPX proteins are
integral components of Kos currents, and that their association with Kv4 subunits modulate the pharmacological

profile of the heteromultimers.

INTRODUCTION

Voltage-gated K (Kv) channels belonging to the mam-
malian Kv4 subfamily all rapidly activate and inactivate
in response to subthreshold membrane depolarization,
giving rise to transient outward K* currents that are also
characterized by their fast recovery from inactivation
(for review see Jerng et al., 2004a). These unique bio-
physical properties provide a relevant role for Kv4 chan-
nels in many excitable tissues. In cardiac cells, Kv4
channels have been shown to represent the molecular
correlate of Ito currents, determining the initial phase
of action potential repolarization (Barry et al., 1998; Xu
etal., 1999). Kv4 channels are also responsible for a large
portion of the rapidly inactivating outward K' current
(A-type current) that controls the shape, frequency, and
propagation of action potential in many neurons (Baldwin
etal., 1991; Serodio etal., 1994; Johns etal., 1997; Tkatch
et al., 2000; Malin and Nerbonne, 2001). As a particular
case of neuronal cells, in rabbit carotid body chemore-
ceptor cells, genes of the Kv4 family have been shown to
represent the molecular correlate of the oxygen-sensi-
tive voltage-dependent K" current (Kpe) originally de-
scribed in this preparation (Perez-Garcia et al., 2000;
Sanchez et al., 2002; Lopez-Lopez et al., 2003).
However, there is a wide variability in gating kinetics,
conductance, and pharmacology among these native cur-

Correspondence to M. Teresa Pérez-Garcia: tperez@ibgm.uva.es

© 2008 Colinas et al.

The Rockefeller University Press  $30.00

J. Gen. Physiol. Vol. 131 No. 5 455-471
www.jgp.org/cgi/doi/10.1085/jgp.200709912

rents that is partly due to alternative splicing, heteromeric
assembly of pore-forming Kva subunits, RNA editing,
and posttranscriptional modifications. This multiplicity
is augmented by the interaction of Kv4 channels with
their numerous ancillary proteins. Differences in the bio-
physical properties of the neuronal or cardiac currents
and Kv4 channels expressed in heterologous systems
have long suggested that the native channel may be a
multisubunit complex comprised of Kv4 pore-forming
subunits and modulatory proteins (Rudy et al., 1988;
Chabala et al., 1993; Serodio et al., 1994). More recently,
several reports confirmed that two novel protein fam-
ilies with previously unknown functions, Kv channel
interacting proteins (KChIPs) and dipeptidyl aminopep-
tidase-related proteins (DPPX, DPPY), are critical com-
ponents of cardiac and neuronal A-type currents that
regulate Kv4 trafficking and kinetics (An et al., 2000;
Nadal et al., 2003; Jerng et al., 2004b; Jerng et al., 2005;
Nerbonne and Kass, 2005; Radicke et al., 2005a; Ren
et al., 2005). In fact, in the light of recent findings
most ion channels can be envisioned as heteromeric, dy-
namically assembled multiprotein complexes, to such
extent that even though a subunits suffice to form a
functional pore, it is not clear whether they actually do

Abbreviations used in this paper: CB, carotid body; HpTx, heteropo-
datoxin; SEC, siRNA expression cassette; TH, tyrosine hydroxylase.
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so in native tissues. According to this, changes in the level
of expression of the different elements of the multimers
together with differences in the splice variants present
in a tissue could explain the variability in biophysical
properties of native currents among different tissues or
different cells within the same tissue (Nerbonne, 2000;
Jerng etal., 2004a).

This variability does not seem to affect the pharma-
cological profile of Kv4 currents, which are typically
described as 4-AP sensitive and TEA resistant. This
holds true when characterizing Kv4 currents in heter-
ologous expression systems (Pak etal., 1991; Jerng and
Covarrubias, 1997) and also when studying native cur-
rents (Martina et al., 1998; Song et al., 1998), suggest-
ing that the association of Kv4 pore-forming subunits
with accessory subunits does not change the pharma-
cological properties of the heteromultimers. However,
in rabbit carotid body (CB) chemoreceptor cells we have
observed that transient outward K" currents are sensitive
to 4-AP (Lopez-Lopez et al., 1993) and heteropoda-
toxin (HpTx-2) (Sanchez et al., 2002), but can also be
blocked by external TEA application. TEA inhibition
was observed with TEA concentrations as low as 10 pM,
and increases when augmenting TEA up to 10 mM
(Kaab et al., 2005). While we have identified Kv3.4 as
the highly sensitive TEA component of the transient K*
current (Sanchez et al., 2002; Kaab et al., 2005), we
have no explanation for the blockade of the Kv4 com-
ponent with low-millimolar TEA concentrations. In
the search for an explanation of this perplexing obser-
vation, we have explored the possibility that some ac-
cessory subunit of Kv4 channels could determine the
atypical pharmacological profile of the transient K*
current in rabbit CB chemoreceptor cells. Among
Kv4 auxiliary subunits, the structural properties of DPPX,
with a large C-terminal extracellular domain (Wada
etal., 1992), made conceivable the hypothesis that its
association with Kv4 a subunits could modify the bind-
ing of TEA to the external side of the pore. We found
that coexpression of DPPX in HEK cells endows Kv4
channels with a new high-affinity binding site for TEA
that affects both conductance and kinetic properties
of the heteromultimers. Furthermore, we detected high
expression levels of DPPX mRNA in rabbit CB chemo-
receptor cells (when compared with cerebellar gran-
ule neurons), DPPX protein was found to coexpress
with Kv4.3, and its functional knockdown with siRNA
modified the kinetics of the transient K' current and
decreased its sensitivity to extracellular TEA, demon-
strating the physiological association in a native tissue.

MATERIALS AND METHODS

HEK293 Cell Maintenance and Transfections

HEK293 cells were maintained in DMEM supplemented with
10% FCS (GIBCO BRL), 100 U-ml ™" penicillin, 100 g-ml~" strepto-
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mycin, and 2 mM r-glutamine. Cells were grown as a monolayer
and plated on coverslips (6 mm) placed in the bottom of 35-mm
Petri dishes at a density of 2-4 x 10° cells/dish the day before
transfection. Transient transfections were performed using Lipo-
fectamine 2000 (Invitrogen), with 0.1 pg of plasmid DNA encod-
ing Kv4.1, Kv4.2, or Kv4.3 alone or in combination with 1.5 pg
of plasmid DNA encoding DPPX subunit (molar ratio Kv4:DPPX
1:10). In all cases, 0.2 pg of plasmid DNA encoding GFP was
included to permit transfection efficiency estimates (20-60%)
and to identify cells for voltage-clamp analysis. The plasmids used
were rabbit Kv4.3 in pCMV-SPORT (a gift of J.L. Rae, Mayo
Clinic, Rochester, MN), rat Kv4.2 in pEGFP-C3 (a gift of D.C.
Johns, Johns Hopkins University, St. Louis, MO), mouse Kv4.1
(provided by L. Salkoff, Washington University, St. Louis, MO;
and subcloned into pAdTrack), and human DPPX-s in pRc/RSV
(obtained from K. Wada, National Institute of Neuroscience,
Tokyo, Japan). gWIZ-GFP was purchased from Gene Therapy
Systems Inc.

Dissociation and Short-Term Culture of Rabbit Carotid

Body Cells

Adult New Zealand rabbits (1.5-2 kg) were anesthetized with in-
travenous application of sodium pentobarbital (40 mg/kg)
through the lateral vein of the ear. After tracheostomy, carotid ar-
tery bifurcations were dissected out and animals were killed by in-
tracardiac injection of sodium pentobarbital. All measures were
taken to ensure the animals did not suffer distress at any time.
The protocols were approved by the Institutional Care and Use
Committee of the University of Valladolid and were conducted in
accordance with the Guide for the Care and Use of Laboratory
Animals (1996. National Academy of Sciences, Washington D.C.).
The CBs were enzymatically dispersed as previously described
(Pérez-Garcia et al., 1992). Dispersed cells were plated onto poly-
L-lysine—coated coverslips with 2 ml of growth medium, and main-
tained in culture at 37°C in a 5%CO, atmosphere up to 96 h.

Electrophysiological Methods

Ionic currents were recorded at room temperature (20-25°C)
using the whole-cell or the outside-out configuration of the
patch-clamp technique. Whole-cell current recordings and data
acquisition from CB chemoreceptor cells were made as previously
described (Lopez-Lopez et al., 1997; Sanchez et al., 2002). The
coverslips with the attached cells were placed at the bottom of a
small recording chamber (0.2 ml) on the stage of an inverted mi-
croscope and perfused by gravity with the bath solution. Patch pi-
pettes had resistances ranging from 2 to 4 MQ when filled with the
internal solution. The composition of the bath solution was
(in mM) 141 NaCl, 4.7 KCI, 1.2 MgCl,, 1.8 CaCl,, 10 glucose, 10
HEPES (pH 7.4 with NaOH), and the pipette was filled with a so-
lution containing (in mM) 125 KCl, 4 MgCl,, 10 HEPES, 10 EGTA,
5 MgATP (pH 7.2 with KOH).

The currents were recorded using an Axopatch 200 patch-
clamp amplifier, filtered at 2 kHz (—3dB, 4-pole Bessel filter), and
sampled at 10 kHz. When whole currents were recorded, series
resistance was compensated. When leak subtraction was per-
formed, an online P/4 protocol was used. Recordings were digi-
tized with a Digidata 1200 A/D interface, driven by CLAMPEX 8
software (Axon Instruments) in a Pentium clone computer.

Sensitivity of K' currents of CB chemoreceptor cells to TEA was
analyzed by studying the decrease in the peak current amplitude
in depolarizing pulses to +40 mV from a holding potential of
—80 mV upon application of increasing concentrations of TEA to
the bath solution. Average current amplitude before and after TEA
application was used as the control value. Cells in which no wash-
out of the drug could be obtained due to deterioration of seal
conditions were discarded for analysis. In the case of transfected
HEK cells, and due to the kinetic changes observed upon TEA



application in the presence of DPPX, the magnitude of the block
was also determined by calculating the integral of the depolariz-
ing pulses.

Electrophysiological data analyses were performed with the
CLAMPFIT subroutine of the PCLAMP software and with ORI-
GIN 7.5 software (Microcal Inc.). Pooled data are expressed
as mean + SEM. Statistical comparisons between groups of data
were performed with the two-tailed Student’s ¢ test for paired or
unpaired data, and values of P < 0.05 were considered statisti-
cally different.

siRNA Design and Construction

The full-length sequence of human DPPX-LL. mRNA was used to
perform a BLAST in the rabbit genome in Ensembl database. We
selected a fragment of 417 bp with >92% identity to the human
sequence, that was amplified with the same pair of specific prim-
ers from both human and rabbit cortex mRNA. The PCR product
from rabbit cortex was subcloned into pcDNA3.1 using pcDNA3.1
TOPO TA Expression Kit (Invitrogen) and sequenced. Alignment
of the cloned sequence with human DPPX isoforms provided a
fragment of rabbit DPPX of 324 bp, corresponding to residues
1084-1408 of human DPPX-S and with a 92% sequence identity.
We selected two target sequences for designing siRNA against
rabbit DPPX in regions with the highest identity with the hu-
man sequence. The siRNA sequences where labeled as DPPXA
(5'-CGAATGAGGGAGTATTACA-3', two mismatches in the hu-
man sequence) and DPPXB (5-ACACGAGGATGAAAGTGAA-3’,
100% identity with human DPPX). After using BLAST program to
ensure specificity of the sequences across mammalian genomes, the
two target sequences were used to generate siRNA expression
cassettes (SECs) with the Silencer Express (siRNA Expression
Cassette Kit, Ambion). SECs consist of a mouse U6 RNA-based
polymerase III promoter adjacent to a hairpin siRNA template and
a RNA polymerase terminator to facilitate high-level of siRNA ex-
pression. The SECs were generated by three consecutive PCRs using
two gene-specific oligonucleotides (sense and antisense) for each
SEC, designed from the target sequences with the PCR Primer De-
sign Tool (Ambion Technical Resources). The PCR products were
purified and used for transfection. A negative control SEC with lim-
ited homology to the mammalian genomes was used as control.

RNA Isolation and RT-PCR Methods

Total RNA was extracted from HEK cells mock-transfected or
transfected with DPPX (the human full length or the rabbit frag-
ment) alone or in combination with DPPX-siRNA using TRIzol
Reagent (Invitrogen) and the DNA was completely degraded with
DNase I (Ambion) following the manufacturer’s instructions.
0.35 pg total RNA was reverse transcribed with MuLvRT (5000 U/ml)
in the presence of 20 U/pl of RNase inhibitor, 50 pM random
hexamers, 10x PCR buffer, 25 mM MgCl,, and 10 mM mixed
dNTPs at 42°C for 60 min. All reagents were from Applied Biosys-
tems. From the same samples, 0.35 pg total RNA was used as geno-
mic control in reverse transcription reaction in the absence of
MuLv and RNase inhibitor at 42°C for 60 min.

The mRNA levels for DPPX were determined by quantitative
real-time PCR (qPCR) on a Rotor-Gene 3000 instrument (Corbett
Research) using ribosomal protein L18 (RPL18) expression levels
as housekeeping gene. Amplification of cDNA was performed in
20 pl final volume and each reaction consisted of 10 pl Absolute
QPCR SYBR mix (ABgene), 1 pl of 10 pM for each primer (MWG
Biotech AG), and 1 pl cDNA. The PCR primers were designed
using the Primer 3 website (http://frodo.wi.mit.edu/cgi-bin/
primer3/primer3_www.cgi) and were selected to spam an intronic
sequence and to recognize both human and rabbit DPPX. The
primer sequences were 5'-CACGAGGATGAAAGTGAACG-3' (for-
ward) and 5'-TGATGGACTGGATGTTGTCG-3' (reverse), and they
amplify a 178-bp fragment. The PCR conditions were 15 min at

95°C; (15 s at 95°C, 30 s at 58°C, 20 s at 72°C) x 35 cycles and 3 min
at 72°C. Fluorescence was acquired at 72°C. A melting curve was
performed at the end of each experiment to ensure the speci-
ficity of the reaction and the absence of contaminating products
(not depicted).

The expression levels of DPPX mRNA in CB chemoreceptor
cells were determined from total RNA extracted from pooled
chemoreceptor cells kept in culture during 24-48 h. Control ex-
periments were performed in cultured cerebellar granule cells
obtained from rabbit cerebellum according to previously pub-
lished protocols (Liu et al., 2007) and kept in culture for 5-7 d.
Electrodes made from capillary glass baked overnight at 200°C
were filled with 7 pl of RNase-free water and the tip was broken to
facilitate the aspiration of multiple cells. After collecting 25-50
cells (CB chemoreceptor cells or cerebellar granule cells), the
contents of the pipette were ejected into a 0.2-ml eppendorf tube
containing 1 pl of RNAsin (20 u/pl, Applied Biosystems) and
kept at —80°C. RT was performed as indicated above, and 1-5-pl
aliquots of this reaction were used for each qPCR determination.
Total mRNA from rabbit hippocampus or cerebellum using TRIzol
Reagent was used as the calibrator. In these groups of experi-
ments a Cyb-labeled Tagman probe for rabbit RPL18 was used as
endogenous control (Kaab et al., 2005).

In all experiments, no template controls (NTC) were included
to exclude nonspecific amplification or sample contaminations.
In both groups of experiments (transfected HEK cells and DPPX
expression in rabbit tissues), the efficiency of the PCR reactions
for the endogenous control (RPL18) and the gene of interest
(DPPX) was calculated by using serial dilutions of the control
samples in order to construct standard curves for both genes. As
these efficiencies were similar (differences were <0.1), data were
analyzed using the threshold cycle (Ct) relative quantification
method (Livak and Schmittgen, 2001), so that the fold change in
expression (2724%) was calculated from AACt values obtained
with the expression AACt= (Cipppx — Ctrepis) prpxsinna — (Clpppx —
Clrpp18) pppx-

In the siRNA, for comparison between both conditions (with
and without DPPX-siRNA), the mRNA amount for the transcript
in the samples without siRNA, normalized to that of internal con-
trol, RPL18, was designated as the calibrator. Using the 2744¢
method, the data in samples with DPPX-siRNA are presented
as the fold change in gene expression normalized to RPL18 and
relative to samples without siRNA. The same calculations were
performed to quantify DPPX expression levels in rabbit CB chemo-
receptor cells or cerebellar granule cells, being the hippocampus
samples the calibrator in this case. To do statistical comparisons,
ACtvalues obtained in each control sample, (Ctpppx — CtLis) controls
were subtracted from the mean ACt to provide the SE of the
control group.

Electroporation of Cultured Rabbit CB Chemoreceptor Cells

Single cell electroporation was performed using modified patch-
clamp techniques, following previously published models (Rae
and Levis, 2002). A home-made device consisting on an opera-
tional amplifier connected to a current to voltage converter allows
the supply of train pulses from —9 to +9 V through a patch pi-
pette. The train pulses were produced using pClamp and Digidata
1200 as the pulse generator, which allows independent setting of
the duration and frequency of each pulse and the total time of the
train pulse delivery. The protocol used consisted of a train of 30-50
pulses, 1.5 ms long and of 6 V of amplitude. Electroporation
pipettes were made from borosilicate glass capillaries (World Pre-
cision Instruments Inc.) pulled with a micropipette puller (P-97,
Sutter). The pipette resistances were 20-30 MQ when the pipette
was filling with pipette solution. This solution was the internal so-
lution used for the recording experiments to which 33 ng/pl of a
plasmid DNA encoding GFP alone or in combination with 7 ng/l
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Figure 1. TEA block of transient K current in rabbit CB chemoreceptor cells. (A) Representative experiment showing the de-
crease in the peak current amplitude in depolarizing pulses to +40 mV upon application to the bath solution of TEA at con-
centrations from 1077 M to 107" M as indicated. Representative traces obtained in control conditions and during application
of 10 uM, 100 pM, 1 mM, and 50 mM TEA are depicted in the inset of the figure. (B) TEA dose-response curve obtained
with data (mean * SEM of 9-12 individual determinations) from 12 CB chemoreceptor cells. The continuous line through
the data points shows the best fit obtained with a hyperbolic function with three binding sites, with the following equation:
%Inhivition = Y, BITEA]
o1 kd; +[TEA]
where %Inhibition represents the TEA-sensitive fraction of the current and was calculated as 100 X (Iconwol — Irea) /Iconwor and 2= 3. Iconuol
was obtained by averaging peak current amplitudes before and after TEA application and Itz represents the peak current amplitude
obtained by averaging several traces in the presence of the corresponding TEA concentration. The relative amplitude of these three com-
ponents (Bl to B3) and the overall shape of each binding curve (+SEM) is also indicated in the figure. The inset shows the mean + SEM
of the relative amplitude of the three components (B1 to B3) and their corresponding TEA dissociation constants (Kd, to Kds) obtained

from averaging the individual fits of each cell.

of DPPX or negative control SEC were added. GFP-transfected
cells were recorded 24-48 h after electroporation.

Immunocytochemical Methods

Immunocytochemistry on HEK cells or isolated CB chemorecep-
tor cells in culture was performed as described previously (Perez-
Garcia et al., 2004). In brief, carotid body cells were fixed with 4%
paraformaldehyde in phosphate buffer, pH 7.5, washed in PBTx
(PBS, 0.1% Triton X-100), and blocked with PBTx-2% normal
goat serum. The primary antibodies, mouse anti-TH (Abcam),
goat anti-Kv4.3 (Santa Cruz Biotechnology), rabbit anti-MiRP1
(Alomone laboratories), rabbit anti-DPPX (provided by E. Wettwer,
Dresden University of Technology, Dresden, Germany) or goat
anti-DPPX (Santa Cruz Biotechnologies), were diluted in block-
ing solution and incubated with the cells for 60 min at room
temperature. After several washes in PBTX, cells were incubated
with secondary antibodies for 30 min. The fluorescence-labeled
secondary antibodies used were Alexa 488/597-conjugated anti-
rabbit/mouse/goat secondary antibodies (Molecular Probes).
After washes in PBS, the coverslips were mounted with Vectashield
H-1000 (Vector Laboratories) with DAPI, and the cells were ex-
amined with the appropriate filters for immunofluorescence on a
Nikon Eclipse 80i microscope and captured with a DXM1200C
digital camera. Deconvolution was performed with Huygens Es-
sential image processing software (Scientific Volume Imaging).

Western Blotting

48 h after transfection, the homogenized proteins from transfected
and untransfected HEK 293 cells were recovered from organic phase
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created by addition of chloroform to TRIzol Reagent (Invitrogen, see
manufacturer’s protocol). Proteins, XT Reducing Agent (Bio-Rad
Laboratories) and XT Sample Buffer (Bio-Rad Laboratories) were
heated for 5 min at 70°C and sonicated in an ultrasonic bath, then
the proteins were separated by SDS-PAGE and transferred to a PVDF
membrane. After blockade with 5% nonfat dry milk in 1x PBST (PBS
with 0.1% Tween 20), the membrane was incubated for 1 h with rab-
bit anti-DPPX at a final concentration of 1:500 in blocking solution.
Then, the membrane was washed with PBST and incubated with
horseradish peroxidase—conjugated secondary antibodies (1:5,000,
goat anti—rabbit; Santa Cruz Biotechnology) for 1 h. The protein sig-
nals were detected with the VersaDoc 4000 Image System (Bio-Rad
Laboratories) with chemiluminescence reagents (Super Signal West
Pico Chemiluminescent Substrate; Pierce Biotechnology).

Kinetic Simulations

MATHCAD software (©1986-2003 Mathsoft Engineering & Edu-
cation, Inc.) was used to generate simulated Kv4.3/DPPX cur-
rents by the Q-matrix method. Pulse protocols used in the
simulations were the same as those used in the experiments.

RESULTS

TEA Effect on Transient K Currents from Rabbit CB
Chemoreceptor Cells

We tested the effect of TEA on the native CB chemorecep-
tor cells by analyzing the reduction in the peak current
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Figure 2. Occlusion by TEA of the effect of HpTx in CB chemo-

receptor cells. The bar plot shows the reduction in the peak cur-
rent amplitude in depolarizing pulses to +40 mV induced by the
application of 50 pM TEA (white bars) or 500 pM TEA (gray bars)
alone or in combination with 1 pM HpTx as indicated. Traces
on the right show representative examples in each situation.
Data are mean + SEM of six cells in which the whole protocol has
been applied.

amplitude in 200-ms depolarizing pulses to +40 mV in
the presence of increasing TEA concentrations (from
0.1 pM to 100 mM) in the bath solution. A typical ex-
periment is shown in Fig. 1 A. TEA inhibition of the
current amplitude could be seen with concentrations
as low as 1 pM, although increasing TEA up to 100 mM
did not block completely outward currents. The aver-
age dose-response curve obtained in 12 different cells,
where TEA effect was computed as percentage of peak
current inhibition, is depicted in Fig. 1 B. Data were
best fit to a hyperbolic saturation curve assuming three
binding sites for TEA. Comparison of fits assuming dif-
ferent number of binding sites (performed with the F-
test) showed a statistical difference between one- and
two- and between two- and three-binding sites functions,
but not between three and four-binding sites. The affin-
ity constants obtained were 2 pM, 80 pM, and 9.16 mM,
and the relative amplitudes of the three components
7.25, 60.7, and 16.4%, respectively. The isolated fitting
functions for each component (B1, B2, and B3) are also
depicted in Fig. 1 B. The best fit to the data from each
individual cell was also obtained with the three binding-
site model. The averaged fit parameters obtained in the
12 cells are shown in the inset of Fig. 1 B. The interme-
diate affinity component was the most abundant, repre-
senting a 62.64 + 4.2%, while the high-affinity and
low-affinity components were 8.1 = 1.5% and 12.26 +
1.7% of the current, respectively. The TEA-resistant
fraction averaged 17.0 + 2.7%. The dissociation con-

stants (Kd) of the average of the fits are also indicated
on the figure.

Transient outward currents in rabbit CB chemorecep-
tor cells have been shown to be comprised of Kv3.4 and
Kv4.1/4.3 channels (Perez-Garcia et al., 2000; Sanchez
etal., 2002), and both the pharmacological and kinetic
profile are consistent at identifying Kv3.4 as the high-
affinity TEA component. However, the intermediate-
affinity (and to alower extent the low-affinity) component
is clearly a transient current representing the larger
portion of the total outward current, that can be attrib-
utable to Kv4 currents, and that shows an atypical be-
havior with respect to TEA sensitivity. To explore more
directly this extent, we investigated if selective blockers
of Kv4 channels, such as heteropodatoxin-2 (Sangui-
netti et al., 1997), inhibit the same channel population
as submillimolar TEA concentrations. We have used 50
BM TEA to completely block the high TEA-sensitivity
component, which we have previously described as the
BDS-sensitive component (Kaib et al., 2005), and TEA
500 pM to block the intermediate TEA sensitivity com-
ponent. According to data from Fig. 1, the fraction of
the outward current resistant to 50 pM TEA and sensi-
tive to 500 pM TEA represents most of the intermedi-
ate-affinity component. In this set of experiments (see
Fig. 2), CB chemoreceptor cells were subjected to two
consecutive applications of 1 pM HpTX, in the presence
of 50 and 500 pM TEA, respectively. Perfusion of the
cells with 50 pM TFEA in the bath solution led to a 24.02 +
4.6% reduction of the peak current amplitude, and 1 pM
HpTx increased inhibition up to 46.2 + 5.4%. How-
ever, application of 500 pM TEA completely eliminated
the HpTx-sensitive current, suggesting that both drugs
are acting on the same channel population. These data
prompted us to explore the possible presence of Kv4
accessory subunits in rabbit CB chemoreceptor cells
whose association with Kv4 channels could modulate
TEA sensitivity of the heteromultimers.

Presence of Kv4 Modulatory Subunits in Rabbit CB
Chemoreceptor Cells

We have used immunocytochemistry in isolated chemo-
receptor cells to determine the presence, at the protein
level, of several Kv4-associated subunits. Our initial ap-
proach was to explore the expression of subunits with
membrane-spanning regions and extracellular domains
that could be directly involved in extracellular binding
of TEA to Kv4 channels, so we focused on MiRP1 and
DPPX subunits. It has been suggested that in addition
to its regulatory role on HERG channels, MiRP1 may
serve as a regulatory subunit of Ito channels in the heart
(Zhang et al., 2001). However, in cultured rabbit CB
cells, MiRP1 expression was found in very few cells (Fig.
3 A), and in most of the cases did not coexpress with ty-
rosine hydroxylase (TH, a chemoreceptor cell marker).
The situation was very different for DPPX, as we found
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Figure 3. MIRPI and DPPX
expression in rabbit CB che-
moreceptor cells. (A) The
presence of MiRP1 protein in
cultured CB chemoreceptor
cells was explored by double
labeling with anti-TH and
anti-MiRP1 antibody. MiRP1-
positive cells were scant and
of those very few were che-
moreceptor cells (as the one
marked with the arrow). The
corresponding  transmitted
light image is also shown
for each field. (B) Immuno-
fluorescence labeling of
DPPX shows the expression
of DPPX in every TH-posi-
tive cell (and also in some

CB cells

1 TH-negative  cells). Anti-

10 - DPPX antibody provided by
E E. Wettwer. (C) Same results
Tissue as in B were obtained with

14—= anti-DPPX  antibody from

Santa Cruz Biotechnologies.
(D) Double labeling of CB
chemoreceptor cells with
anti-Kv4.3 and anti-DPPX
antibodies shows an almost

Hipp  Cerebellum

perfect coexpression of these two proteins, as expected if they associate in heteromultimeric channels. (E) Specificity of the DPPX an-
tibodies was explored in HEK cells transfected with GFP+DPPX. (F) Deconvolved images showing a preferential localization of DPPX
(arrows) in the surface of a Kv4.3+DPPX-transfected HEK cell (left) and a chemoreceptor cell (right). Red fluorescence corresponds
to DPPX labeling, and green fluorescence corresponds to GFP (left) or TH (right) labeling. Anti-DPPX antibody from E. Wettwer was
used in E and F, but the same results were obtained with the other antibody tested. (G) Real-time PCR showing the relative abundance
of DPPX mRNA in CB chemoreceptor cells in primary culture. Normalized amount of DPPX mRNA in rabbit hippocampus (Hipp) was
used as calibrator, and DPPX mRNA abundance in whole cerebellum (Tissue) and in cerebellar granule cells (G cells) were determined

for comparisons. For details of the 2744

of four to seven individual determinations.

that all TH-positive cells were stained with anti-DPPX
antibody and also observed a perfect correlation with
double-immunocytochemistry with antiKv4.3 and anti-
DPPX antibodies (Fig. 3, B-D). The specificity of the
antibodies for recognizing DPPX in immunocytochem-
istry was studied in HEK cells cotransfected with GFP +
DPPX or GFP + DPPX + Kv4.3. In both cases we found a
perfect match between GFP-expressing cells and DPPX
labeling (Fig. 3, E and F). Although fluorescence with
anti-DPPX does not seem to be confined to the cell
membrane, deconvolution analysis of the images indi-
cates that there is DPPX labeling at the plasma mem-
brane (Fig. 3 F). To further confirm the presence of
DPPX in rabbit CB chemoreceptor cells, qPCR experi-
ments using SYBRgreen were performed in pooled che-
moreceptor cells obtained from CB cultures, using
RPL18 as housekeeping gene (Kadb et al., 2005). DPPX
mRNA levels of rabbit hippocampus were used as the
calibrator, and calculations were made with the 2744¢
method as described in the methods section. We have
also measured DPPX mRNA levels in cerebellum, both
in the whole tissue and in pooled granule cells obtained
from cultures. Our data (Fig. 3 G) shows similar ex-
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relative quantification method see Materials and methods section. Each bar is the mean + SEM

pression levels of DPPX mRNA in rabbit hippocampus
and cerebellum, and an almost sixfold increase when
we study isolated granule neurons. However, we found
much higher expression levels of DPPX mRNA in our
preparation (rabbit CB chemoreceptor cells) where the
quantification shows a 50-fold increase as compared
with the control tissue, and almost 10 times more than
in granule cells. Altogether, these data suggested that
DPPX could represent a good candidate to modulate
Kv4 currents in CB chemoreceptor cells.

Functional Effects of DPPX on Kv4.3 Currents

HEK-293 cells were transfected with Kv4.3 cDNA or co-
transfected with DPPX and Kv4.3 cDNAs in order to
study in isolation the effects of DPPX on the kinetic and
pharmacology of Kv4.3 currents. Immunocytochemistry
with anti-DPPX antibody was used to determine the
membrane location of DPPX in transfected (GFP-posi-
tive) cells (Fig. 3, E and F). To exclude a possible associa-
tion between DPPX and HEK endogenous channels we
performed control experiments in cells transfected with
DPPX alone. Neither the amplitude of the endogenous
currents nor their kinetics were significantly altered by
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Figure 4. Effects of DPPX coexpression on the kinetics of Kv4.3 currents in HEK cells. (A) Average current density obtained in HEK
cells in the four situations indicated: mock transfected (n = 8; gray bar), transfected with DPPX alone (n = 10; black bar), with Kv4.3
alone (n = 23; white bar), or with Kv4.3+DPPX (7= 47; black bars). Data are mean + SEM, *** P <(.001. The inset shows traces obtained
in a depolarizing pulse to +40 mV in a mock transfected cell (gray trace) or in a DPPX-transfected cell (black line). (B) Cotransfection
of DPPX produced an acceleration of inactivation of Kv4.3 currents in HEK cells. The figure show normalized representative traces ob-
tained in a Kv4.3 (black line) and a Kv4.3+DPPX transfected cell (gray trace) during 200-ms pulses to +40 mV. The speed of inactivation
was quantified by analyzing the time in which the current amplitude decays to 50% of the peak amplitude (half inactivation time). The
inset shows the average half inactivation time obtained in outside-out macropatches in the two conditions. n = 18 for Kv4.3 patches and
n = 13 for Kv4.3+DPPX patches. (C) Normalized steady-state inactivation and conductance—voltage relationship obtained in HEK cells
expressing Kv4.3 alone (open circles) or together with DPPX (closed squares). Steady-state inactivation was studied by measuring the
amplitude of 500-ms pulses to +40 mV preceded by 6.5-s prepulses to potentials between —100 and +40 mV in 10-mV steps. The time
between episodes was 30 s. The peak conductance—voltage relationship was calculated from the current-voltage relationship obtained in
the prepulses by using the equation G =1I/(E,, - E,,), where Iis the peak current, £, is the command voltage, and £,, is the reversal poten-
tial. Normalized peak conductance-voltage curves and steady-state inactivation curves were fitted using Boltzmann functions. Each point
represents the mean + SEM of seven individual determinations. The insets show the mean of the slopes (dx) and the voltages (V,5) for
half-inactivation (left inset) or half-activation (right inset) obtained by averaging the Boltzmann fits of each individual cell. ¥, P < 0.05;
*# P <0.01. (D) The recovery from inactivation was studied with a two-pulse protocol in which two depolarizing pulses to +40 mV from
a holding potential of —80 mV were applied with a variable interpulse interval at —80 mV, and the amplitude of the second pulse (I,)
relative to the first one (I,) is plotted against the interpulse interval. Each point is the mean + SEM of seven cells in each condition, and
the continuous lines show the fit of the data to a biexponential function. The mean of the fast (1) and slow time constants (7,) obtained
in the individual fits are shown in the inset. **, P < 0.01.

DPPX (Fig. 4 A), suggesting a lack of association between
them. When comparing the properties of cells express-
ing Kv4.3 alone or in association with DPPX we found
that DPPX exerts a chaperone effect on Kv4.3 currents,
as current density increases around fourfold in DPPX co-
transfected cells (from 111.7 + 15 to 426.7 + 63 pA/pF,
Fig. 4 A). This chaperon effect of DPPX is a lower esti-
mate, considering that the amount of Kv4.3 plasmid in
Kv4.3+DPPX-cotransfected cells was five times lower than
in Kv4.3-transfected cells, and also because Kv4.3+DPPX
currents in many cells had to be studied in macropatches
in the outside-out configuration, as the current amplitude
was too large to obtain a good voltage clamp.

We next compared the electrophysiological properties
of both groups of cells. We found that DPPX increased
the rate of inactivation of Kv4.3 currents (Fig. 4 B).
Time to half inactivation in depolarizing pulses to
+40 mV was 25.84 + 1.86 ms for Kv4.3 and 13.23 + 1.0 ms
for Kv4.3+DPPX currents (P < 0.001). Coexpression of
DPPX also produced a leftward shift in the voltage de-
pendence of steady-state inactivation and in the con-
ductance-voltage relationship (Fig. 4 C). Finally, in the
presence of DPPX we observed an increase in the rate
of recovery from inactivation (Fig. 4 D). In both groups,
recovery from inactivation was best fit to a biexponen-
tial function, the fastest component being the dominant
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current elicited by the depolarizing pulse. The lines represent the fit of the data to a hyperbolic function with one binding site for TEA
(in the case of Kv4.3) or two binding sites in the case of Kv4.3+DPPX (see legend to Fig. 1 for equation, i = 2). Data points are mean +
SEM. The open symbols show the inhibitory effect of TEA on the peak current amplitude in both cases (Kv4.3 alone or Kv4.3+DPPX)
calculated as in Fig. 1 B. (D) Inhibitory effect of TEA on Kv4.1 and Kv4.2 channels, alone or in combination with DPPX. The bar plots
show the percent inhibition of the current integral at +40 mV obtained at three different TEA concentrations (1, 10, and 100 mM). Data

are mean = SEM of 9-12 cells in each condition.

kinetic one. The time constants of both components
were significantly decreased upon DPPX coexpression,
from 177 + 12 to 100.07 + 10.8 ms (fast component) and
from 911 + 58 to 413 + 65 (slow component) in Kv4.3
and Kv4.3+DPPX currents, respectively.

External TEA Block of Kv4.3+DPPX Currents

Next we explore TEA sensitivity of these two groups of
cells (Kv4.3 and Kv4.3+DPPX-expressing cells). In Kv4.3-
expressing cells we found that, as previously described,
external TEA concentrations as high as 100 mM weakly
inhibited Kv4.3 currents (around 15% in the cell shown
in Fig. 5 A), causing little or no effect on currentkinetics.
However, the effect of TEA was remarkably different in
cells coexpressing DPPX (Fig. 5 B). First, there was a
clear increase in TEA affinity, so that the reduction in
the peak current amplitude could be seen at low TEA
concentrations and the currents were blocked almost
50% by 50 mM TEA. Dose—-response curves of the effect
of TEA on current amplitude are shown in Fig. 5 C. TEA
inhibition was calculated in two different ways: as the
reduction in the peak current amplitude (open sym-
bols) or by subtracting the current integral of the depo-
larizing pulse calculated both in control and in the
presence of the indicated TEA concentrations (filled
symbols). These two different methods provided similar
results in the case of Kv4.3 currents, but not when study-
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ing Kv4.3+DPPX currents. For Kv4.3 currents, the best
fit was obtained by assuming a single TEA-binding site
of low affinity (estimated IC50 of 322 mM). In the pres-
ence of DPPX, the optimal fit of the data obtained by the
integral method came by assuming two TEA-binding sites,
one of high (apparent Kd ~20 uM) and another of low af-
finity (apparent Kd ~89 mM). Each point in the graph of
Fig. 5 C represents the mean of 25-80 individual determi-
nations, as a high variability was observed when studying
TEA block on the Kv4.3+DPPX currents. Nevertheless, in
spite of the variability, in the presence of DPPX, the cur-
rents were always more sensitive to TEA than homomeric
Kv4.3 currents.

Similar effects of DPPX on TEA sensitivity could be ob-
served with the other two members of the Kv4 subfamily.
Fig. 5 D shows the inhibition of the current integral ob-
tained with three TEA concentrations (1, 10, and 100 mM)
in HEK cells expressing Kv4.1 or Kv4.2 alone (white bars)
or together with DPPX (gray bars). A remarkable increase
in TEA sensitivity was observed in both cases in the pres-
ence of DPPX, the effects of TEA on Kv4.1 and Kv4.2 be-
ing very similar to that observed for Kv4.3 (Fig. 5 C).

Effect of TEA on the Kinetics of Kv4.3+DPPX Currents

In addition to the inhibition of the peak current amp-
litude, the changes in the macroscopic Kkinetics of
Kv4.3+DPPX currents in the presence of TEA have been
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Figure 6. Modulation by TEA of the kinetics of Kv4.3+DPPX channels. (A) Speed of activation was studied in depolarizing pulses to
+40 mV in outside-out macropatches, and was calculated as the time to peak current amplitude. The traces in the figure show normalized
currents obtained in one representative cell in control (black line) and in the presence of 1 mM TEA (dotted line) and 10 mM TEA
(gray line). The bar plot shows the mean data from 15 patches in control and in the presence of 10 mM TEA. *#* P < 0.001 for paired
data. (B) The time course of inactivation of the current elicited in 200-ms depolarizing pulses to +40 mV was fitted to a biexponential
function both in control and in the presence of TEA (10 mM). The figure shows two representative traces from a macropatch together
with their corresponding fits. The bar graphs display the inactivation time constants (7, and 7¢) and the relative amplitude of the fast
component obtained in control and in the presence of 10 mM TEA. Mean + SEM of 14 cells. *, P < 0.05; *#*, P < 0.001 for paired data.
(C) Recovery from inactivation at —80 mV in the presence of 10 mM TEA determined with the same double pulse protocol described in
Fig. 3 D. The two time constants (T, and T,..() and the proportion of the slow component A are the mean + SEM of the individual fit
of five Kv4.3+DPPX-transfected cells in both conditions (control and 10 mM TEA). *, P < 0.05. Representative traces obtained in a cell

in control conditions (top traces) and in the presence of TEA 10 mM (bottom traces) are also shown in the right panels.

explored with more detail. At low (1-10 mM) TEA con-
centrations, time to peak is shorter (Fig. 6 A) and in-
activation is faster (Fig. 6 B). We measured the time at
which half of the current inactivates (ty5) at +40 mV in
15 outside-out patches and the values obtained were
14.96 + 1.29 in control and 5.25 + 0.97 in the presence
of 10 mM TEA (P < 0.001). The time course of in-
activation was fitted to a biexponential function both in
the absence and in the presence of 10 mM TEA. In all
cases studied (n=15), TEA application leads to a marked
reduction in the fast time constant (from 10.35 + 1.2
to 5.00 = 0.8 ms) without significant changes in the
slow time constant, together with an increase in the pro-
portional amplitude of the fast component of the cur-
rent (Fig. 6 B).

As TEA induced changes in the time course of in-
activation, we explored whether the recovery from in-
activation was also modified (Fig. 6 C). Inactivation was
induced by a 500-ms depolarizing pulse to +40 mV, and
a second depolarization to +40 mV was used to deter-
mine the fraction of channels that recovered after a

variable interval at —80 mV. Recovery from inactivation
of Kv4.3+DPPX channels was clearly slowed down in the
presence of 10 mM TEA. The time course of this recov-
ery was fitted to a biexponential function, and the com-
parison of the fit of individual cells in both conditions
indicated that application of TEA increased both the
relative amplitude of the slow component (A;) and the
slow time constant (T,ec(s)), as shown in the bar graphs
in Fig. 6 C.

We also studied the effect of TEA on the voltage de-
pendence of activation and inactivation of Kv4.3+DPPX
channels (Fig. 7 A). The peak conductance-voltage re-
lationship was described by first-order Boltzmann func-
tions, and we did not observe any significant changes in
the function parameters in the presence of 10 mM TEA.
However, the results were not the same when analyzing
the steady-state inactivation, as 10 mM TEA produced
a small (~6 mV) but significant hyperpolarizing shift
with no changes in the slope of the curve. This change in
the steady-state inactivation curve could be explained by
an increase in the proportion of closed-state inactivation
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trol current, and this pulse was
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during 6 s to allow full channels recovery. After this, the voltage was stepped to a variable length prepulse potential of —55 mV before
depolarizing again to +40 mV during 100 ms to determine the fraction of available channels. The normalized relationship of the peak cur-
rent amplitude in the two depolarizing pulses (I,/I;) is plotted against the duration of the prepulse, and a single exponential function was
used to fit the data. The inset shows the mean time constants obtained in the individual fits of the cells before and after TEA application.

*, P <0.05 for paired data; n =5 cells.

in the presence of TEA, so we explore this possibility
with the protocol shown in Fig. 7 B. The time course
of closed-state inactivation was measured at voltages
closed to the V; for inactivation under steady-state
conditions, and could be described by a single expo-
nential fit. Measurements of the preopen closed-state
inactivation in the presence of 10 mM TEA show a de-
crease in the time constant (from 1406 + 350 to 952 +
302 ms). Altogether, these experiments indicate that
TEA blockade of Kv4.3+DPPX channels not only re-
duces current amplitude but also induces changes in
their inactivation kinetics. These changes could be me-
diated at least in part by the acceleration of the rate of
closed-state inactivation.

DPPX Contribution to Transient Outward K* Currents in
Chemoreceptor Cells

To determine whether TEA sensitivity of transient out-
ward currents in rabbit CB chemoreceptor cells was in
fact due to the presence of Kv4/DPPX heteromultimers,
we studied the effects of functional suppression of DPPX
on the kinetics of the native currents by using siRNA
against rabbit DPPX.
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siRNA validation was performed in HEK cells that
were either mock transfected (control) or transfected
with rabbit or human DPPX alone or in combination
with siRNA against DPPX. The reduction in the ex-
pression of DPPX upon siRNA transfection was evalu-
ated both at the mRNA (quantitative PCR) and protein
(Western blot) levels (Fig. 8 A). In both cases, a signifi-
cant reduction in the expression of DPPX was obtained
in the presence of siRNA. However, of the two differ-
ent siRNA SECs designed (see Materials and methods),
DPPXB was more efficient at decreasing both human
and rabbit DPPX mRNA levels. Due to this observation
(predictable in the case of the human gene, as we did
not have perfect sequence match, but unexpected for the
rabbit one) only DPPXB siRNA has been used to induce
RNAI in the native tissue.

After this validation, we studied the functional effects
of DPPX down-regulation in rabbit CB chemoreceptor
cells, introducing siRNA in the cells by using single-cell
electroporation and analyzing the magnitude of the
currents and their kinetics. For comparisons we used
three groups of control cells: untransfected cells, GFP-
transfected cells, and cells transfected with the siRNA



Figure 8. Functional contri-
bution of DPPX to transient
outward K" currents of rabbit
CB chemoreceptor cells. (A)
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poration of GFP + negative control siRNA (siRNA nC) or GFP+DPPX siRNA (siRNA DPPX). In both cases, the currents were elicited with
the voltage protocol shown at the bottom, in which 500-ms depolarizing steps to +40 mV follow 6.5-s prepulses to two different potentials,
—80 mV (thicker trace) and 0 mV (thinner trace). The difference between the current amplitude at +40 mV in these two pulses is defined
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tion. (C) Inactivation fitting parameters obtained in both conditions (control and siRNA cells) indicate a significant change in the rela-
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cells were obtained with the two pulse protocol described in B. I, represents the peak current amplitude at +40 mV after the —80-mV
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cells in both groups.

negative control. We did not observe any differences
between these three groups of controls, so control data
have been pooled. Transient outward currents were stud-
ied with a two-pulse protocol (Fig. 8 B), in which the
currents were elicited upon depolarization to +40 mV fol-
lowing 6.5-s prepulses to two different potentials, —80 mV
(to obtain the fully primed current), and 0 mV (to inac-
tivate the transient component). Thus, transient or in-
activating current was defined as the difference between
the current elicited by the two pulses. Fig. 8 B shows
representative traces obtained in cells electroporated
with the siRNA negative control and siRNA DPPX. We
observed a slower time course of inactivation in the siRNA
DPPX-transfected cells, and the fit of the data to a biex-
ponential decay function indicated that siRNA DPPX in-
duced a decrease in the amplitude of the fast component
of the current (Fig. 8 C) without significant changes in
the time constants (not depicted). Also, although the to-
tal outward current density of the cells transfected with

siRNA DPPX was unchanged, we found a significant re-
duction in the proportion of the transient component
of the current (Fig. 8 D), which is in agreement with the
well-known chaperone function of DPP proteins on Kv4
currents (Nadal et al., 2003; Jerng et al., 2005). There
was also an increase in the density of noninactivating
current (Iss in Fig. 8 D) that was not statistically differ-
ent. The study of the voltage dependence of activation
and inactivation of CB chemoreceptor cells (Fig. 8 E)
indicated that down-regulation of DPPX did not modify
inactivation parameters but produced a marked and sig-
nificant shift of the activation curve to hyperpolarizing
potentials, without changing its voltage dependence, as
the slope values were similar in both groups. This shift
in the activation curve is also evident in the example
shown in Fig. 8 B; in spite of the current amplitude at
+40 mV being the same in the two cells shown (control
and siRNA DPPX), the current amplitude in the 0 mV
prepulse is clearly bigger in the siRNA DPPX cell.
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Figure 9. Effect of DPPX down-regulation on the TEA sensitiv-
ity of the transient K" current of rabbit CB chemoreceptor cells.
The effect of TEA is represented as percentage of inhibition, and
was calculated from the reduction in the peak current amplitude
in depolarizing pulses to +40 mV as described in Fig. 1. Control
(open triangles) represents pooled data from untransfected, GFP-
clectroporated, and GFP+ negative control siRNA-electroporated
CB cells. Each point is the average of 11 cells in each group. The
continuous lines show the fit of the data to a hyperbolic function
with one binding site for TEA. *, P < 0.05; **, P < 0.01. The esti-
mated IC50 for TEA was calculated from the average of the By,
values obtained from the fit of each individual cell and is shown
in the bar plot on the right.

Effect of TEA on CB Chemoreceptor Cells Transfected

with siRNA DPPX

Once we obtained functional evidence of DPPX down-
regulation in chemoreceptor cells, we explored if there
was some effect on the TEA sensitivity of the transient
current. In each cell studied, we applied four different
TEA concentrations (from 10 pM to 10 mM) and we
normalized the reduction in the peak current amplitude
observed in depolarizing pulses to +40 mV. The dose—
response curves obtained are shown in Fig. 9. We found
asignificant reduction of TEA sensitivity in siRNA DPPX-
transfected cells in the intermediate range of TEA con-
centrations (0.1 and 1 mM) with no changes at lower
and higher concentrations. The fit of the data to a hy-
perbolic function shows that down-regulation of DPPX
leads to a threefold decrease in the TEA affinity of the
current (half inhibitory concentration of 189.76 + 13.44
BM in control cells versus 540.96 + 40.84 pM in siRNA
DPPX-transfected cells). These data support the con-
clusion that the modulatory effects of DPPX on Kv4 cloned
channels can also be observed in native systems.

DISCUSSION

The data presented in this work allow us to propose that
the sensitivity to TEA of the Kv4 channels that largely
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contributes to the transient outward K" currents of rab-
bit CB chemoreceptor cells is related to the presence of
DPPX accessory subunits in these cells. These findings
provide an explanation to our previous observation re-
garding TEA sensitivity of rabbit CB Koy and are also
relevant to understand the contribution of DPPX to the
functional properties of transient K" currents in this
preparation; moreover, the data obtained in the heter-
ologous expression system indicate that the modulatory
effect of DPPX increasing TEA sensitivity of Kv4/DPPX
heteromultimers could be a more general feature oper-
ating in many other preparations.

Native Kv4 channels are associations of pore-forming
subunits and auxiliary subunits. The first class of physio-
logically important Kv4 auxiliary subunits, KChIPs, have
been shown to increase current density and also to alter
gating of associated channels, by slowing inactivation
and facilitating recovery from inactivation (An et al.,
2000; Takimoto et al., 2002; Patel and Campbell, 2005).
Despite the fact that the same Kv4 subunits are respon-
sible for neuronal and cardiac transient K* currents,
inactivation of the current between the two cell types
significantly differs, and it has been proposed that the
presence of DPPX protein in neurons can account for
these differences (Nadal et al., 2003). Interaction with
DPPX facilitates inactivation of Kv4 channels and also
causes changes in other gating properties such as shifts
in voltage dependence of activation and inactivation to
more negative potentials and facilitation of recovery
from inactivation (Nadal et al., 2003). However, in the
light of recent findings indicating that DPPX is also ex-
pressed in human heart, where it can also contribute to
the kinetic properties of Ito (Radicke et al., 2005b), it
has been proposed that both DPPX and KChIP simulta-
neously interact with Kv4 proteins to form ternary com-
plexes, so that differential expression of the members
of these two families of auxiliary subunits controls elec-
trophysiological properties of excitable cells. The tis-
sue-specific assembly of the Kv4 multiproteic complex
could also explain TEA sensitivity of Kv4 channels in
rabbit CB chemoreceptors. It has been proposed that
both the relative abundance of DPPX as well as the cell-
specific expression of the DPPX splice isoforms could
confer Kv4 channels with differential modulation at
various levels. In this regard, it is noteworthy that the
expression levels of DPPX are 10 times higher in CB
chemoreceptor cells than in cerebellar granule cells, a
preparation in which DPPX has been found to be prom-
inently expressed (Nadal et al., 2003, 2006). This abun-
dance of DPPX is also a common aspect between CB
cells and the heterologous expression system, in which
an excess of the accessory subunit is aimed. However,
our data in CB chemoreceptor cells do not fully recapit-
ulate the effects described in the heterologous system,
as the modulatory effect of TEA on the native currents
do not seem to involve clear kinetic changes. Although
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Figure 10. Model describing the effects of TEA on Kv4.3+DPPX channels. (A) The kinetic state diagram has been constructed on
the basis of previously published models for Kv4 channel inactivation, the rate constants in red being the ones modified by TEA. The
diagram includes inactivation both from the preopen closed states (C,—I,) and from the open state (O—Ip). From the I¢4 and I, inac-
tivated states the channel also accesses deeper inactivated states (Ics and Is). Transitions between states are represented by arrows, and
the values of the simulation parameters are shown in Table I. (B) Simulation with a pulse protocol as the one shown in Fig. 5, in control
conditions or in the presence of TEA 10 or 100 mM. The three panels represent different proportions of Kv4.3 homotetramers and
Kv4.3/DPPX heteromultimers, as depicted in the cartoons. (C) Simulations of the dose-response curve for TEA block (top graph), the
steady-state inactivation curve (middle graph), and the recovery from inactivation (bottom panel) obtained with the proposed model,
with 80% of Kv4.3 complexes as Kv4.3/DPPX heteromultimers. The continuous traces represent model predictions and the scatterplots
the experimental data. In the dose-response curve graph, the experimental data show the inhibition by TEA of both peak current amp-
litude (black circles) and current integral (white circles). The dotted lines represent the predictions of the model in the two limiting
possibilities, either 100% of Kv4.3 homotetramers or 100% Kv4.3/DPPX heteromultimers. In the two bottom graphs, control data (and

predictions) are in gray and data in the presence of TEA (10 mM) are plotted in black traces.

the presence of other non-Kv4 channels contributing
to the total transient outward current in CB cells could
make these effects inconspicuous, it is also conceivable
that the different molecular composition of the Kv4
complexes in the two systems studied can account for
the differences in the effect of TEA in both prepara-
tions. As an example, it is clear that the values for half
inactivation of the currents are clearly different in both
systems (compare Fig. 4 C and Fig. 8 E); moreover, this
parameter is modified by coexpression with DPPX in
HEK cells while in CB chemoreceptor cells we did not
see significant changes when cells are electroporated
with siRNA against DPPX. As previously reported (Jerng
et al., 2005), these parameters are very dependent on
the expression system and the molecular structure of

the Kv4 complexes. These authors find significant dif-
ferences in the absolute values depending on the ex-
pression system (Xenopus oocytes or CHO cells). Also,
by coexpressing Kv4.2 channels with different combina-
tions of accessory subunits (including KChIP and DPPX
or DPPY) they conclude that DPP proteins produces a
leftward shift in the steady-state inactivation curve of
Kv4 channels (similar to what we observed in HEK cells,
see Fig. 4), but this effect disappears when the channels
are ternary complexes with KChIP, so that the values
for half inactivation of Kv4.2+KChIP+DPPY (or DPPX)
channels are not different from the values for Kv4.2 ho-
momultimers. These observations can provide a plau-
sible explanation from the data presented here, as we
have preliminary data demonstrating the colocalization
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TABLE |
Model Rate Constants

Rate Constants Kv4.3 Kv4.3/DPPX Kv4.3/DPPX-TEA
s GO Gl G2
o 550 550 550
Bo 9 5 9
keo 500 600 600
koe 1100 1100 990
koi 200 200 200
kio 90 90 90
kei 30 60 120
ki 0.1 0.2 0.16
ki 15 15 15
kg 7.5 7.5 7.5
f 0.3 0.3 0.3
Rics 2.5 1 3
kesi 1.4 1.5 0.75

The model has been modified from Bihring et al. (2001). The voltage-dependent rates are of the form a = ag-exp[z,V/ (RT/F)] for the forward rates and
B = Bo-explz,V/ (RT/F)] for the backward rates, where oy and B are the rates at 0 mV and z, and z, are the equivalent charges moving up to the transition
state. Channel opening and closing are defined by k., and k,, respectively, open-state inactivation by k,; and k,, and closed-state inactivation by ks and k.
A deep-inactivated state, defined by kg, and kg, has been introduced to reproduce the biexponential recovery from inactivation. All closed states are
connected to inactivated states via k; and k.. The coupling of activation and inactivation is defined by an allosteric factor /. Transition leading from I to
I is defined by ki and k;. Column GO represents the gating model for Kv4.3 homotetramers, GI for Kv4.3/DPPX heteromultimers, and G2 the gating of
these heteromultimers at saturating TEA concentrations of the high affinity binding site. Total conductance as a function of TEA concentration and the
relative contribution of homo and heteromultimers are computed with the following expression:

p— Gl.(l_ TEA )+GQ( TEA )(_ TEA
TEA + Kdl TEA + Kdl TEA + Kd2

)+(100—r)-G0-(1 TEA j

" TEA + Kd3

where Kdl, Kd2, and Kd3 are the affinity dissociation constants obtained experimentally, and r represent the percentage of Kv4.3/DPPX present in the

membrane.

of KChIP proteins in TH-positive and Kv4.3-labeled CB
cells (unpublished data).

Inactivation of Kv4 channels is a complex multi-
exponential process that can proceed from both the
closed and open states of the channel (Jerng etal., 1999;
Bahring et al., 2001; Beck and Covarrubias, 2001). The
changes in inactivation gating induced by coexpression
of DPPX (or DPPY) can be explained by an allosteric
model of Kv4 gating with preferential closed-state in-
activation, so that the leftward shift in steady-state in-
activation of Kv4 channels in the presence of DPPX or
DPPY would reflect the dominance of entry into closed-
state inactivation over recovery from inactivation (Jerng
etal., 2004a,b). The modulatory effects of DPPX on Kv4.3
currents we present in this work (HEK cells) are similar
to those previously described in other expression sys-
tems such as Xenopus oocytes and CHO cells. We found
a chaperone effect of DPPX on Kv4.3 currents, together
with an increase in the rate of inactivation, a hyperpo-
larizing shift in the voltage dependence of activation
and inactivation and an increase in the rate of recovery
from inactivation of Kv4.3+DPPX currents (Fig. 4). In
addition to these effects, Kv4.3+DPPX heteromultimers
are clearly more sensitive to externally applied TEA
(Figs. 5 and 6). The best fit of the dose-response curve
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of the inhibitory effect of TEA on Kv4.3+DPPX currents
was obtained by assuming a two-binding site model,
which implies that DPPX creates a new, high-affinity,
TEA-binding site. There is also an apparent increase in
the affinity of the previously existent low-affinity bind-
ing site on Kv4.3 channels, although we do not know
whether this change is significant as this binding site
cannot be sufficiently resolved to provide the actual
binding affinities. Interestingly, binding of externally
applied TEA to this new high-affinity site that appears
in the presence of DPPX leads to some marked kinetic
effects, such as the acceleration of the inactivation rate,
the shift in the voltage dependence of inactivation, and
the slow down of the recovery from inactivation (Figs.
6 and 7). These experimental data can be reproduced
by previously published kinetic models of Kv4 channels,
just assuming that binding of TEA to the new high-
affinity site facilitates transitions leaving closed states
toward both inactivated and open states (Fig. 10). We
have used the “allosteric model of inactivation” previ-
ously proposed by Barhing and coworkers (Bahring et al.,
2001; see also Beck and Covarrubias, 2001; Jerng et al.,
2004b) as it was able to adequately simulate the gating
of Kv4.3+DPPX channels in our preparation, with slight
modifications of the published rate constants. However,



while in all these models the time course of the recovery
from inactivation is monoexponential, in our experi-
mental data the best fit was always obtained with a bi-
exponential function (see Fig. 4), even though the slow
component represented <15% of the total amplitude.
One of the most remarkable kinetic effects of TEA on
Kv4.3+DPPX channels is to increase the proportion of
this slow component up to 50% of the total amplitude.
For this reason, we have included a deep-inactivated
state (I¢s) from the closed-inactivated state I, Regard-
ing the dose-response curve to TEA, we have observed
a high variability between cells in the proportion of the
high-affinity component. Although this component rep-
resents 25% in the average data (see Fig. 5 C), in some
cells it was as high as 60%. We speculate that this vari-
ability could reflect the presence of different channel
populations (with and without DPPX, or even with dif-
ferent stoichiometric ratio of DPPX), and this has been
taken into account in the model, as could also explain
differences in DPPX effect between different native tis-
sues. The model assumes that Kv4.3 homotetramers and
Kv4.3/DPPX heteromultimers can coexist in the mem-
brane in a variable proportion. Kv4.3 homotetramers
have a single TEA binding site, and binding produces
a channel pore block. Kv4.3/DPPX heteromultimers
have two binding sites, and binding to the high-affin-
ity site induces a kinetic change while binding to the
low-affinity site produces a channel pore block. The
Kds of TEA binding used in the model are those ob-
tained experimentally. The model best reproduces the
average dose-response curve, either measuring peaks
or areas, when considering a proportion of 80% of het-
eromultimers (Fig. 10 B). Computer simulations with
this model indicate that the kinetic changes observed
in Kv4.3+DPPX channels in the presence of TEA con-
centrations that saturate the high-affinity site (>1 mM)
can be adequately reproduced by simultaneously accel-
erating transitions k¢; and kics and decreasing the op-
posite transitions kic and kcgi. A decrease in koc is also
necessary to simultaneously fit the kinetic changes and
the effect on peak currents. These changes accelerate
Kv4.3+DPPX closed-state inactivation, produce a shift
in the voltage dependency of inactivation, and slow
down the time course of recovery from inactivation (see
Fig. 10 C). Rate constants used in the model (Table I)
also reproduce the effect of DPPX on Kv4.3 steady-state
inactivation and recovery of inactivation (not depicted).
The model does not adequately reproduce the time
course of closed-state inactivation obtained experimen-
tally (Fig. 7 B), although it reproduces the TEA-induced
changes (not depicted).

The data obtained with transient K* currents of rab-
bit CB chemoreceptor cells allow us to conclude that
many of the modulatory effects of DPPX on Kv4 cur-
rents described in the heterologous expression system
are also relevant for native currents. However, it must be

taken into account that these effects are muffled be-
cause the transient K" current component does not
reflect a homogeneous channel population (Sanchez
etal., 2002; Lopez-Lopez et al., 2003; Kaab et al., 2005),
and because siRNA against DPPX does not produce a
complete knockout of DPPX subunit expression. In spite
of these limitations, we can extract relevant and unam-
biguous conclusions from the data obtained from siRNA
DPPX-transfected cells regarding the role of DPPX
subunit in rabbit CB chemoreceptor cells: (a) DPPX
has a chaperone role on Kv4 currents, as in the pres-
ence of siRNA DPPX there is a significant decrease in
the current density of the transient component; (b) DPPX
accelerates the time course of inactivation of the chan-
nels, as DPPX down-regulation decreases the propor-
tion of the fast component of the current; (c) DPPX
shifts the voltage dependence of activation to more
depolarized potentials, an effect opposed to what is
described for Kv4.2 and Kv4.3 but previously found for
Kv4.1 channels (Jerng et al., 2004b), which we know
are expressed in chemoreceptor cells (Sanchez et al.,
2002); and (d) DPPX contributes to TEA sensitivity of
transient K current, as siRNA DPPX-transfected cells
exhibited a significant decrease of their TEA sensitivity.
With regards to this latter observation, it is interesting
to point out that the change in TEA sensitivity was not
observed along the whole range of TEA concentrations,
but only for the high micromolar-low millimolar ones,
which in all likelihood represent the Kv4 component of
the outward K' current (component B2 in Fig. 1). We
have previously described that the component blocked
by lower TEA concentrations (1-50 pM) represents
Kv3.4 channels (Sanchez et al., 2002; Kaib et al., 2005),
and this component is not modified by siRNA DPPX,
butis reduced by down-regulation of Kv3.4 channels (as
under chronic hypoxia stimulation (Kaab et al., 2005),
and selectively abolished with transfection of siRNA
against rabbit Kv3.4 (unpublished data). On the other
hand, at high TEA concentrations, the fraction of the
current blocked is a noninactivating one, that we have
evidences indicating that is carried by members of the
Kvl family of channels (Perez-Garcia et al., 2000). As
the experiments of single cell electroporation of CB
chemoreceptor cells are technically demanding, we
could not perform a complete TEA dose—response curve
in all the cells studied (as the one shown in Fig. 1) so
we did not have enough data points to adjust TEA in-
hibition to a multiple binding site model. However, even
with the simple fit to one binding site we found more
than a threefold decrease of TEA sensitivity upon DPPX
down-regulation, from 171.1 + 11.4 pM in control to 540 +
40.8 pM in siRNA DPPX-transfected cells (Fig. 9). Nev-
ertheless, differences in the molecular composition of
native Kv4 heterocomplexes could certainly explain dif-
ferences in TEA sensitivity (both in terms of affinity and
magnitude of block) between native and heterologous
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expression systems. Altogether, this set of data indicates
that the effect of siRNA DPPX is very selective on Kv4
currents and that DPPX association contributes to the
atypical pharmacological profile of Kv4 currents in rab-
bit CB chemoreceptor cells.
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