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The neuronal subthreshold-operating A-type K� current regulates electrical excitability, spike timing, and synaptic integration and
plasticity. The Kv4 channels underlying this current have been implicated in epilepsy, regulation of dopamine release, and pain plasticity.
However, the unitary conductance (�) of neuronal somatodendritic A-type K � channels composed of Kv4 pore-forming subunits is
larger (�7.5 pS) than that of Kv4 channels expressed singly in heterologous cells (�4 pS). Here, we examined the putative novel
contribution of the dipeptidyl-peptidase-like protein-6 DPP6-S to the � of native [cerebellar granule neuron (CGN)] and reconstituted
Kv4.2 channels. Coexpression of Kv4.2 proteins with DPP6-S was sufficient to match the � of native CGN channels; and CGN Kv4 channels
from dpp6 knock-out mice yielded a � indistinguishable from that of Kv4.2 channels expressed singly. Moreover, suggesting electrostatic
interactions, charge neutralization mutations of two N-terminal acidic residues in DPP6-S eliminated the increase in �. Therefore,
DPP6-S, as a membrane protein extrinsic to the pore domain, is necessary and sufficient to explain a fundamental difference between
native and recombinant Kv4 channels. These observations may help to understand the molecular basis of neurological disorders corre-
lated with recently identified human mutations in the dpp6 gene.

Introduction
The subthreshold-operating somatodendritic A-type K� current
in neurons (ISA) dampens action potential firing in a variety of
ways and thereby critically influences synaptic integration and
plasticity (Birnbaum et al., 2004; Jerng et al., 2004a; Covarrubias
et al., 2008). The channels underlying this current (Kv4 channels)
have been implicated in epilepsy, the regulation of dopamine
release (Liss et al., 2001), and pain plasticity (Bernard et al., 2004;
Hu et al., 2006). The physiological significance of these channels
in health and disease underscores the importance of understand-
ing their molecular composition and the determinants of differ-
ent aspects of channel function. The Kv4 channel complex is
thought to be composed of pore-forming (�) Kv4 subunits and at
least two classes of auxiliary (�) subunits: K�-channel-
interacting proteins (KChIPs) and dipeptidyl-peptidase-like

(DPPL) proteins (Birnbaum et al., 2004; Jerng et al., 2004a; Co-
varrubias et al., 2008; Maffie and Rudy, 2008). Both �-subunits
influence gating and surface expression profoundly and appear to
be sufficient to recapitulate the kinetic and gating properties of
ISA (Jerng et al., 2005; Amarillo et al., 2008). However, whether
Kv4 �-subunits also help to determine the unitary conductance
(�) of the native Kv4 channel has remained unsolved. Under
similar ionic and recording conditions, the � of mammalian Kv4
�-subunits expressed alone in heterologous cells is 4 –5 pS (Jerng
et al., 1999; Beck et al., 2002; Holmqvist et al., 2002), while that of
the native Kv4 channel in mammalian neurons is at least 1.5-fold
to twofold larger (Hoffman et al., 1997; Bekkers, 2000; Korngreen
and Sakmann, 2000; Chen and Johnston, 2004). Previous studies
ruled out any significant contribution of KChIPs to the � of the
Kv4 channel complex (Beck et al., 2002; Holmqvist et al., 2002).
KChIPs bind to the cytoplasmic N terminus and T1 domain of
the channel and, therefore, may not directly influence the pore
domain and access sites for K� (Pioletti et al., 2006; Wang et al.,
2007). In contrast, DPPL proteins are single-pass integral mem-
brane proteins (Kin et al., 2001) that may interact with the per-
meation and gating modules of the channel directly. The favor-
able effects of two DPPL proteins (DPP6 and DPP10) on voltage-
dependent gating and surface expression of Kv4 channels are well
documented, and recent studies have gained insights into the
mechanisms of action and physiological impact (Nadal et al.,
2003, 2006; Jerng et al., 2004b; Zagha et al., 2005; Dougherty and
Covarrubias, 2006; Amarillo et al., 2008; Barghaan et al., 2008;
Kim et al., 2008; Soh and Goldstein, 2008). However, whether the
favorable effect of DPPL proteins on the size of macroscopic
currents may include increased � is still unknown. This possibil-
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ity is exceptional because most �-subunits of voltage-gated cat-
ionic channels influence gating and surface expression but have
no impact on �. We hypothesize that DPP6-S is a key molecular
determinant of the native � in Kv4 channel complexes.

To test this hypothesis, we investigated native Kv4 channels in
cerebellar granule neurons (CGNs, rat and mouse) and heterolo-
gously expressed recombinant Kv4 isoforms in the absence or
presence of auxiliary �-subunits. Kv4 channels in CGNs are likely
to include DPP6-S as an auxiliary �-subunit (Nadal et al., 2006;
Amarillo et al., 2008; Maffie and Rudy, 2008). The � magnitudes
of the CGN Kv4 channel, the Kv4.2�DPP6-S complex, and the
ternary Kv4.2 complex (Kv4.2�KChIP1�DPP6-S) were indis-
tinguishable (�7.5 pS) and approximately twofold larger than
that of the Kv4.2 channel expressed singly in tsA-201 cells (�4
pS). Demonstrating the necessary contribution of DPP6-S to the
native Kv4 channel �, we found that the � of CGN Kv4 channels
from DPP6-S knock-out animals was �4 pS. Furthermore,
charge neutralization mutations affecting two acidic residues
(D18N and E20Q) at the cytoplasmic N terminus of DPP6-S
eliminated the increase in �. These results are compelling evi-
dence of the key role of DPP6-S as a determinant of the native � in
the neuronal Kv4 channel complex. From a mechanistic perspec-
tive, this finding demonstrates how an extrinsic subunit can spe-
cifically determine the permeation properties of Kv4 channels.
We will discuss the physiological and pathological implications in
this action in the context of related studies.

Materials and Methods
Molecular biology reagents. Rat Kv4.2 cDNA (gift from Dr. M. Sheng,
Massachusetts Institute of Technology, Cambridge, MA) was in pRc-
CMV (Invitrogen); rat Kv4.3 cDNA (gift from Dr. J. Nerbonne, Wash-
ington University) was in pBK-CMV (Stratagene); and rat DPP6-S
cDNA (short splice variant; also known as DPPX-S) was in pSG5 (Strat-
agene). DPP6-S mutations were created with the QuikChange Site-
Directed Mutagenesis Kit (Stratagene) and confirmed by automated se-
quencing at the Nucleic Acid Facility of the Kimmel Cancer Center
(Thomas Jefferson University, Philadelphia, PA).

Acute dissociation of cerebellar granule neurons. The isolation of cere-
bellar granule neurons was performed as previously described by others
(Oberdoerster, 2001) and according to protocols approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of Thomas Jefferson
University. Briefly, rat or mouse pups [wild-type and dpp6 knock-out
mice (Zagha et al., 2008)] were killed on postnatal day 7 or 8 and the
brains removed. The cerebellum was separated from the brain and the
meninges were detached. The cerebellum was minced and the tissue
digested with trypsin (0.125%) and DNase I (0.2%) at 37°C for 30 min.
Then, the tissue homogenate was suspended in complete DMEM and
filtered through 70 and 40 �m nylon mesh. For electrophysiological
recording, the cells were plated onto glass coverslips coated with
poly-D-lysine.

Heterologous expression (tsA-201 cells). The transfection of tsA-201
cells (gift from Dr. R. Horn, Thomas Jefferson University, Philadelphia,
PA) with cDNAs encoding Kv4.2 and DPP6-S was accomplished by the
calcium-phosphate method as reported before (Dougherty and Covarru-
bias, 2006; Amarillo et al., 2008); and a plasmid containing the CD8
cDNA (gift from Dr. R. Horn, Thomas Jefferson University, Philadel-
phia, PA) was also cotransfected to allow the identification of individu-
ally transfected cells by labeling them with beads bearing anti-CD8 anti-
body (Dynal Biotech).

Heterologous expression (Xenopus oocytes). Female Xenopus laevis were
obtained from Nasco and the oocytes were harvested according to a
protocol approved by the IACUC of Thomas Jefferson University.
Briefly, the frogs were anesthetized by immersing them in 0.2%
3-aminobenzoic acid ethyl ester (Sigma) for �30 min. Ovarian lobes
(1–3) were removed by making a 1 cm abdominal incision. Then, the
wound was sutured and the frog was allowed to recover. Before injection,

oocytes were defolliculated by digestion with collagenase (2 mg � ml �1,
Boehringer Mannheim) in calcium-free external solution. Capped
cRNAs for expression in Xenopus laevis oocytes were produced by in vitro
transcription using the Message Machine Kit (Ambion). The Kv4.3 and
DPP6-S cRNAs were mixed (typically, 1:2 to 1:4 molar ratio) and imme-
diately injected (total RNA injected �2.5–20 ng per oocyte) into defol-
liculated oocytes using a Nanoject microinjector (Drummond). Cur-
rents were recorded 2–3 d after injection.

Electrophysiology (CGNs and tsA-201 cells). Kv4.2 single channels ex-
pressed in tsA-201 cells were measured in the tight-seal cell-attached
configuration of the patch-clamp method with the following pipette so-
lution: 2 mM KCl, 150 mM NaCl, 1.5 mM CaCl2, 1.5 mM MgCl2, and 10
mM HEPES, pH 7.4, adjusted with NaOH. To record unitary currents
from CGN, 20 mM NaCl in the pipette solution (above) was replaced with
20 mM TEA-Cl (tetraethylammonium chloride). TEA-Cl does not affect
Kv4 channels but was necessary to eliminate endogenous delayed recti-
fier K � currents expressed in CGN. The external bath solution con-
tained: 152 mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, and 10 mM HEPES, pH
7.4, adjusted with KOH. Elevated external KCl in this solution nulls the
cell’s resting membrane potential. Patch pipettes were made from thick-
walled (0.32 mm) borosilicate glass capillaries (Sutter Instrument), and
the tips were coated with Sylgard elastomer (Dow Corning) before fire
polishing. In the bath solution, pipette resistance was in the range from 6
to 10 M�. Data were recorded at 5 or 10 kHz (�3 dB, eight-pole Bessel)
and digitally filtered for analysis at 2 kHz (Data Analysis).

Electrophysiology (Xenopus oocytes). To record whole-oocyte currents,
the two-electrode voltage-clamp method was applied as described previ-
ously (Beck et al., 2002). The bath solution for these experiments had the
composition of the external solution described below. Patch-clamp re-
cording (cell-attached) was conducted as described previously (Beck et
al., 2002) using an Axopatch 200B amplifier (Molecular Devices). Patch
pipettes were constructed from Corning Glass 7052 or 7056 (Warner
Instrument) and were coated with Sylgard elastomer before the experi-
ment. The pipettes’ tip resistance ranged between 5 and 10 M� in the
bath solution (see below). The pipette solution (external) contained the
following (in mM): 96 NaCl, 2 KCl, 1 MgCl2, 1.8 CaCl2, and 5 HEPES (pH
7.4, adjusted with NaOH). Under these conditions the Kv4.3 reversal
potential is usually �95 to �100 mV. For cell-attached recordings, the
resting membrane potential is clamped near zero by exposing the oocyte
to an extracellular bath solution containing the following (in mM): 98
KCl, 1 MgCl2, 1.8 CaCl2, and 5 HEPES (pH 7.4, adjusted with KOH).
Voltage-ramp protocols (�100 to �100 mV; 2.12 mV � ms �1) were also
used to validate the estimates of the main unitary conductance in patches
from Xenopus oocytes (supplemental material, available at www.
jneurosci.org). The recordings were filtered at 1.5 kHz (�3 dB, 8-pole
Bessel filter; Frequency Devices) and digitized at 5 kHz. All experiments
were recorded at room temperature (23 � 1°C).

Data analysis. The pClamp suite (Clampfit, versions 9 and 10; Molec-
ular Devices) was used for initial analysis and data reduction; and Origin
7.5 (OriginLab) was used for further analysis and curve fitting by non-
linear least-squares methods. The passive leak current and the capacitive
transients were eliminated off-line by subtracting the average of null
sweeps (no opening events) within a record (typically, 10 –30% of the
acquired sweeps). At the beginning of the depolarizing steps, when the
open probability is high, most recordings in the analyzed datasets did not
display superimposed opening events. The recordings from Kv4.2-
ternary channels were the exception (supplemental Fig. S5, available at
www.jneurosci.org as supplemental material). Frequently, the level of
expression of these channels in cell-attached patches produced macro-
scopic currents. The activity was reduced to the level of single channels by
applying relatively depolarized holding membrane potentials (�80 to
�60 mV), which induces steady-state inactivation. To measure the mean
unitary amplitudes, we constructed traditional all-point amplitude
(APA) histograms from individual sweeps digitally filtered at 2 kHz (bin
size � 0.02 pA). Only sweeps with significant unitary activity were ana-
lyzed in detail (e.g., see Fig. 1), and the length of the sweep included in the
analysis was adjusted to sample sufficient background points (closed
level) without overwhelming the number of apparent opening points.
The APA histograms from individual sweeps were described by assuming
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a sum of Gaussian terms. Between 1 and 10
kHz, the variance of the background was indis-
tinguishable from the variance of the open level
(see Fig. 3). Therefore, for a given APA histo-
gram, the variances of all components (main
open level and sublevels) in the Gaussian sum
were fixed at the background’s level and the
mean amplitudes were estimated from the best
fit (see Fig. 2). To test the accuracy of the uni-
tary mean amplitude estimates obtained from
the multi-Gaussian fits, we applied a bootstrap
resampling plan (Efron, 1982) and examined
�30 randomized APA histograms/patch from
selected patches. The outcome of this analysis is
summarized in supplemental Table S1 (avail-
able at www.jneurosci.org as supplemental
material).

To verify the traditional analysis method, we
constructed Patlak’s mean–variance plots from
individual sweeps and calculated running aver-
ages to extract the mean amplitudes of the open
levels (Dempster, 1993; Patlak, 1993) (supple-
mental Fig. S1, available at www.jneurosci.org
as supplemental material). Briefly, running av-
erages selectively exclude points close to and
during transitions between states. To minimize
histogram distortion due to smoothing of tran-
sitions between states, the exclusion criterion is
based on determining the variance within the
chosen averaging window. Relative to the back-
ground noise, the variance is excessive when the
chosen window spans a transition between
states. Therefore, this window is excluded from
the analysis. Otherwise, the variance of sample
windows completely contained within an open
or closed state is near the minimum variance of
the background, and therefore, the correspond-
ing data points are included in the average. The
net effect of this procedure is to decrease the
variance of the amplitude distributions, and
consequently, it sharpens the histogram peaks
of the resolved current levels; however, it is biased toward long open and
closed events. In general, we found a good agreement between the results
generated by this method and the traditional analysis of APA histograms
(above). For additional verification in Xenopus oocytes, we estimated �
from voltage-ramp experiments (above). All results are expressed as
mean � SEM of n independent measurements (patches). Differences
were evaluated by applying a one-way ANOVA test and were considered
significant at p � 0.05.

Results
The unitary currents from native and recombinant
Kv4 channels
In the cell-attached configuration, we recorded Kv4 unitary cur-
rents mediated by native channels [cerebellar granule neurons
(CGNs)] and recombinant Kv4.2 channels expressed in mamma-
lian tsA-201 cells (see Materials and Methods). In all instances,
the unitary currents were evoked by step depolarizations (from
�120 mV to different test potentials), and were typically ob-
served with high probability within the first 100 ms of the step’s
duration (Fig. 1). Inactivation of single-channel activity is con-
sistent with the transient A-type behavior of Kv4 channels; and
moreover, these unitary currents were insensitive to 20 mM tet-
raethylammonium (TEA, see Materials and Methods), which is
characteristic of A-type K� currents mediated by Kv4 channels
(Jerng et al., 2004a; Amarillo et al., 2008). Also, as observed pre-
viously, these unitary currents exhibited complex kinetics and

frequent subconducting levels (Jerng et al., 1999; Beck et al., 2002;
Holmqvist et al., 2002) (Fig. 1; see Fig. 5; supplemental material,
available at www.jneurosci.org). To survey the amplitudes of the
unitary currents, we constructed all-point-amplitude (APA) his-
tograms from individual sweeps and fitted them with a sum of
Gaussian terms to extract the mean values (see Materials and
Methods) (Fig. 2). In all cases, this analysis revealed at least three
distinct open levels (L1, L2, and L3), which typically occurred
within bursts of single-channel activity (Figs. 1, 2; Table 1). At
�60 mV, the mean amplitudes of the open levels of rat CGN
channels were as follows (in pA): 0.43 � 0.05, 0.81 � 0.06, and
0.96 � 0.03 (n � 3) (Fig. 2C, Table 1). CGN channels from mice
exhibited similar amplitudes (data not shown), which are nearly
identical to those observed in recordings from recombinant
Kv4.2 channels coexpressed with DPP6-S (Fig. 2B, Table 1). In
contrast, the mean unitary amplitudes from recombinant Kv4.2
channels expressed alone were significantly smaller (Fig. 2A, Ta-
ble 1). Suggesting the specific influence of DPP6-S on unitary
amplitudes, the relative contributions of the distinct open levels
appeared mostly unchanged (Table 1). The results from multi-
Gaussian fits were validated by applying a bootstrap resampling
plan to assess the accuracy of the unitary mean amplitude esti-
mates (see Materials and Methods; supplemental Table S1,
available at www.jneurosci.org as supplemental material). In
addition, distinct open levels and their amplitudes were con-

Figure 1. Unitary currents mediated by native and recombinant Kv4.2 channels. A–D, Unitary current traces evoked by 400 ms
step depolarizations from �120 to �60 mV. The holding potential was �120 mV and the start-to-start interval was 2 s, which
allows complete recovery from inactivation between pulses. All currents were acquired in the cell-attached configuration of the
patch-clamp method (see Materials and Methods). Kv4.2 and Kv4.2�DPP6-S represent currents from tsA-201 cells transfected
with the corresponding cDNAs; CG Neuron wt and CG Neuron dpp6�/� correspond to native A-type K � currents expressed in
cerebellar granule neurons from wild-type (rat) and knock-out (mouse) animals, respectively (see Materials and Methods). Each
set includes six traces from the same patch. The currents were originally recorded at 10 kHz (�3 dB, low-pass Bessel filter) and
digitized at 20 �s intervals. For display and amplitude analysis, the current records were digitally filtered at 2 kHz (Clampfit’s
Gaussian filter; see Materials and Methods). The pipette solution contained physiological salt concentrations, and the bath
solution contained elevated K � to null the resting membrane potential (see Materials and Methods). The dashed line accompa-
nying each trace marks the zero current (closed) level.
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firmed unambiguously from mean–variance plots and histo-
grams of running averages (Dempster, 1993; Patlak, 1993)
(supplemental Fig. S1, available at www.jneurosci.org as sup-
plemental material). These results suggest strongly that
DPP6-S in native and recombinant Kv4 complexes is respon-
sible for the differences in the unitary current amplitudes. To

support this explanation more firmly, we examined unitary
currents mediated by CGN channels from DPP6-S knock-out
(dpp6�/�) mice. As expected, the mean unitary currents of
Kv4.2 channels expressed singly in tsA-201 cells and CGN
channels from dpp6�/� mice were similar (Figs. 1C,D,
2 A, D).

The mean amplitudes of Kv4.2 unitary currents are
independent of recording bandwidth
DPP6-S may have produced an apparent increase in the unitary
current by reducing fast flickering between the open and closed
states of the channel. If Kv4.2 channels expressed alone exhibit
fast flickering, the recording bandwidth should have a significant
effect on the mean unitary amplitude of opening events. At
broader bandwidths the amplitude of the openings would be
closer to the true value; and narrower bandwidths would attenu-
ate the amplitude of the opening events by filtering out fast flick-
ering. To investigate this possibility, we examined Kv4.2 channels

Figure 2. Amplitude analysis of Kv4.2 unitary currents. A–D, Representative all-point amplitude (APA) histograms from unitary currents evoked by step depolarizations to �60 mV. The bin size
in all cases is 0.02 pA. These APA histograms were derived from selected traces displayed in Figure 1: Kv4.2, traces 5, 3, and 4; Kv4.2�DPP6-S, traces 3, 5, and 1; CGN wt, traces 3, 5, and 6; CGN
dpp6�/�, traces 5, 6, and 4. These traces are numbered from the top in each set from Figure 1. A sum of four Gaussian terms was used to describe the histogram profiles (black line; see Materials
and Methods), and the individual distributions corresponding to the terms of the Gaussian sum are color coded and plotted separately to indicate the closed level (white) and three open levels (L1,
L2, and L3 in blue, green, and red, respectively). L1 and L2 are sublevels and L3 is the main level of the unitary current. For each APA histogram, the best-fit sum of Gaussian terms assumes that the
variance of the open levels was identical to that of the background (closed level) (Fig. 3 and Materials and Methods). The best-fit parameters are displayed in an inset for each graph. In some
instances, zooming on the small peaks corresponding to the open levels caused the apparent truncation of the peak corresponding to the closed level (baseline).

Table 1. Mean unitary current amplitudes at �60 mV

L1 (pA) L2 (pA) L3 (pA)

Kv4.2 0.198 � 0.016 0.421 � 0.02 0.635 � 0.024
(42.6 � 8.7%) (43.1 � 6.9%) (14.3 � 7.5%)

Kv4.2�DPP6-S 0.345 � 0.03 0.712 � 0.05 1.023 � 0.03
(36.8 � 7.4%) (45.7 � 8.7%) (17.5 � 8.8%)

CGN (rat) 0.432 � 0.05 0.809 � 0.06 0.96 � 0.03
(45.9 � 9.2%) (40.63 � 8.9%) (13.6 � 9.1%)

All values are means � SEM (n � 3). Numbers in parentheses indicate the percentage of histogram area in different
open levels (excluding the area corresponding to closed level). The mean unitary current of the Kv4.2 channel was
significantly different from those of Kv4.2�DPP6-S and CGN (rat) channels at p � 0.001 (one-way ANOVA).
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expressed alone and compared the mean unitary current between
recordings low-pass filtered at 10 and 2 kHz (evoked by a step to
�80 mV) (Fig. 3). Analysis of the corresponding APA histograms
showed that the mean open amplitudes were 0.56 � 1.49 pA and
0.55 � 0.3 pA (mean � SD) at 10 and 2 kHz, respectively (Fig.
3C,D). The apparent variances of the open and closed levels at 10
kHz were also indistinguishable, which is consistent with the ab-
sence of very fast flickering. The lack of an effect of recording
bandwidth on mean unitary amplitude of the open channel sug-
gests strongly that Kv4.2 channels do not exhibit fast flickering
that could confound the results of this study. Therefore, the ap-
parent increase in the unitary current induced by DPP6-S could
not have resulted from filtering fast flickering of the unitary cur-
rents observed in the absence of DPP6-S.

DPP6-S is necessary and sufficient to explain the larger
unitary conductance of neuronal Kv4 channels
To characterize the unitary current–voltage plots from native and
recombinant Kv4.2 channels, we determined the slope conduc-
tances between �40 and �100 mV (Fig. 4). Homomeric Kv4.2
channels yielded 2 � 0.01, 3.5 � 0.02, and 4.1 � 0.25 pS corre-
sponding to levels L1, L2, and L3, respectively (Fig. 4C). The

channels resulting from coexpressing Kv4.2 and DPP6-S dis-
played increased conductances: 5.5 � 0.02, 7.4 � 0.02, and 7.7 �
0.3 pS for L1, L2, and L3, respectively (n � 3) (Fig. 4D). The
anomalous extrapolated reversal potentials obtained from the
slopes suggested exacerbated outward rectification and/or re-
duced K� selectivity in the presence of DPP6-S (see Discussion).
However, macroscopic current measurements have demon-
strated no evidence of altered ionic selectivity of Kv4 channels
associated with DPP6-S (Nadal et al., 2003, 2006; Dougherty and
Covarrubias, 2006; Amarillo et al., 2008). To determine the con-
tribution of DPP6-S to the ion permeation properties of native
and recombinant Kv4.2 channels, we focused on the main unitary
conductance (�m) corresponding to the L3 level (Fig. 4E, Table
2). The �m of Kv4.2 channels expressed alone was close to previ-
ous estimates (4.1 � 0.25 pS, n � 3); and as suspected, DPP6-S
increased it by �90% (7.7 � 0.3 pS, n � 3). This increase reca-
pitulates the �m of the native CGN channels (7.3 � 0.4 pS, n � 3).
Moreover, the �m of CGN channels from dpp6�/� mice was
indistinguishable from that of Kv4.2 channels (4.2 � 0.3 pS, n �
3). Thus, DPP6-S is necessary and sufficient to increase the uni-
tary conductance of Kv4 channels, and thereby recapitulate the
unitary conductance of the neuronal Kv4 channel in CGNs.

Figure 3. Kv4.2 unitary currents do not exhibit fast flickering. A, Overlay of unitary current traces displayed at two different bandwidths, 5 and 2 kHz (gray and black, respectively) (�3 dB,
Gaussian filter; see Materials and Methods). The currents were evoked by the pulse protocol indicated at the bottom of this panel. The dashed white line depicts the zero current (closed) level. B,
Magnified overlay of a current trace low-pass filtered at 10 and 0.5 kHz (gray and black, respectively). Dashed line and arrow mark the zero current level. By comparing these traces, opening events
were identified by eye before evaluating the variances of the closed (background) and open levels. C, APA histograms of the closed (left) and main-open (right) levels generated from current traces
acquired at 10 kHz (�3 dB, low-pass Bessel filter) and digitized at 20 �s intervals. The solid lines superimposed on the histograms are best-fit Gaussians. The best-fit mean (i) and variance (� 2) are
indicated in the graphs. D, APA histograms of the closed (left) and main-open (right) levels generated from current traces acquired as described above and digitally filtered at 2 kHz. Additional aspects
of these graphs are as explained for C above. Note that the variances of the closed and open levels at a given bandwidth are indistinguishable and that the mean amplitude of the main-open level
is insensitive to bandwidth between 2 and 10 kHz. Excessive flickering due to relatively fast gating between the open and closed levels is therefore unlikely.
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The favorable effect of DPP6-S on the �m of Kv4 channels was
confirmed by examining Kv4.3 channels expressed in Xenopus
oocytes, either alone or coexpressed with DPP6-S (supplemental
Figs. S2–S4, available at www.jneurosci.org as supplemental ma-
terial). As expected, the �m values of Kv4.3 and Kv4.2 channels

are similar in the absence of auxiliary subunits (4.4 � 0.3 pS, n �
5) (supplemental Fig. S4, available at www.jneurosci.org as sup-
plemental material). However, as for Kv4.2 coexpressed with
DPP6-S in tsA-201 cells (Figs. 2– 4), coexpression of Kv4.3 and
DPP6-S in Xenopus oocytes resulted in significantly increased �m

(6.9 � 0.3 pS, n � 5) (supplemental Fig. S4, available at www.
jneurosci.org as supplemental material). The expression of
DPP6-S was confirmed by demonstrating nearly complete inac-
tivation of the Kv4.3 channels when the membrane potential was
held relatively depolarized (�70 mV) (legends of supplemental
Figs. S2, S4, available at www.jneurosci.org as supplemental ma-
terial). This inactivation is expected because DPP6-S shifts the
voltage dependence of steady-state inactivation in the hyperpo-
larized direction (Nadal et al., 2003; Dougherty and Covarrubias,
2006).

Any possible influence of KChIPs was tested by recording
unitary currents from the Kv4.2 ternary complex (Kv4.2:KChIP1:
DPP6-S) in tsA-201 cells. Although the kinetics of the Kv4.2 ter-
nary complexes and the Kv4.2:DPP6-S complex are clearly differ-
ent (Amarillo et al., 2008), we found no difference between the
magnitudes of the �m (supplemental Fig. S5, available at www.

Figure 4. DPP6-S is sufficient and necessary to recapitulate the unitary of conductance of neuronal Kv4 channels. A, B, APA histograms generated and analyzed as described in Figure 2 legend.
The top, middle, and bottom histograms are derived from unitary current records evoked by pulses to �40, �80, and �100 mV, respectively. Other aspects of the recordings are as explained in
Figure 1 legend. The black line represents the best-fit sum of four Gaussian terms. The white, gray, and red lines depict the theoretical distributions corresponding to background, sublevels, and main
level, respectively. Zooming on the small peaks corresponding to the open levels caused the apparent truncation of the peak corresponding to the closed level (baseline). C, Unitary current–voltage
relations from the recombinant homomeric Kv4.2 channel. The plots correspond to the amplitudes of the sublevels (squares and triangles) and the main level (circle), and the solid lines are the best
linear regressions that estimate the slope conductances shown on the right-hand side of the graph. The dashed lines indicate the extrapolations to the voltage axis. Er is the reversal potential
estimated experimentally from macroscopic tail-current measurements. D, Unitary current–voltage relations from the recombinant Kv4.2�DPP6-S channel complex. Other aspects of this graph are
as explained for C above. Note that DPP6-S increases the slope conductances, and that in this condition the extrapolations to the voltage axis deviate significantly from the estimated Er. The latter
suggests significant outward rectification of the unitary currents (text). E, Unitary current–voltage relations corresponding to the main open level (L3) of native and recombinant Kv4.2 channels.
Note that the presence of DPP6-S in the native and recombinant cases confers a larger unitary conductance to the main open level. All symbols with error bars in the unitary current–voltage plots
represent means � SEM (n � 3; the CGN wt mouse is the exception, n � 2).

Table 2. Main unitary conductance of recombinant and native Kv4 channels

Kv4 channel �m (pS) n

Kv4.2 4.1 � 0.3 3
Kv4.3 4.4 � 0.3 5
Kv4.2:DPP6-S 7.7 � 0.3 3
Kv4.3:DPP6-S 6.9 � 0.3 5
Kv4.2 ternary 7.8 � 0.4 3
CGN, rat 7.3 � 0.4 3
CGN, mouse 7.4, 7.8 2
CGN, dpp6�/� 4.2 � 0.3 3
Kv4.2:DPP6-S (D18N, E20Q) 4.8 � 0.2 3
Kv4.3:DPP6-S (D18N, E20Q) 4.9 � 0.1 4

All values are means � SEM from n cell-attached patches (third column). For CGN (mouse), two independent
estimates are shown. The �m values were determined from the slope conductances of the unitary current–voltage
relations corresponding to the L3 level in each condition (Figs. 2, 4). The �m of the Kv4.2 channel was significantly
different from those of Kv4.2�DPP6-S and CGN (rat) channels at p � 0.001 (one-way ANOVA).
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jneurosci.org as supplemental material). This observation con-
firms that KChIP1 does not influence the unitary conductance of
neuronal Kv4 channels (Beck et al., 2002). Overall, the results
strongly support the view of DPP6-S as an integral subunit of
neuronal Kv4 channels. Strengthening this conclusion further,
unitary current recordings from binary (Kv4.2 or Kv4.3 plus
DPP6-S), ternary (including KChIP1), or native (CGN) channels
did not exhibit transitions between high- and low-conductance
phenotypes over the duration of the experiments.

Cytoplasmic N-terminal acidic residues in DPP6-S are
responsible for the increase in unitary conductance
We hypothesized that negatively charged amino acid side chains
(D18, E20) in the juxtamembrane cytoplasmic N-terminal region
of DPP6-S could be responsible for the favorable effect of DPP6-S
on the unitary conductance of Kv4 channels. To test this hypoth-
esis, we created the double mutant DPP6-S (D18N, E20Q) and
coexpressed it with Kv4.2 (in tsA-201 cells). The importance of
testing this hypothesis is twofold: (1) it may shed light on the
mechanism underlying the main observations of this study; and
(2) it may help dissociate the specific role of these residues from
the gating effects of the DPP6-S transmembrane and extracellular
regions. The �m of Kv4.2 channels coexpressed with the DPP6-S

double mutant was reduced to the level of that of Kv4.2 channels
expressed alone (Fig. 5, Table 2).

The lack of effect of DPP6-S (D18N, E20Q) on the �m of Kv4
channels was confirmed in Xenopus oocytes (supplemental Fig. S6,
available at www.jneurosci.org as supplemental material). The �m of
Kv4.3 channels expressed alone or coexpressed with DPP6-S (D18N,
E20Q) was virtually identical, suggesting that the mutation could
have suppressed DPP6-S expression or destroyed the interaction
with the channel. Contrary to these possibilities, however, the charge
neutralization mutations did not affect the ability of DPP6-S to shift
voltage-dependent gating in the hyperpolarized direction and accel-
erate current kinetics (Fig. 6). Macroscopically, the main effect of the
DPP6-S mutations was to reduce the upregulation of the peak cur-
rent, which is consistent with a reduced �m. Therefore, without in-
fluencing gating, N-terminal acidic amino acids in DPP6-S play a
specific role in ion permeation in Kv4 channels. The DPP6-S double
mutant results suggest an electrostatic action of acidic amino acids,
which directly influences the Kv4 channel unitary conductance (see
Discussion).

Discussion
To explain a significant discrepancy between native and reconsti-
tuted Kv4 channels, we investigated the contribution of DPP6-S

Figure 5. Acidic N-terminal residues determine the effect of DPP6-S on Kv4 unitary conductance. A, Unitary currents induced by the expression of the Kv4.2�DPP6-S (D18N, E20Q) complex in
tsA-201 cells. These currents were evoked by step depolarizations from �120 to �60 mV. The dashed line accompanying each trace marks the zero current (closed) level. Other details were as
explained in Figure 1 legend. B, APA histograms generated, analyzed, and displayed as explained in Figures 2 and 4. Data from currents recorded at three different voltages are shown (�40, �60,
and �100 mV). Zooming on the small peaks corresponding to the open levels caused the apparent truncation of the peak corresponding to the closed level (baseline). C, Unitary current–voltage
relations from the Kv4.2�DPP6-S channel complex (wild type and mutant). Other aspects of this graph are as explained in Figure 4 legend. The control data are replotted from Figure 4. Note that
the DPP6-S (D18N, E20Q) mutant loses its ability to increase the main unitary slope conductance of the Kv4.2 channel. All symbols with error bars in the unitary current–voltage plots represent
means � SEM (n � 3).
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to �. The conditions examined (Table 2) included Kv4.2 or Kv4.3
channels expressed in tsA-201 cells or Xenopus oocytes; either
alone or coexpressed with DPP6-S (wild type and mutant). In
addition, we measured the � of native CGN channels from rat
and mouse (wild type and dpp6�/�). Last, to gain insights into
the structure–function relation, we tested the role of negatively
charged amino acids at the juxtamembrane cytoplasmic region of
DPP6-S. Overall, the results provide compelling evidence of a
new role of DPP6-S as the Kv4 channel auxiliary �-subunit that
dictates the � of somatodendritic A-type K� channels in CGN
and possibly other DPP6-expressing neurons having Kv4 chan-
nels with similar �.

Except for one study that found a unitary conductance of 13
pS (Korngreen and Sakmann, 2000), under similar ionic condi-
tions, the reported � of somatodendritic A-type K� channels in
the mammalian CNS ranges between 6 and 8.5 pS (Hoffman et
al., 1997; Bekkers, 2000; Chen and Johnston, 2004). This range is
in contrast to the significantly smaller unitary conductance of
heterologously expressed homomeric Kv4 channels (Jerng et al.,
1999; Beck et al., 2002; Holmqvist et al., 2002). Coexpressing
Kv4.2 with DPP6-S yielded channels with a �m virtually identical
to that of native Kv4 channels in CGN (�7.5 pS). Furthermore,
the �m of native Kv4 channels in CGN from mice lacking DPP6
was virtually identical to that of recombinant homomeric Kv4
channels (�4 pS). It is therefore clear that DPP6-S is necessary

and sufficient to recapitulate the physio-
logical ion permeation properties of native
Kv4 channels in neurons. Interestingly, the
� of Kv4 channels underlying the ITO in
cardiac myocytes is 4 pS (Campbell et al.,
1993). This might be related to the lack of
expression of DPP6 in these cells. The dpp6
gene is not expressed in the heart from rat,
mouse, or rabbit (Radicke et al., 2005) (A.
Ozaita, W. Coetzee, and B. Rudy, unpub-
lished observations).

Generally, auxiliary �-subunits of
voltage-gated cationic channels affect gat-
ing kinetics and trafficking to the cell sur-
face (Hanlon and Wallace, 2002; McCros-
san and Abbott, 2004; Torres et al., 2007),
and may confer redox modulation (Pan et
al., 2008). However, the effects of these
�-subunits on ion permeation properties
are much less common and poorly under-
stood. DPP6-S is a salient case because not
only does it promote surface expression
and facilitate gating and inactivation of
Kv4 channels, it also enhances their �.
Comparatively, KCNE �-subunits are es-
pecially interesting because they interact
promiscuously with Kv channels, affect
gating (Abbott et al., 2001), and appear to
increase the � of KCNQ (Kv7) channels
(Sesti and Goldstein, 1998; Yang and Sig-
worth, 1998) by unknown mechanisms.
Uncertainties in this finding resulted from
rapid unitary flickering and a significant
bandwidth dependence of relatively small
unitary currents. The estimations of �
were thus based on fluctuation analysis,
which included untested assumptions
about channel gating (Yang and Sigworth,

1998). Similar mechanisms may not explain the apparent simi-
larities between the effects of KCNE �-subunits and DPP6-S on
�. Although both KCNE �-subunits and DPP6-S are single-pass
membrane proteins, they are not genetically related, and the
KCNE �-subunits’ topology (cytoplasmic C terminus) is oppo-
site to that of DPPL proteins. Moreover, the stoichiometry of the
KCNQ�KCNE complex is 4:2 (Morin and Kobertz, 2008),
whereas that of the Kv4.2�DPP6 complex is 4:4 (Soh and Gold-
stein, 2008); and KCNE may contribute to the permeation path-
way in the pore domain directly (Tapper and George, 2001; Mc-
Crossan and Abbott, 2004; Kang et al., 2008). In contrast, DPP6-S
may act through an electrostatic mechanism involving its cyto-
plasmic N-terminal region (see below).

Recently, the �2 subunit of the large-conductance calcium-
activated K� (KvCa or BK) channel was also identified as a regu-
lator of ion permeation (Chen et al., 2008). BK channels are
distantly related to Kv channels and are concomitantly gated by
membrane potential depolarization and intracellular Ca 2�. In
contrast to DPP6-S and KCNEs, the BK channel �2 subunit in-
troduces outward rectification by modestly decreasing the in-
ward unitary currents under symmetrical ionic conditions. A
lysine-rich extracellular loop connecting the two transmembrane
segments of the �2 subunit appears responsible for the outward
rectification through electrostatic repulsion (Chen et al., 2008). A
more distant relationship to our study comes from the cytoplas-

Figure 6. Functional expression and gating properties of Kv4.3 channels coexpressed with DPP6-S (D18N, E20Q) in Xenopus
oocytes. A–C, Whole-oocyte currents evoked by step depolarizations to command voltages ranging between �90 and �70 mV.
Pulses were delivered from a holding potential of �100 mV at 10 mV intervals (for display, every other trace is shown). The
start-to-start interval between pulses was �3 s. The scale bars correspond to 1 �A/100 ms, 5 �A/100 ms, and 1 �A/100 ms in
A–C, respectively. D, Peak current–voltage relations of the currents represented in A–C. Symbols are mean � SEM (n � 7). Note
that the double mutant DPP6-S (D18N, E20Q) exhibits a reduced ability to upregulate the peak current. E, Peak conductance–
voltage relations corresponding to the experiments depicted in D. The solid lines are best-fit fourth-order Boltzmann functions
with the following best-fit parameters (midpoint voltage and slope factor): V1/2 (Kv4.3) � �6 mV; k (Kv4.3) � 23 mV; V1/2

(Kv4.3�DPP6-s) � �36.7 mV; k (Kv4.3�DPP6-S) � 17 mV; V1/2 [Kv4.3�DPP6-S (D18N, E20Q)] � �34.7 mV; k
[Kv4.3�DPP6-S (D18N, E20Q)] � 17 mV. Note that both wild-type and double mutant DPP6-S induce nearly identical leftward
shifts (	V1/2 
 �30 mV).
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mic �4-subunit of L-type voltage-gated Ca 2� channels, which
increases the � slightly (�10%), but nothing is known about the
underlying mechanism (Schjött et al., 2003).

Eliminating the increase in � by conservative point mutations
that neutralize cytoplasmic negative charges at the N terminus of
DPP6-S is mechanistically informative. Critically, these muta-
tions did not change the ability of DPP6-S to favorably influence
voltage-dependent gating and kinetics (Fig. 6). Thus, the DPP6-S
mutations do not obliterate expression or alter the protein’s
structure globally. Moreover, these results suggest that the
membrane-spanning region and the cytoplasmic N terminus of
DPP6-S are independent functional modules: the former may
regulate gating through a direct transmembrane interactions
with the channel’s voltage sensing domain (Dougherty and Co-
varrubias, 2006); and the latter may regulate � by an electrostatic
mechanism. In BK channels, their characteristically large � is in
part determined by a ring of cytoplasmic acidic amino acids in the
pore-forming �-subunit (Brelidze et al., 2003). The net negative
charge conferred by these residues helps to concentrate K� near
the inner mouth of the channel. Analogously, we hypothesize that
acidic amino acids in DPP6-S are ideally located in the intracel-
lular juxtamembrane region of the protein to play a similar role.
If the Kv4:DPP6-S stoichiometry is 4:4 in a fourfold symmetrical
complex (Soh and Goldstein, 2008), a ring of eight negative
charges may help to electrofocus and concentrate K� at the inner
mouth of Kv4 channels. Consequently, there is an increase in the
channel’s �. This working hypothesis predicts outward rectifica-
tion because the excess of internal negative charges would influ-
ence outward currents preferentially. Accordingly, exacerbated
outward rectification was particularly apparent in the current–
voltage plots of sublevels observed in the presence of DPP6-S (see
Results) (Fig. 4D). Since the homologous DPP10a lacks one of
the two juxtamembrane negative charges responsible for the con-
ductance increase, we predict that neurons that use DPP10a in-
stead of DPP6, such as cerebellar Purkinje cells and hippocampal
GABAergic interneurons (citations), may have a smaller unitary
conductance than neurons that have DPP6, such as CGNs and
hippocampal CA1 pyramidal neurons (Amarillo et al., 2008; Kim
et al., 2008).

DPP6-S has favorable synergistic effects on crucial aspects of
Kv4 channel function. It promotes trafficking to the plasma
membrane, enhances �, accelerates recovery from inactivation,
and reduces the energetic cost of gating by shifting the voltage
dependence of activation toward negative membrane potentials.
Namely, ISA upregulation by DPP6-S results from promoting
channel trafficking to the plasma membrane and increasing �. In
Xenopus oocytes, the latter effect actually accounts for �50% of
the increase in total Kv4 current induced by DPP6 in the absence
of KChIPs (Fig. 6D). Since both KChIPs and DPP6-S promote
channel trafficking, DPP6-S may account for all of the additional
increase in macroscopic current when both auxiliary proteins are
present, as is the case in neurons (Maffie and Rudy, 2008). It is
therefore noteworthy that the total ISA is reduced to less than half
in CGNs of DPP6 knock-out mice (Ozaita, Coetzee, and Rudy,
unpublished observations). Given that KChIPs are still present in
neurons from these mice, it is likely that the change in � is sub-
stantially responsible for the effect of DPP6 ablation on ISA. Dem-
onstrating that DPP6-S is necessary and sufficient to reconstitute
the � of the neuronal Kv4 channel complex is additionally impor-
tant because it provides compelling evidence for the integral con-
tribution of DPP6-S to the molecular assembly that underlies ISA.

The macroscopic Kv4 conductance in neurons is optimized by
DPP6-S to oppose hyperexcitability and sharpen signaling (Kim

et al., 2008). Rapid repriming upon hyperpolarization and oper-
ation over a relatively hyperpolarized range of membrane poten-
tials permits effective regulation of excitability in the subthresh-
old range of membrane potentials. Therefore, the evolution of
DPP6-S as an integral partner of neuronal Kv4 channels under-
lying ISA was probably driven by the advantageous gains in speed,
efficiency, and ability to dampen excitability. Accordingly, we
have observed interesting changes resulting from DPP6 ablation
in knock-out mice, including effects on long-term potentiation,
learning, and social behavior (Zagha et al., 2008). Dissecting how
different effects of DPP6 contribute to functional or behavioral
changes in knock-out mice will be challenging, as will be the
potential contribution of DPP6 mutations to disease states. In-
terestingly, recent reports correlate human mutations in dpp6
genes with susceptibilities to amyotrophic lateral sclerosis (ALS)
and autism (van Es et al., 2008; Marshall et al., 2008). These
findings highlight the importance of understanding how DPP6
affects Kv4 channel function.
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