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Kv4 potassium channel subunits control action potential
repolarization and frequency-dependent broadening
in rat hippocampal CA1 pyramidal neurones

Jinhyun Kim, Dong-Sheng Wei and Dax A. Hoffman

Molecular Neurophysiology and Biophysics Unit, Laboratory of Cellular and Synaptic Neurophysiology, National Institute of Child Health and Human

Development, National Institutes of Health, Bethesda, MD 20892, USA

A-typepotassium channels regulate neuronal firing frequency and the back-propagation of action
potentials (APs) into dendrites of hippocampal CAl pyramidal neurones. Recent molecular
cloning studies have found several families of voltage-gated K* channel genes expressed in
the mammalian brain. At present, information regarding the relationship between the protein
products of these genes and the various neuronal functions performed by voltage-gated K*
channels is lacking. Here we used a combination of molecular, electrophysiological and imaging
techniques to show that one such gene, Kv4.2, controls AP half-width, frequency-dependent
AP broadening and dendritic action potential propagation. Using a modified Sindbis virus,
we expressed either the enhanced green fluorescence protein (EGFP)-tagged Kv4.2 or an
EGFP-tagged dominant negative mutant of Kv4.2 (Kv4.2g"*¢?F) in CA1 pyramidal neurones of
organotypic slice cultures. Neurones expressing Kv4.2g"*¢?F displayed broader action potentials
with an increase in frequency-dependent AP broadening during a train compared with control
neurones. In addition, Ca’" imaging of Kv4.2gW*?F expressing dendrites revealed enhanced AP
back-propagation compared to control neurones. Conversely, neurones expressing an increased
A-type current through overexpression of Kv4.2 displayed narrower APs with less frequency
dependent broadening and decreased dendritic propagation. These results point to Kv4.2 as the
major contributor to the A-current in hippocampal CA1 neurones and suggest a prominent role
for Kv4.2 in regulating AP shape and dendritic signalling. As Ca?* influx occurs primarily during
AP repolarization, Kv4.2 activity can regulate cellular processes involving Ca’*-dependent
second messenger cascades such as gene expression and synaptic plasticity.
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The fine-tuning of neuronal electrical signals is achieved
predominantly by the action of voltage-gated K* channels.
Over 35 different primary K" channel subunits are
expressed in the hippocampus (Coetzee et al. 1999). This
diverse set of KT channel subtypes allows for the distinctive
firing patterns expressed by different neurone types and by
the same cells under different conditions.

The total outward K current recorded in hippocampal
CAl pyramidal neurones consists of a transient
or rapidly inactivating component (A-type) and a
sustained or slow/non-inactivating component (Rudy,
1988; Storm, 1990). Of the numerous known voltage-gated
K" channel (Kv) pore-forming «-subunits expressed
in the hippocampus, only Kvl.4, Kv4.1, Kv4.2 and

© 2005 The Physiological Society. No claim to original US government work.

Kv4.3 produce subthreshold activating, fast inactivating,
4-aminopyridine (4-AP)-sensitive currents that resemble
the A-type current in CA1 neurones (Coetzee et al. 1999).
Immunohistochemical data show that Kv4.2 is the most
likely molecular counterpart to the A-current recorded
in hippocampal CAl dendrites, with high expression
in the somatodendritic membrane (Sheng et al. 1992;
Maletic-Savatic et al. 1995; Serodio et al. 1996; Varga et al.
2000). Kv1.4is primarily found in axons, Kv4.1 isnot highly
expressed in the hippocampus and hippocampal Kv4.3 is
primarily found in interneurones (Serodio & Rudy, 1998;
Coetzee et al. 1999; Lien et al. 2002; Rhodes et al. 2004).
Previous studies have wused various molecular
techniques to link voltage-clamp analyses of A-type
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currents with particular Kv a-subunits. Using single-cell
RT-PCR, Kv4 family mRNAs have been observed in
several different neuronal types (Baro et al. 1997; Martina
et al. 1998; Song et al. 1998; Tkatch et al. 2000). Other
groups have used dominant negative Kv4 constructs to
show that a-subunits of the Kv4 subfamily underlie the
transient current in cerebellar granule neurones (Johns
et al. 1997; Shibata et al. 2000) and superior cervical
ganglion neurones (Malin & Nerbonne, 2000).

A-type currents in CAl hippocampal neurones
have important roles in dendritic signal processing,
including the regulation of AP back-propagation, synaptic
integration (Hoffman et al. 1997; Cash & Yuste, 1998;
Ramakers & Storm, 2002; Cai et al. 2004), and in long-term
potentiation (Ramakers & Storm, 2002; Watanabe et al.
2002; Frick et al. 2004). Modulation of A-type current’s
biophysical properties and expression levels occurs
through phosphorylation or auxiliary subunits (Hoffman
&Johnston, 1998; An et al. 2000; Anderson et al. 2000; Beck
etal. 2002; Yuan et al. 2002; Nadal et al. 2003; Gebauer et al.
2004; Varga et al. 2004). This high degree of regulation
suggests a central role for A-channels in modulating
neuronal excitability.

The experiments presented here were undertaken
to test directly the hypothesis that Kv4.2 underlies
the A-current in CA1l hippocampal pyramidal neurone
somatodendritic membrane and to investigate its role in
shaping CA1 firing patterns. We used a modified Sindbis
virus system to either overexpress wild-type Kv4.2 or
a dominant negative mutant of Kv4.2 (Kv4.2g"*%?F) in
hippocampal organotypic slice cultures. Tagged Kv4.2 was
found to mimic the endogenous Kv4.2 somatodendritic
expression pattern with the interesting discovery of
enriched expression in dendritic spines. Kv4.2g"?¢*f
expression led to broader APs with an increase in
frequency-dependent AP broadening and enhanced
dendritic propagation. Conversely, Kv4.2 overexpression
dampened cell excitability most notably by decreasing
AP half-width, frequency-dependent AP broadening and
dendritic AP propagation.

Methods
Hippocampal cultures and viral infection

Hippocampal primary cultures were prepared from
embryonic day 18 Sprague-Dawley rats after pregnant
mothers were killed by decapitation under isoflurane
anaesthesia. Cells were cultivated in neurobasal medium
supplemented with B27 (Invitrogen) as described by
Osten et al. (1998). To eliminate proliferative cells, 5 um
cytosine arabinoside (AraC, Sigma), a specific inhibitor of
DNA synthesis during meiosis and mitosis, was included
on 8days in vitro (DIV). Mature primary neurones
(18 DIV—-21DIV) were infected with a normalized
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infectious titre of Sindbis virus (see Supplemental
Material).

Hippocampal organotypic slice cultures were
prepared from postnatal day 7-8 Sprague-Dawley
rats, killed via cervical decapitation, after Musleh et al.
(1997). Hippocampal slices (250 m thick) were infected
on 4DIV by microinjection. Electrophysiological and
Ca’" imaging measurements were made 1-3 days after
CA1 viral infection. All animal protocols were approved
by the National Institute of Child Health and Human
Development’s Animal Care and Use Committee.

Immunostaining and image analysis

Infected dissociated neurones were fixed with 4%
paraformaldehyde and 0.1% glutaraldehyde in PBS
containing 0.12 M sucrose for 8 min and permeabilized
with 0.2% Triton X-100 in PBS. After preblocking
with PBS containing 5% normal goat serum (NGS),
0.05% Triton X-100, and 450 mm NaCl for 1h at 4°C,
neurones were incubated with antibodies in the blocking
solution overnight at 4°C and followed by incubation with
Alexa 546-conjugated secondary antibodies (Molecular
Probes) at 1:200 dilution for 2 h at room temperature.
Images were acquired with Leica TCS RS confocal
microscope. Linear Profile Plot and ROI manager of
Image] v. 1.32 (http://rsb.info.nih.gov/ij/) were used for
spine expression analysis. The same mask of ROI (region
of interest) was utilized for selection of dendritic spine
heads and adjacent dendritic shafts. Antibodies used were
anti-MAP2 (Chemicon, 1:1000) and anti-Synaptophysin
(Sigma, 1:200)

Electrophysiology

For patch-clamp recordings, organotypic slice cultures or
cover slips containing HEK-293 cells were transferred to
a submerged recording chamber with continuous flow
of ACSF containing (mm): 125 NaCl, 25 NaHCOs, 2.5
KCl, 1.25 NaH,POy,, 2 CaCl,, 1 MgCl,, and 25 p-glucose
bubbled with 5% CO,—95% O,. In some experiments
3-5mMm 4-AP was included in the bath solution.
In these instances 0.0l mm 6,7-dinitroquinoxaline
2,3(1H,4H)-dione (DNQX) was also included in the
external solution. DNQX was dissolved in DMSO (final
DMSO concentration: 0.1%).

Hippocampal CA1 pyramidal neurones or HEK-293
cells were identified using infrared differential interference
contrast (IR-DIC) videomicroscopy. The patch electrodes
(2-5 M) were filled with (mm): 125 potassium gluconate,
20 KCI, 10 Hepes, 4 NaCl, 0.5 EGTA, 10 disodium
phosphocreatine, 4 ATP-Mg, 0.3 Tris,GTP (pH 7.2 with
KOH). Recordings were low-pass filtered at 5kHz
and digitized at 10kHz by an Instrutech ITC-18 A/D
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board controlled by software written for Igor Pro
(WaveMetrics).

Whole-cell CA1 recordings were made in current-clamp
mode using either an Axopatch-200B or Multiclamp 700B
amplifier (Axon Instruments) at 32—34°C. Series resistance
was 10-28 MQ. Typically, current injection series were
repeated three times and the results reported as the average
of the three individual measurements. Voltages have not
been corrected for junction potentials.

Recordings of voltage-gated K currents were made in
voltage-clamp mode using the Axopatch-200B amplifier
at room temperature. Electrodes were pulled from
borosilicate glass and in some experiments coated with
Sylgard (Dow Corning) to reduce their capacitance.
Current ensemble averages were constructed from 3 to
30 individual sweeps. Leakage and capacitive currents
were subtracted digitally using either a P/5 protocol or
null traces. The transient current was isolated from the
sustained current using a 150 ms prepulse step to —20 mV
to inactivate transient channels. All curve fits (inactivation
time constants, Boltzmann fits and various x—y plots)
were performed with a least-squares program (Igor Pro).
In outside-out and nucleated patch recordings, 1 um
TTX (Sigma) was included in the bath. The capacitative
compensation circuit of the amplifier was used to measure
and reduce capacitative transients. Nucleated patches
had an average capacitance of 1.53 £0.03 pF (n=18)
corresponding to a diameter of ~7 um (Martina et al.
1998). Outside-out patch capacitance was estimated to be
0.4 pF by comparing current amplitudes with those from
nucleated patch recordings.

Calcium imaging

Patch pipettes (3-8 MQ2) were filled with (mm) 130
KMeSO,, 10 Hepes, 4 MgCl,, 4 Na,-ATP, 0.4 Na,-GTP,
10 Na,-phosphorcreatine, and 3 sodium vr-ascorbate.
After obtaining whole-cell configuration, 20-30 min were
allowed for intracellular diffusion of the fluorophore
(Rhod-2, 100 um, Molecular Probes). Optical data were
acquired using a Roper Scientific MicroMax 512BFT CCD
camera with 50 ms exposure time per frame. Action
potentials were elicited by somatic current injection
(1-2nA, 2ms). Trains of three action potentials were
elicited at 100 Hz. Background fluorescence, estimated by
averaging fluorescence of an equivalent position in the slice
that contained no infected neurones, was subtracted for
analysis.

Data analysis

Data analysis was performed using Igor Pro, SigmaStat,
SPSS and Microsoft Excel. Numeric values are given
as means =+ standard error of the mean (s.e.m.). Error
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bars in the figures represent s.e.M. Statistical significance
was examined with Student’s f test, one-way ANOVA or
Wilcoxon-Mann-Whitney test.

Results
Kv4.2 construct expression

To visualize Kv4.2, the enhanced green fluorescence
protein (EGFP) was fused to either the cytoplasmic
N- (gKv4.2) or C-terminal (Kv4.2g, Fig. SIA in
Supplementary Material). When expressed in HEK-293
cells, EGFP-tagged Kv4.2 constructs and untagged Kv4.2
showed a single protein band of the expected size on a
Western blot prepared from cell extracts (Fig. S1B). The
same blot probed with a GFP antibody showed identical
bands for both EGFP-tagged Kv4.2 constructs without
any bands of unexpected size (data not shown). Both
EGFP-tagged proteins displayed a distinct perinuclear,
endoplasmic reticulum expression pattern in HEK-293
cells (Fig. S1C), as previously found in cells expressing
untagged Kv4.2 (An et al. 2000; Nadal ef al. 2003; Shibata
et al. 2003).

An investigation into the normal physiological role of
particular ion channels requires that the kinetic properties
of heterogolously expressed channels closely match those
of the native protein. To determine the effect of EGFP
fusion on Kv4.2 we compared the properties of N- and
C-terminal EGFP-fused Kv4.2 to those of untagged Kv4.2,
after expression in HEK-293 cells. Currents recorded from
both gKv4.2- and Kv4.2g-expressing cells had activation
curves nearly identical to that found for untagged Kv4.2
(P > 0.05, Table 1). Similarly, no significant differences
were found for the inactivation curves of either EGFP
fused channel compared with Kv4.2 (P > 0.05, Table 1).
While attachment of EGFP to the channel was not found
to affect steady-state inactivation, the rate of inactivation
was slowed by N-terminal but not C-terminal EGFP
fusion (Table 1; Wong et al. 2002). Despite a slower
inactivation rate, there was not a significant effect of
EGFP fusion on the time course of recovery from
inactivation (P > 0.05, Table 1). Given the results from
these HEK-293 experiments, we chose to use Kv4.2g for
further investigation in neurones.

To reduce functional Kv4.2-mediated conductance in
neurones, a point mutation was introduced in the pore
of Kv4.2 (W362 to F) which has been used previously
to down-regulate Kv4.2 activity in superior cervical
ganglion neurones (Malin & Nerbonne, 2000, 2001; Wong
et al. 2002). The Kv4.2g"**** mutation has been shown
previously to act as a subfamily-specific dominant
negative, i.e. blocking only Kv4.x or shal-containing
channels after heterologous expression (Barry et al.
1998). Co-expression in HEK-293 cells of equal amounts
Kv4.2g"3%?F and Kv4.2 attenuated the wild-type currents
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Table 1. Expression level, voltage dependence and kinetic properties of transient K* currents in HEK-293 cells and CA1 neurones of

organotypic slice cultures

Current density Activation Inactivation Kinetics (room temp)
Transient Sustained Vi k Vi k tpeak Tdecay Trecov
(pA pF~ 1) (pA pF~) (mv) (mVv) (ms) (ms) (ms)
HEK-293 cell recordings
Kv4.2 180 £ 55 —_ -1.1+1.5 17 £1 -71+4 8.2+09 6.0+ 0.8 35+4 96 + 18
(11 (10) (10) (10) (10) 9 (10) ®
gKv4.2 209 + 29 — 0.7+1.1 18+ 1 —69+2 7.7+0.3 6.3+0.7 63 + 6* 94 + 12
(14) () n (10) (10) (5) (12) 9
Kv4.2g 210 £ 52 — 09+27 17 +£2 —-72+3 7.1+£0.3 6.6 £ 0.6 37+6 91+ 14
9 9 9 (6) (6) (5) (8 (5
Patch recordings from CA1 neurones of hippocampal slice cultures (DIV 5-7)
Control 571+ 66 79 £ 10 —-15+5 17 £1 —69 +3 87+04 21+04 26 +1 24+ 4
37) (37) (14) (14) 9 9 (10) (34) ®
Kv4.2g 1213 £ 157~ 100 + 16 —13+3 202 —74+3 9.2+0.7 2.2+0.1 19 + 2% 27 +4
(25) (25) (10) (10) (® (® (6) (22) (6)
Kv4.2g- 345 + 46* 82+ 13 —15+3 20£2 —-75+2 7.3+09 2.1+£0.2 25+4 28 +3
W362F (22) (22) (5 (5 (7) (7) (5) (21) (6)

Values in parentheses, n number; V,; and k, average fit half-activation and inactivation voltages and slope; tpeak, time to peak
(+40 mV); Tgecay, single-exponential decay fit (+60 mV); trecov, single-exponential recovery fit (+-60 mV); *P < 0.05.

by 70% from 188 pA pF~! (n=13) to 57 pApF ! (n=14,
data not shown).

Expression of Kv4.2 constructs in neurones

To introduce Kv4.2g and Kv4.2g"*%?" into neurones, we
used an attenuated Sindbis virus-based expression system.
This modified system has been shown, in hippocampal
primary neurones and in vivo, to delay the onset of
viral-induced cytotoxicity and produce higher expression
levels of the protein of interest (Kim et al. 2004). In
cultured hippocampal neurones Kv4.2g mimicked the
somatodendritic expression pattern found for endogenous
Kv4.2 (Fig. 1A, top). Higher magnification images show
clearly that Kv4.2g is expressed in dendritic spines (Fig. 1A,
bottom). Kv4.2-positive spines were found apposed to the
presynaptic marker, synaptophysin (Fig. 1B). The EGFP
fluorescence in spines of Kv4.2g expressing neurones
appeared brighter than that from the adjacent dendritic
shaft (Fig. 1C). To quantify this observation we compared
the relative fluorescence intensity in spines with that
of the adjacent dendritic shaft. The ratio of spine
head to dendritic shaft fluorescence in Kv4.2g-expressing
neurones was approximately 2-fold greater than in
neurones expressing EGFP (1.90 +0.07, n=117 spines
from 10 dendrites for Kv4.2g versus 0.84 £ 0.02, n= 105
spines from 8 dendrites, EGFP, Fig. 1C and D). These
results, showing postsynaptic expression and spine
enrichment of Kv4.2g in hippocampal neurones, support a
previous report on endogenous Kv4.2 localization that
found Kv4.2 clustered at synaptic sites using immuno-
electron microscopy (Alonso & Widmer, 1997).

We next expressed the mutant Kv4.2 constructs
in CAl pyramidal neurones of hippocampal slices
(Fig.2A). Three experimental groups were analysed:
control neurones (either uninfected or EGFP expressing),
neurones overexpressing Kv4.2 (Kv4.2g), and neurones
expressing the dominant negative Kv4.2 pore mutation
(Kv4.2g"362F) Infected neurones were not visually
different from neighbouring uninfected neurones and
no significant changes in endogenous Kt channel
protein levels were observed in Kv4.2g-infected slices
compared with uninfected or EGFP-infected control
slices (Kv4.2, Kv1.4 and Kv2.1 compared by immuno-
blot, not shown). Whole-cell recordings revealed no
significant difference in resting membrane potential
(—60.3 £ 0.7 mV, Kv4.2g; —58.7 £ 0.7 mV, control and
—58.6+1.5mV for Kv4.2g"**f, P> 0.05) between
groups.

Nucleated and outside-out patch-clamp recordings
from CA1l hippocampal neurones, in the presence of
TTX to block voltage-gated Nat channels, showed a
large outward current composed of a rapidly inactivating
component along with a sustained or slowly inactivating
component (Fig. 2A). The transient current was isolated
from the sustained current using a prepulse voltage
protocol (see Methods). Patches pulled from neurones
overexpressing Kv4.2 showed a 2-fold increase in transient
outward current density compared with non-expressing
control neurones, (P < 0.05) without affecting the
sustained component density (Fig.2A and B, Table 1,
P> 0.05). Currents from both groups were similarly
blocked by 3 mm 4-AP (control, 55+ 7% block, n=9;
Kv4.2g, 58 + 7% block, n = 7, data not shown). Expressing
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the dominant negative Kv4 mutation knocked down the
transient outward current density to 63% of control
(P < 0.05), again without affecting the sustained outward
current density (Fig.2A and B, Tablel, P> 0.05).
Transient current steady-state activation and inactivation
were unaltered by Kv4.2g and Kv4.2g"*¢?F expression

(Fig. 2C and D, Table 1, P > 0.05). Neither time-to-peak
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nor recovery from inactivation was affected in either
experimental group (Tablel). As the W362F pore
mutation functions as a dominant negative for all Kv4
channel homologues, these data do not themselves rule
out a contribution of Kv4.1 or Kv4.3 channels to the
A-current of the CA1 pyramidal neurone. However, paired
with immunostaining and in situ data suggesting relatively

1,54 Kvd.2g

spine/shaft ratio

EGFP

EGFP
1204
1004
— 80
= 60
=, 40
"w 204
5
= dendrite spine
)
3] <
é I\\ri,_g
%1201
< 1004
= 504
604
404
204
dendrite spine

Figure 1. Somatodendritic expression and spine enrichment of Kv4.2g in cultured hippocampal neurones
A, attenuated Sindbis virus-mediated expression of Kv4.2g, detected by EGFP fluorescence, shows a
somatodendritic distribution (left top) and is found in spines (left bottom). Most EGFP-positive spiny dendritic
processes overlapped with MAP2-positive dendrites (right). No thin, axon-like processes were detected in
Kv4.2g-expressing neurones. Scale bar: 8 um. B, dual immunolabelling of Kv4.2g (white arrowhead) and the
presynaptic marker synaptophysin (syn, yellow arrow), indicates postsynaptic expression of Kv4.2g. Scale bar:
4 um. C, representative linear plot analysis of a dendritic shaft and spine. Comparison of the relative fluorescence
intensity between dendritic shaft and spine showed that Kv4.2g was enriched in spines compared with EGFP alone.
a.u., arbitrary units. Scale bar: 4 um. D, summarized ratio of fluorescence intensity in spines relative to that in the

adjacent dendritic shaft.
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little Kv4.1 and Kv4.3 expression in CAl pyramidal
neurones (Serodio & Rudy, 1998; Rhodes et al. 2004) these
data strongly implicate Kv4.2 as the main source of the
somatodendritic A-current in CA1 neurones.

One difference in kinetics we did observe in CAl
neurones after Kv4.2g expression was a small but
significant increase in the rate of inactivation of the

J Physiol 569.1

transient current (Table 1). This result could indicate that
Kv4.2g-expressing neurones have a different complement

of modulatory auxiliary

subunits. For example,

overexpression of Kv4.2 channels may leave a pool
of channels without a binding partner such as one of
the KChIP (a small-molecular-weight calcium-binding
protein) auxiliary proteins that have been shown to slow

A B
[.E_ A - Kv4.2g (25)
= O - control (37)
= - Kv4.2gW362F (22
> Vv £
'z
[
e .
5
]
] — transient sustained
Kvd.2g uninfected Kv4. 26 W362F
C D

+ 80 mV
_l: 20 my
- 120mVv

25% Gmax

S0 ms

normalized amplitude

A Kvd2s (8)
. control (9
' Kvd. 2gW362F (T)

A Kvd2g (1)
O control (14)
V Kvd.2eW362F (5)

Kvd.2g

uninfected Kv4.2gW362F
-120 -80 -40 0 40

membrane potential (mV)

Figure 2. Nucleated and outside-out patch recordings from organotypic slice cultures

A, top, Kv4.2g fluorescence in CA1 neurones was imaged 1 day after infection; middle, high-powered IR-DIC
image of a CA1 neurone with recording pipette; middle image shows the EGFP fluorescence of the same cell; right
panel shows a nucleated patch. Scale bars: 10 um. Bottom, representative voltage-isolated transient (top) and
sustained outward currents (bottom) from Kv4.2g, uninfected and Kv4.2g"W362F_expressing neurones for voltage
step from —120 to +60 mV. TTX (1 um) was included in the bath to block Na™ channels. Scale bar: 200 pA, 10 ms.
B, transient and sustained peak current density per patch for Kv4.2g (a), Kv4.2g"362F (), and control (uninfected
or EGFP-expressing) neurones (0). C, isolated transient currents from nucleated patches from each experimental
group for voltage steps from —120 to —20 and +80 mV. Each pair of traces was scaled to a normalized peak
conductance. D, steady-state activation and inactivation curves for Kv4.2g, uninfected and Kv4.2g"V3%2F patches.
Half-activation and inactivation voltages were not significantly different between groups. Numbers in parentheses
indicate n values for inactivation and activation curves. Shaded grey area indicates the standing window current
expected in uninfected cells.
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down Kv4.2 inactivation rates, perhaps by favouring the
slower pre-open closed inactivation state (An et al. 2000;
Bahring et al. 2001; Jerng et al. 2004).

A comparison between Kv4.2g properties when
expressed in HEK-293 cells versus in CAl neurones
suggests that another class of Kv4.2 auxiliary subunit binds
to and modulates Kv4.2g channel properties in neurones.
In CA1l neurones, all measured kinetics (time to peak,
inactivation rate and rate of recovery from inactivation)
are accelerated compared with those recorded in HEK-293
cells (Table 1). These differences can be attributed to
a Kv4.2 auxiliary subunit (DPPX) expressed in CAl
neurones that has been shown to reconstitute the fast
kinetics of native CA1 transient currents when expressed
with Kv4.2 inaheterologous expression system (Nadal et al.
2003).

Kv4.2 and membrane excitability

To assess the contribution of Kv4 family subunits
to membrane excitability and firing patterns of
CAl pyramidal neurones, whole-cell, current-clamp
experiments were carried out in each of the three
experimental groups. A series of 900 ms long current steps
from —200 to 4350 pA in 50 pA increments were delivered
to cells in each group (Fig. 3A).

For subthreshold current injections from —60mV,
increasing the level of Kv4.2 expression (Kv4.2g) led to a
substantial decrease in both peak and steady-state voltage
deflections (Fig.3A). Peak voltage reached for a hyper-
polarizing 200 pA current injection was reduced from
—90 1 mV in control neurones (n = 48) to —81 &+ 1 mV
(n=28, P<0.01; Fig.3B) in Kv4.2g neurones.
The steady-state voltage reached was also reduced
(=74+£1mV, Kv4.2g versus —81£1mV for control;
P < 0.01; Fig. 3C bottom trace). Conversely, decreasing
functional Kv4.2 levels led to an increase in both peak
and steady-state voltage deflections (Fig.3B,C, n=15,
P <0.01). Note in Fig.3A (arrow) that the resulting
steady-state voltage is not changed for a given initial peak
voltage. Figure3D shows that the voltage dependence
of this ‘sag’ between peak and sustained voltage is
preserved between experimental groups. The resistance at
peak voltage (slope of the I—V curve for the peak voltage)
was dependent on resting potential and is increased with
4-AP (3-5mm), both consistent with a role for Kv4.2
channels (Fig. 3E). These results show that Kv4.2 is open
at rest in CAl neurones, consistent with the window
current found when plotting the transient current’s
steady-state activation and inactivation curves (grey area
in Fig. 2D). This window current acts as a voltage shunt
early during the current injection that determines the
subsequent activation of currents such as I},.

Figure 4A shows typical responses from Kv4.2g
control and Kv4.2g-expressing neurones in response to a

W362F
b
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suprathreshold 300 pA current injection. Recordings from
Kv4.2g-expressing neurones displayed a delayed onset to
first spike (Fig.4A and B), which was followed by a
distinctive large after-hyperpolarization potential (AHP,
Fig. 4A and C). The average time until first spike increased
from 33+ 8ms in controls (n=42) to 87 + 16 ms in
Kv4.2g neurones (n =25, P < 0.01, Fig. 4B). Onset time in
Kv4.2g"*%?F _expressing neurones was decreased compared
with control (16 & 8 ms, n = 17) although this change did
not reach the level of significance. An increase in first
spike latency was previously observed in CA1 neurones
when transient current levels are increased by «-CaMKII
phosphorylation of Kv4.2 (Varga et al. 2004).

The first spike AHP in Kv4.2g neurones (18 £1mV,
n=32), measured as the voltage difference between
AP threshold (Fig.4C, filled arrow) and the peak
after-hyperpolarization voltage (open arrow), more than
doubled compared with control (8+1mV, n=45,
P < 0.01, Fig. 4C). No effect on first spike AHP amplitude
was found for neurones expressing the dominant
negative mutation (10+1mV, n=18, P> 0.05, data
not shown). AP firing threshold, measured in current
ramps, was also significantly affected by Kv4.2g expression
(=33+1mV, n=12 versus —38+2mV, n=15 for
control, P <0.05; Kv4.2g"W*F —40+2mV, n=4,
P>0.05). 4-AP (3-5mm) was effective in countering
the Kv4.2g effects on onset, AHP size and AP threshold
(Fig. 4B-D).

The large AHP found in Kv4.2g-expressing neurones
shows that Kv4.2 is strongly activated during AP
depolarization, acting to repolarize the neurone. As
such Kv4.2 would be expected to affect AP half-width.
Accordingly, we found the AP half-width reduced in
Kv4.2g-expressing cells (Fig. 54, bottom traces) compared
with control (Fig.5A, middle traces) throughout a
300 pA current injection (Fig.5B). APs recorded in
Kv4.2gV362F _expressing neurones were broader than
control throughout the first half of the 900 ms current
injection (Fig. 5A, top traces, Fig. 5B). Depolarizing the
neurones to —50 mV, inactivating Kv4 channels, increased
AP half-width while hyperpolarization, increasing the
fraction of channels available for activation, reduced
AP half-width (Fig.5B). 4-AP (3-5mM) significantly
increased AP half-width for all three groups (4.4 &£ 0.4 ms,
Kv4.2g"*%%F; 4.4 4 0.5 ms, control; 2.6 + 0.7 ms, Kv4.2g;
APs binned over first 50 ms of the current injection,
P < 0.01, data not shown).

Firing frequency was significantly reduced at the end
of the current step with Kv4.2g overexpression and
slightly increased in Kv4.2g"*%?F neurones (Figs4A and
5C). However, firing frequency over the first 100 ms of
the current step was not significantly different between
groups (Fig.5C and D). Perhaps counter-intuitively,
blocking Kv4 channels with 4-AP had no effect on
frequency in any of the experimental groups (Fig.5D).
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Figure 3. Kv4.2 activity affects cellular input resistance

A, subthreshold voltage transients generated in response to 900 ms current injections for Kv4.2g (red traces) and
control neurones (black traces). Current injections were —200, —150, —100, —50, +50 and +100 pA. Smaller
voltage responses are seen in the Kv4.2g cell for all injections. APs were initiated in the control cell in response
to the +100 pA current injection (trace clipped for presentation) but not in Kv4.2-expressing cells. B and C,
Current-voltage relationship for the peak (B) and steady-state (C) voltages for control cells (black circles), Kv4.2g-
(red, up triangles), and Kv4.2g"362F_expressing cells (blue, down triangles). Lines are linear regressions of the
data. Overexpressing Kv4.2 lowered Ri, while decreasing Kv4.2 levels increased Rin. D, the difference potential or
‘sag’ between peak and steady-state voltages is plotted against the peak voltage. This relationship did not differ
between experimental groups. Same symbols as in B. E, resistance (slope of the /—V curve using the peak voltage)
normalized to control at —60 mV, was dependent on resting potential (P < 0.05) in all groups and was increased
with 4-AP (3-5 mm, P < 0.05).
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These results can be explained by opposing influences
of Kv4-mediated currents on firing frequency. Although
current through Kv4 channels decreases frequency by
countering subthreshold depolarization, they also narrow
APs once initiated, thus creating the potential for increased
frequency. These mixed influences explain why, although
firing frequency was found to be voltage dependent
(P < 0.05), we found no differences in frequency between
experimental groups when current injections were
initiated from the same membrane potential (Fig.5D,
P> 0.05). Taken together these data support a central
role for Kv4-containing channels in regulating AP shape
in CAl pyramidal neurones. Below AP threshold, they
counteract depolarization to delay AP onset and control
firing frequency.

Kv4.2 regulates frequency-dependent AP broadening in CA1 neurones 49

Frequency-dependent AP broadening

For all three groups, AP half-width increases during
the AP train relative to the initial APs. That Kv4.2
inactivates rapidly but recovers from inactivation relatively
slowly suggests a mechanism whereby cumulative Kv4.2
inactivation could mediate the observed AP broadening
during a train. Such frequency-dependent AP broadening
has been found in many cell types and in all neuronal
compartments (Aldrich et al. 1979; Andreasen & Lambert,
1995; Ma & Koester, 1996; Shao et al. 1999; Geiger & Jonas,
2000; Faber & Sah, 2003).

To investigate the potential role of Kv4.2 in
frequency-dependent AP broadening, 10 brief (5ms),
800 pA current pulses were delivered at fixed frequencies
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Figure 4. Kv4.2 overexpression increases AP latency, AHP and threshold

A, the voltage responses to a 900 ms, 300 pA current injection in Kv4.2g (right traces), control (middle traces),
and Kv4.2g"V32F (left) neurones. Scale bar: 20 mV, 200 ms. B, time to first spike onset for control (black bar),
Kv4.2g- (red bar), and Kv4.2g"3%2F (blue bar) -expressing neurones for a 300 pA current injection. Open bars
show that 4-AP reduced latency. C, enlarged traces from A (control, black trace; Kv4.2g, red trace), with the first
APs aligned. The first spike AHP was measured as the voltage difference between AP threshold (filled arrow) and
the peak after-hyperpolarization voltage (open arrow). Below, grouped data for the first AP AHP in control (black
bar), Kv4.2g- (red bar), and Kv4.2g-expressing neurones in 3-5 mm 4-AP (open bar). *P < 0.01 versus control;

P < 0.01 versus Kv4.2g. D, top trace, representation of the current ramp (250 pA s~

1) used to determine AP

threshold. Middle traces, the resulting voltages for a control neurone with normal (black trace) and 4-AP (grey
trace) solutions. Scale bar: 20 mV, 100 ms. Bottom traces, same voltage traces as above aligned and magnified
to illustrate threshold. Right, grouped AP threshold data. *P < 0.01 versus control; P < 0.05 versus control;

#P < 0.01 versus Kv4.2g.
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of 10, 20, 50 and 100Hz to neurones from each
group (Fig.6A). At frequencies greater than 10 Hz, AP
half-width progressively increased during the train for all
groups (Fig. 6A, left traces). To quantify broadening, we
normalized AP half-width to that measured for the first
AP of the train (Fig. 64, right column). In control CAl
neurones, the second AP broadened to 148 4 4% of the
first at 100 Hz (n=18), 129 £+ 3% at 50 Hz, 108 + 1%
at 20 Hz but only 103 £ 1% at 10 Hz, demonstrating the
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frequency dependency of AP broadening in these cells
(Fig. 6A and B, circles).

AP half-width was considerably reduced in
Kv4.2g-expressing neurones. All 10 APs, at each
frequency, displayed significantly reduced half-widths
compared with control (Fig. 64, left column, A, n=38,
P <0.01). At higher stimulation frequencies (50 and
100 Hz), significantly less broadening occurred in
Kv4.2g-expressing neurones than control for the first two
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Figure 5. Kv4.2 expression level affects AP half-width and firing frequency in CA1 neurones

A, traces are the voltage responses to a 900 ms, 300 pA current injection in Kv4.2g (bottom traces), control (middle
traces), and Kv4.2g"/3%2F (top) neurones at the indicated time during the train, aligned to illustrate half-width.
Scale bar: 20 mV, 1 ms. B, AP half-width (binned, 50 ms) is plotted versus time during a 300 pA current injection.
Kv4.2g (red triangles) -expressing cells showed decreased half-widths compared with control neurones (circles)
while Kv4.2g"W32F_expressing neurones (blue triangles) show broader APs. Lines illustrate the voltage dependency
of AP half-width. C, firing frequency, calculated from the interspike interval (100 ms bins), plotted against time
during a 300 pA current injection for each group. Number of cells in parentheses. D, firing frequency during the

first 100 ms of the current injection. Top traces show 4-AP (grey trace) reduces AP frequency in a Kv4.2g

W362F

recording. Scale bar: 20 mV, 50 ms. Grouped data below show firing frequency over first 100 ms of a 300 pA
current injection increases with depolarization (P < 0.05 for control and Kv4.2g"362F too few APs were recorded
at =70 mV in Kv4.2g-expressing neurones for evaluation) but is not significantly changed with 4-AP (3-5 mwm,

P > 0.05).
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to three APs (Fig.6A and B, P <0.05). Although
the principal effect of Kv4.2g expression is to reduce
broadening, broadening actually increased compared with
controls by the end of 100 Hz trains (Fig. 6A and C). A
possible explanation for this paradoxical result would be
if Kv.4.2 overexpression, decreasing AP half-widths and
associated Ca*" influx (see Fig. 8), delays the activation of

Kv4.2 regulates frequency-dependent AP broadening in CA1 neurones
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Ca?*-activated K* channels that also have an effect on AP
broadening in CA1 neurones (Shao et al. 1999).

The initial AP half-width in trains elicited in Kv4.2g"?62
neurones did not differ from control (Fig.6A4, left
column, Vv, n=11, P> 0.05). Furthermore, in these
cells no significant change in broadening was found
between the first and second AP (Fig.6B) indicating
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Figure 6. Kv4.2 contributes to frequency-dependent AP broadening in CA1 neurones

A, AP half-widths for each of 10 APs in a train induced at 10, 20, 50 and 100 Hz (left column) are normalized
to the first AP of the train (right column) for Kv4.2g- (up triangles), control (circles), and Kv4.29"¥32F- (down
triangles) expressing neurones. Current protocol is shown above. B, Kv4.2g-expressing neurones show significantly
reduced broadening between the first and second AP of the train at high frequencies. Traces are the first two action
potentials of a 100 Hz train superimposed for each group. C, Kv4.2g"362F_overexpressing neurones show increased
broadening of the tenth AP at high frequencies. At 100 Hz Kv4.2g also results in a broader AP at the end of the
train. Traces are the first and tenth action potentials of a 100 Hz train aligned for each group. *P < 0.05.
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residual K* conductances (Kv4.2 mediated or other)
are sufficient for repolarization of single and pairs of
APs. However, cumulative transient channel inactivation
occurring during AP trainsleft the half-width larger
than control by the end of the high frequency (50 and

100 Hz) trains (Fig. 6C, P < 0.05). These results support
the hypothesis that cumulative Kv4.2 channel inactivation,
dependent on fast inactivation and slow recovery from
inactivation, contributes to AP broadening in CAl
neurones.
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Figure 7. Time course and frequency dependence of native transient current inactivation approximates
frequency-dependent AP broadening in CA pyramidal neurones

A, outside-out patch recordings show repetitive activity decreases available transient K currents. To simulate trains
of action potentials, trains of 10 depolarizing steps, 2 ms in duration, were delivered to outside-out patches at
10, 20, 50 and 100 Hz. TTX (1 uM) was included in the bath to block Nat channels. Leak-subtracted ensemble
average of currents show the amplitude of the 10th evoked current is significantly smaller than the amplitude of
the first evoked current at 50 and 100 Hz. Scale bar: 10 pA, 100 ms. B, first and 10th evoked currents from A on
expanded time base for 10 and 100 Hz. C, group data. To quantify the decrease in current amplitudes during the
train, the amplitude of the current evoked by the 10th depolarizing step is plotted as a fraction of the amplitude
of the current evoked by the first depolarizing step for each test frequency. Numbers in parentheses indicate the
numbers of patches. For comparison, the thin lines represent 1/AP half-width for control neurones at each test
frequency (Fig. 6). As expected, given their similar time course of recovery from inactivation (Table 1), Kv4.2g- and
Kva.2g"362F _expressing neurones displayed frequency and time-dependent inactivation not different from control,
uninfected neurones (not shown).
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If cumulative Kv4.2 channel inactivation does
contribute to frequency-dependent AP broadening,
the two phenomena should share similar frequency
dependencies and time courses. As a test, we measured
the frequency response of pharmacologically isolated
transient Kt currents in outside-out patches pulled
from somatic membrane neurones of each experimental
group. We simulated trains of action potentials in the
outside-out patches by trains (10, 20, 50 and 100 Hz)
of brief depolarizations (2ms, —60 to +40 mV steps,
Fig. 7A). The change in the amplitudes of the ensemble
currents was quantified as the relative amplitude of the
current evoked by the 10th step in the train compared
with the amplitude of the ensemble current evoked by
the first (Fig.7C). Figure 7A shows typical responses
from control neurones for each frequency. At 10 Hz, little
inactivation occurs during the train (95 & 7% remaining).

uninfected

Kvd 2eW362F

Kvd.2g

Figure 8. Kv4.2 expression level determines

dendritic AP-dependent Ca?™ transient

amplitudes

A, pseudocolour image illustrating Ca?* influx after

three APs (100 Hz) for each experimental group.

Triangles indicate somatic (open) and dendritic [
(150 um, filled triangle) recording locations. Scale

bar, 30 um; colour scale values are arbitrary units.

B, representative Ca2™* transients evoked by a single

and trains of APs recorded from somas (left) and

dendrites (150 um, right) from uninfected (black 40
trace), Kv4.2g- (red trace) and Kv4.2g"V3%2F- (blue
trace) expressing neurones. Scale bar, 2.5% AF/F,
5ms. C, average peak Ca?* transient for an AP
recorded from somas and dendrites (150 pm).
Numbers in parentheses are the n numbers.

*%p < 0.01 peak Ca?* difference between
experimental group and uninfected neurones;
1P < 0.01 peak Ca?* difference between soma
and dendrites; 1P < 0.05 peak Ca?t difference
between soma and dendrites. Attenuation of peak
Ca?* from soma to dendrite is not significant in 0
Kva.2g"362F neurones.

50

30

AFIF (%)

20

10

© 2005 The Physiological Society. No claim to original US government work.

Kv4.2 regulates frequency-dependent AP broadening in CA1 neurones 53

However, at 100 Hz only 40 & 5% of the transient current
remains by the end of the train (n=7; Fig. 7B and C).
Figure 7C shows group data for the normalized peak
amplitude of the transient current for each test frequency.
A comparison to 1/AP half-width (thin lines) reveals
that the two cellular processes (cumulative transient K+
channel inactivation and AP broadening) exhibit similar
frequency and activity dependencies. Transient currents
from Kv4.2g- and Kv4.2g"3¢?F_expressing neurones
displayed similar frequency and activity dependencies
(data not shown).

Kv4.2 and back-propagation

Action potentials in CA1 neurones, initiated in the axon,
not only propagate down the axon but also back-propagate
into dendrites (Jaffe et al. 1992; Spruston et al. 1995; Stuart
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etal. 1997; Colbert & Pan,2002). A high density of transient
K" currents in CA1 dendrites limits back-propagation,
decreasing AP amplitude and associated Ca*" influx
(Hoffman etal. 1997). Weimaged Ca** influx during single
and trains of APs back-propagating in CAl somas and
apical dendrites to test the hypothesis that Kv4-containing
channels underlie the transient outward current in CAl
dendrites.

APs evoked by somatic current injection caused
Ca’" influx in the soma and apical dendrites in all
three experimental groups (Fig. 8A). However, compared
with uninfected controls, AP-associated Ca** influx was
significantly reduced in both Kv4.2g-expressing somas
(6.4 +1.1%, n=8 versus 13.8 & 0.8%, n =8 for control;
P < 0.01; Fig. 8B and C) and dendrites (1.9 = 0.2% versus
7.2£2.7% for control; P<0.01; Fig.8B and C). A
decrease in AP half-width via the increased Kv4.2 density
likely accounts for the reduced Ca** influx in Kv4.2g
somata (Fig. 5). Both Kv4.2g and control neurones showed
a significant drop in Ca’" influx between the soma and
dendrites.

The results from Kv4.2g"**f neurones demonstrate an
effect of dendritic Kv4.2 activity on back-propagation.
Here, somatic Ca** transients were no different from
control (13.540.8%, n=8, Kv4.2g"***; 13.8 4 0.8%,
n =38, control, Fig. 8B and C). In the dendrite, however,
Kv4.2gV3%?F neurones exhibited much larger transients
(12.4 4+ 0.8%, n = 8) than control neurones (7.2 + 2.7%,
n=38, P<0.01, Fig.8B and C) indicating enhanced
propagation due to the decrease in functional dendritic
Kv4.2 density.

Discussion

Caution is warranted in interpreting the physio-
logical effect of overexpressing voltage-gated channels
in neurones. However, the combined use of transient
overexpression along with dominant negative mutations
provides a more solid and specific interpretation
than the typical pharmacological study. Our results
show that Kv4 channels (most probably Kv4.2) impact
on CAl excitability over a large voltage range,
affecting a number of cellular properties. Expressing
the dominant negative mutant, Kv4.2g"*% led to an
increased input resistance, broader APs, an increase
in frequency-dependent AP broadening during an AP
train and enhanced back-propagation. Conversely, Kv4.2
overexpression reduced input resistance, increased AP
threshold, delayed AP onset, produced narrower APs
with larger initial AHPs, reduced frequency-dependent
AP broadening and inhibited dendritic AP propagation.
These results, showing that Kv4.2 acts not only as a
traditional subthreshold transient current but that it
is also active suprathreshold, shaping action potentials
and regulating dendritic propagation, represent potential

J Physiol 569.1

consequences of physiologically altering Kv4.2 activity
levels through phosphorylation or auxiliary subunit
expression (Hoffman & Johnston, 1998; An et al. 2000;
Anderson et al. 2000; Beck et al. 2002; Yuan et al. 2002;
Nadal et al. 2003; Gebauer et al. 2004; Varga et al. 2004).
Although tending towards the opposite direction of
the measured effects in Kv4.2g neurones, no significant
effect on first spike latency, AHP, AP threshold or late
firing frequency was found for neurones expressing the
dominant negative mutation. These negative findings
indicate either that the remaining ~60% of Kv4.2
constitutes a sufficient functional density to accomplish
these responsibilities or that other non-inactivating types
of K* channels (e.g. BK or delayed rectifier) are more
strongly activated during the current injection than they
normally would be in compensation for the reduced
functional transient channel activity in these cells.

Kv4 subunits underlie the somatodendritic A-type
current in CA1 pyramidal neurones

The data presented here provide direct evidence
supporting the hypothesis, previously based on molecular
localization studies, that Kv4.2-containing channels are
the main contributor to the A-type current recorded
in CAl pyramidal neurones. Outside-out and nucleated
patches from Kv4.2gW*%?F-expressing neurones showed a
reduced transient current compared with controls. This
reduction of current amplitude occurred without an effect
on the voltage dependence of steady-state activation or
inactivation and current kinetics were equivalent to those
recorded in patches from control neurones. Together with
immunostaining and in situ data suggesting relatively
little Kv4.1 and Kv4.3 expression in CAl pyramidal
neurones (Serodio & Rudy, 1998; Rhodes et al. 2004) these
data strongly implicate Kv4.2 as the main source of the
somatodendritic A-current in CA1 neurones.

Subthreshold functions

The activation and inactivation curves of Kv4.2 (Fig. 2D)
indicate the presence of a significant window current active
around the resting membrane potential of CA1 neurones
recorded in this study (~ —57 mV). Kv4.2 overexpression
increases the strength of this persistent current, reducing
the voltage deflection resulting from hyperpolarizing
current injection. Decreasing native Kv4 channel activity
with Kv4.2g"*%?F reduces the window current, increasing
the voltage response to current injections. A Kv4.2 window
current may then act as a shunt to synaptic voltage
transients. Modulation of the expression level or
steady-state activation or inactivation curve of Kv4.2
(Hoffman & Johnston, 1998; An et al. 2000; Yuan et al.
2002; Nadal et al. 2003; Frick et al. 2004; Varga et al. 2004)
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would then vary the impact of the window current on
subthreshold integration. Kv4.2 expression in dendritic
spines suggests a mechanism whereby synapse-specific
Kv4.2 regulation could contribute to dendritic integration.
Further study will be necessary to establish the
presence and regulation of Kv4.2 in adult hippocampal
CA1 dendritic spines.

Suprathreshold functions

Subsequent to AP initiation, Kv4.2 plays a major role
in AP repolarization (Figs5 and 6) and in limiting
AP back-propagation into the dendrites (Fig.8). At
lower frequencies, A-channels are able to recover from
inactivation in between APs and so successive APs in
trains are of similar half-width (Fig. 6). Recovery from
inactivation at low frequencies, allows Kv4.2 to play the
classic role of A-channels in regulating repetitive firing
(Connor & Stevens, 1971). At high frequencies, however,
cumulative inactivation of Kv4.2 results in progressively
broader action potentials during the train (Figs 5 and 6).
Hence, during high-frequency firing the expression level
of Kv4.2 will have a large impact on the time course and
degree of cellular Ca’* influx and those processes that are
Ca?*-dependent second messenger cascades such as gene
expression and synaptic plasticity.
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