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Molecular correlates of the calcium-independent,
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1. In adult rat atrial myocytes, three kinetically distinct Ca’*-independent depolarization-

. + .
activated outward K™ currents, I raet, Ik qow @0d Iy, have been separated and characterized.

2. To test directly the hypothesis that different voltage-dependent K channel (Kv channel)
a subunits underlie rat atrial Iy roq, Ik gow and Ly, the effects of antisense oligodeoxy-

nucleotides (AsODNs) targeted against the translation start sites of the Kv a subunits
Kv1.2, Kv1.5, Kv4.2, Kv4.3, Kv2.1and KvLQT1 were examined.

3. Control experiments on heterologously expressed Kv a subunits revealed that each AsODN
is selective for the subunit against which it was targeted.

4. Peak outward K" currents were attenuated significantly in rat atrial myocytes exposed to
AsODNs targeted against Kv4.2, Kv1.2 and Kv1.5, whereas AsODNs targeted against
Kv2.1, Kv4.3 and KvLQT1 were without effects.

5. No measurable effects on inwardly rectifying K* currents (Ii,) were observed in atrial cells
exposed to any of the Kv a subunit AsODNs.

6. Kinetic analysis of the currents evoked during long (10 s) depolarizing voltage steps revealed
that AsSODNs targeted against Kv4.2, Kv1.2 and Kv1.5 selectively attenuate rat atrial

Ix tasty i s1ow and L, respectively, thus demonstrating that the molecular correlates of rat

atrial Iy ¢os00 [ siow @0 I are distinct.

7. The lack of effect of the Kv4.3 AsODNs on peak outward K* currents reveals that Kv4.2
and Kv4.3 do not heteromultimerize in rat atria in wvivo. In addition, the finding that
Kv1.2 and Kv1.5 contribute to distinct K* currents in rat atrial myocytes demonstrates

that Kv1.2 and Kv1.5 also do not associate in rat atria in vivo.

Depolarization-activated outward potassium (K*) currents
play key roles in controlling the amplitudes and durations of
cardiac action potentials, and several distinct voltage-gated
K™ currents subserving these functions have been identified
(Barry & Nerbonne, 1996). This diversity has a functional
significance in the heart in that K* currents with differing
time- and voltage-dependent properties, as well as different
pharmacological sensitivities, play distinct roles in
controlling action potential repolarization (Barry &
Nerbonne, 1996). Differences in the types and densities of
K™ channels underlie regional variations in action potential
waveforms (Barry & Nerbonne, 1996), and these currents
are important targets for endogenous neurotransmitters and
neurohormones, as well as clinically used antiarrhythmics
(Bennett et al. 1993; Barry & Nerbonne, 1996). In addition,
considerable evidence has been accumulated demonstrating
alterations in the densities and/or properties of voltage-
gated K channels associated with myocardial damage or
disease (Roden & George, 1997; Brown, 1997). As a result,

there is considerable interest in identifying the molecular
correlates of functional voltage-gated K* channels, and in
delineating the mechanisms involved in the regulation and
modulation of these channels.

A number of voltage-gated K™ channel (Kv channel) pore-
forming a subunits and accessory g subunits have been
cloned from, or shown to be expressed in, mammalian heart
(Barry & Nerbonne, 1996; Deal et al. 1996). Heterologous
expression of individual Kv a subunits or combination of
Kv o and g subunits reveals voltage-gated K* currents with
differing time- and voltage-dependent properties (Barry &
Nerbonne, 1996; Deal ¢t al. 1996). Importantly, the molecular
cloning has revealed even greater potential for generating
functional K™ channel diversity than was expected based on
the electrophysiology, and a variety of approaches are being
used to explore the relationship(s) between expressed
subunits and functional voltage-gated myocardial K*
channels. Recently, for example, HERG (the human ether-d-
go-go-related gene) and KvLQT1 have been shown to
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contribute to two components of delayed rectification in
cardiac cells, I, and I, (Sanguinetti et al. 1995, 1996;
Trudeau et al. 1995; Barhanin et al. 1996). It has also been
suggested that the accessory K* channel subunit minK
contributes to both I, and Iy, (Sanguinetti et al. 1996;
Barhanin et al. 1996; Splanski et al. 1997), although direct
biochemical evidence demonstrating association of minK
with either KvLQT1 or HERG in the mammalian heart has
not been provided to date. For those channel types that
have not been identified by molecular genetics, alternative
molecular strategies are being applied. Recently, for
example, in experiments using antisense oligodeoxy-
nucleotides, it has been demonstrated that both Kv4.2 and
Kv4.3 contribute to the transient outward current (/) in
rat ventricular myocytes (Fiset et al. 1997; Xu et al. 1997)
and that Kv1.5 underlies I, the 4-aminopyridine-
sensitive, ultrarapid component of delayed rectification in
human atrial myocytes (Feng et al. 1997).

Previous electrophysiological studies have identified three
K* currents in adult rat atrial myocytes (Boyle & Nerbonne,
1992), separated and characterized based on differing
kinetic properties. Although these currents were originally
referred to as I, Ik and I, (Boyle & Nerbonne, 1992), we
have modified the terminology slightly here, and refer to Iy,
and I as I g and I g0y, respectively. This was done to
avoid confusion with other distinct types of K currents
described in other cells (Barry & Nerbonne, 1996). The three
components of the rat atrial currents were distinguished
based primarily on differences in inactivation Kkinetics:
(1) I ta5¢ is & rapidly activating and inactivating current
that resembles [, , previously described in a variety of other
cardiac cells (Barry & Nerbonne, 1996); (2) Ik gow
rapidly activating, slowly inactivating current; and (3) I is
a rapidly activating, non-inactivating (steady-state)current
that resembles [, in human atrial myocytes (Barry &
Nerbonne, 1996). In addition, Ik ¢, and I g0y
to recover from steady-state inactivation at distinct rates
and completely independently, indicating that these must
reflect functionally distinct K* conductance pathways. In
pharmacological experiments, Iy ¢y, Tk s1ow and I were all
shown to be 4-aminopyridine sensitive and tetraethyl-
ammonium insensitive (Boyle & Nerbonne, 1992)
Subsequent work demonstrated that Iy g, is selectively
blocked by nanomolar concentrations of a-dendrotoxin and
that I, is selectively suppressed by low concentrations
(£10 gm) of phenylephrine (Van Wagoner el al. 1996).
Neither phenylephrine nor the a-dendrotoxin was useful for
facilitating further separation or characterization of the
atrial K' currents, however, because both substances
provided only partial suppression of the currents, were
complicated by time- and voltage-dependent effects, and/or
also blocked additional current components at higher
concentrations (Van Wagoner et al. 1996). Nevertheless, the
results with low concentrations of a-dendrotoxin and
phenylephrine are consistent with the kinetic analysis and
the computer simulations in suggesting that Iy r,q, Tk si0w
and I, are functionally distinct K* currents (Boyle &
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Nerbonne, 1992). The experiments here were undertaken to
test directly the hypothesis that different Kv a channel
subunits underlie I ¢y, I gow and I in rat atrial
myocytes. In these experiments, the effects of antisense
oligodeoxynucleotides targeted against the translation start
sites of several Kv a subunits expressed in rat atria, Kv1.2,
Kv1.5, Kv2.1, Kv4.2 and Kv4.3 (Roberds & Tamkun,
1991; Dixon & McKinnon, 1994; Barry et al. 1995; Dixon et
al. 1996), were examined. The results presented reveal that
distinct Kv channel « subunits, Kv4.2, Kv1.2and Kv1.5,
contribute to Ik rasp, Tk siow» @0d Iy, Tespectively, in adult
rat atrial myocytes.

METHODS

Atrial cell isolation

Atrial cells were isolated from postnatal day 28 (P28) and adult
(= P45) Long—Evans rats using a procedure previously described in
detail (Boyle & Nerbonne, 1992). All experiments were conducted
according to the guidelines laid down by the Washington
University Medical School Animal Use Committee. Briefly, hearts
were rapidly excised from anaesthetized (5% halothane—95% O,)
animals and attached (by the aorta) to a Langendorfl' perfusion
apparatus. Isolated hearts were retrogradely perfused with 50ml
of a nominally calcium-free Hepes-buffered Earle’s balanced salt
solution (Gibco BRL), supplemented with 6 mm glucose, amino
acids and vitamins (solution A), followed by 50ml of solution A
containing 1-2mgml™ collagenase type II (Worthington
Biochemical Corp., Freehold, NJ, USA) and 50 gm calcium
(solution B); the temperature of the heart and the perfusate were
maintained at 35-37 °C. Solution B was filtered (at 5 gm) and
recirculated through the heart until the atria were digested
(20—-35 min), as judged by eye. After perfusion, the atrial
appendages were removed, minced and incubated in a fresh
solution B for an additional 10 min. The tissue pieces were then
transferred to 10ml of fresh (enzyme-free) solution A
supplemented with 1-25mg ml™ taurine, 5 mg mI™ bovine serum
albumin (BSA) (Sigma) and 150 gm CaCl, (solution C) and gently
triturated with a fire-polished Pasteur pipette. The resulting
suspension was filtered to remove large undissociated tissue
fragments. The filtrate was then centrifuged (300-500r.p.m.;
5—10 min), the supernatant was discarded, and the cells were
resuspended in solution C; this step was repeated twice to
completely wash out the enzyme and remove unwanted cellular
fragments.

Isolated atrial myocytes were resuspended in solution C, plated on
laminin-coated glass coverslips in 35 mm culture dishes and placed
in 95% 0,-5% CO, in an incubator at 37 °C for 20 min, Ca®*-
tolerant rod-shaped atrial myocytes adhered preferentially to the
laminin substrate, and damaged cells were removed by replacing
solution C, with serum-free Medium-199 (Irvine Scientific, Santa
Ana, CA, USA) supplemented with antiliotics (I unitml™
penicillin—streptomycin) 1h after plating. Electrophysiological
recordings were routinely obtained 24—48 h after plating.

HEK-293 and QT-6 cells

HEK-293 cells, obtained from the American Tissue Culture
Collection, were maintained in a standard medium containing
Opti-MEM (Gibco) supplemented with 10 % fetal calf serum (FCS),
1 unit ml™ penicillin—streptomycin, 36 units mlI™ nystatin; 0-3mg
ml™ geneticin (G418; Gibco) was added to the medium for the
Kv4.2-expressing cell line. QT-6 cells, obtained from the
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Washington University Tissue Culture Center (TCC), were
maintained in a standard QT-6 medium containing Medium 199,
10% TPB (tryptose phosphate buffer; TCC), 5% FCS, 1% DMSO,
1 unit mI™ penicillin—streptomycin and 36 units ml™ nystatin.
Cells were passaged at confluence (every 3—4days) by brief
trypsinization. The calcium phosphate precipitation method was
used to transfect HEK-293 and QT-6 cells.

After passaging, cells were plated on 35mm dishes coated with
cell-Tak (Becton Dickinson, Bedford, MA, USA) at a density of
665 x 10° cells ml™ and incubated overnight in normal medium.
One hour before transfection, the growth medium was changed to
Dulbecco’s modified Eagle’s medium containing 5% fetal calf serum
and 1 % DMSO. For transfections, a total 10 ug of DNA (3 ug ofthe
Kv asubunit ¢DNA, 1 g Green Lantern (Gibco), which encodes
green fluorescent protein (GFP), and 6 ug pSk) was mixed with
100 ul of 2:5 m CaCl, and 900 gl of 2 x BBS (Bes-buffered saline at
pH 6:95), and the mixture was incubated for 20 min at room
temperature before addition to the cells. After 15—18 h, the cDNA-
containing medium was removed, the cells were rinsed twice with
the growth medium and returned to the incubator. Electro-
physiological recordings were obtained from GEFP-positive cells
18—24 h later. In experiments with antisense oligodeoxynucletides
(AsODNG), cells were exposed to the ASODN (see below for details)
approximately 6 h after removing the ¢cDNA-containing medium,
and electrophysiological recordings were obtained 12—18 h later.

Effects of antisense oligodeoxynucleotides

Antisense oligodeoxynucleotides (AsODNs) generated against the
translation start sites (nucleotides4—18) of rat Kv1.2 (5’-TCC GGT
AGC CAC TGT-3"), Kv1.5 (5"-CAC CAG GGA GAT CTC-3"), Kv2.1
(6-CGA GCC ATG CTT CGT-3), Kv4.2 (5-TGC AAC ACC GGC
TGC 3'), Kv4.3 (5"-TGC AAC TCC TGC CGC-3'), KvLQT1 (5"-TTG
GCG CGA TGG GCG-3’), and one directed against nucletides
24-38 of Kv1.5 (5"-GCA CTG CCA TTC TCC-3") were obtained
from Ransom Hill Bioscience Inc., (Ramona, CA, USA) or
Integrated DNA Technologies, Inc. (Coralville, TA, USA). All
AsODNs were synthesized with a phosphorothioate backbone and
tagged (at the 5" end) with fluorescein. For experiments, AsODNs
(1 g™ per dish) were mixed with lipofectamine (Life Technologies
Inc., Gaithersburg, MD, USA) (4—8 ug per dish) and incubated at
room temperature for ~30 min prior to addition to the cultures.
Approximately 16—20 h later, the oligo-containing medium was
removed, and replaced with the normal cell culture medium (see
above). The same procedure was used with the Kv o subunit-
expressing HEK-293 and QT-6 cells except that the growth
medium was changed to Opti-MEM (Gibco) prior to the addition of
the AsODN-lipofectamine mixture. Electrophysiological reordings
were performed 24—48 h after addition of the AsODNs.

Electrophysiological recordings

The whole-cell variation of the patch-clamp recording technique
(Hamill et al. 1981) was used to record Ca’*-independent, voltage-
gated outward K* currents from rat atrial myocytes and from
HEK-293 and QT-6 cells using an Axopatch-1D amplifier (Axon
Instruments). All recordings were performed at room temperature
(22—24 °C). The extracellular (bath) solution contained mm): NaCl,
136; KCI, 4; MgCl,, 2; CaCl,, 1; glucose, 10; Hepes, 10; pH 7-4
(NaOH). For recordings from myocytes, TTX (20 gmol 17") and
CdCl, (200 um) were added to suppress voltage-gated Na*and Ca®*
currents, respectively. Recording pipettes contained fnm): KCI,
135; NaCl, 4; EGTA, 10; Hepes, 10; glucose, 5; Mg-ATP, 3;
Na,-GTP, 0-5. pH was adjusted to 72 with KOH.

Recording pipettes were fabricated using a horizontal puller (model
P-87; Sutter Instruments, Novato, CA, USA), and had resistances
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(1-3 M) when filled with the standard recording solution.
Experiments were controlled by an IBM compatible computer
interfaced to the clamp amplifier and using pCLAMP versions 5.5
or 6 (Axon Instruments). Currents were low-pass filtered at
2-5kHz and digitized at 0:2—10 kHz (test pulses 0:1-10s). Tip
potentials were zeroed before membrane—pipette seals were formed.
In each experiment, series resistances (R, were electrically
compensated. B, was calculated by dividing the time constant (fit
of the decay) of the capacitive transient by the memlrane
capacitance, Cy, (calculated as the time integral of the capacitive
response to a 5mV hyperpolarizing pulse from the holding
potential). Voltage errors resulting from uncompensated series
resistances were always < 6 mV, and were not corrected. Only data
obtained from cells with input resistances 2 1 G were analysed;
no linear leakage compensation was performed. Ca®*-independent
outward K* currents were routinely evoked during depolarizing
voltage steps to potentials between —50 and +50mV from a
holding potential of —60mV.

Data analysis

Peak outward currents at each test potential were measured as the
maximal amplitude of the current recorded during the first 100ms
of the depolarizing voltage steps. Current densities were obtained
by dividing the measured currents by C,,. Exponential fits to decay
phases of the currents evoked during long (10s) depolarizing
voltage steps to +30mV were fitted using the equation

Y(O) = I past®XP(—U/Tgast) + L qoweXP(—1/Tgow) + L, where ¢ is
time and 74,4, and Ty, are the (fast and slow) time constants of
inactivation of Iy roe and Iy oy, respectively. All averaged and
normalized data are presented as means +s.EM. Statistical
significance of differences between groups were evaluated using a
one-way analysis of variance (ANOVA) and a two-tailed Student’s
¢ test was used when comparisons were made with control data; P
values are presented in the text.

RESULTS

Outward K* currents in rat atrial myocytes

In preliminary experiments, isolated adult rat atrial
myocytes were exposed to various concentrations of
fluorescein-tagged AsODNs in the presence and absence of
lipofectamine. In the absence of lipofectamine, no uptake
was detected in adult myocytes. When adult myocytes were
examined under epifluorescence illumination following
incubation in AsODNSs at concentrations up to 5 um in the
absence of lipofectamine, no uptake was detected. In the
presence of lipofectamine, a few adult atrial cells were
labelled, although the intensity of the signals was weak,
suggesting that uptake into adult cells is very poor. When
similar experiments were completed on atrial myocytes
isolated from postnatal day 20—30 animals, it became clear
that uptake efliciency, both in terms of the number of cells
and fluorescence labelling intensity, varies as a function of
age. In myocytes isolated from postnatal day 28 (P28)
animals, for example, approximately 50% of the cells are
labelled. Importantly, lipofectamine was required for uptake
at all ages.

Preliminary experiments also suggested that steady-state
uptake of AsODNs was achieved in ~16 h. As reported
previously by others (Boyle & Nerbonne, 1992; Feng et al.
1996, 1997), the morphology of atrial cells maintained in
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vitro change over time. Specifically, striations become less
clearly evident and some of the cells adopt a spherical (from
rod-shaped) morphology. To assess the electrophysiological
properties of these spherical cells, recordings were obtained
from P28 rod-shaped (P28;) and spherical (P28) cells.
Comparisons of the current records obtained revealed that
the waveforms of the currents in P2§; (Fig.1() and P28,
(Fig.1B) are indistinguishable. The mean +s.E.M. peak
outward current density—voltage relations in P2§; and P28
cells and adult cells are also indistinguishable (Fig.1D).
Taken together, these results suggest that in spite of changes
in cell shape, the properties of the K* currents in P28 rat
atrial cells are unaffected over at least the first 48 hin vitro.

As noted in the introduction, three components of the total
depolarization-activated outward K* currents have been
distinguished in adult rat atrial myocytes based on
differences in rates of inactivation and recovery from
inactivation (Boyle & Nerbonne, 1992). These are: (1) a
rapidly activating and inactivating current, Iy o5 (2) a
rapidly activating, slowly inactivating current, Iy g; and
(3) a rapidly activating, non-inactivating (steady-state)

A B
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current, I .. Analyses of the currents evoked during long
(10 s) depolarizing voltage steps in P28 rat atrial myocytes
(Fig. 2) also revealed that the decay phases of the currents
were well-described by the sum of two exponential
components and that there is a component of the current
that is non-inactivating (I, (Fig. 2B). The inactivation time
constants derived from these fits differ by approximately an
order of magnitude, and neither time constant displays any
appreciable voltage dependence (Fig. 2C); the mean + s.E.M.
(n = 22) inactivation time constants for Iy s and I g4y 0
P28 cells were 188 + 17ms and 2111 + 109 ms (Table 3),
respectively. These values are not significantly different
from the mean + s.0. decay time constants of 181 + 124 ms
and 3006 & 1016 ms reported previously for Iy o and
Iy qow N adult rat atrial myocytes (Boyle & Nerbonne,
1992). In P28 rat atrial myocytes, I rasps Tx giow and Iy
contribute 51 + 4, 35 + 3 and 16 + 2 %, respectively, to the
peak outward K* currents (Fig. 2D). These values are also
similar to the mean distributions reported for I ¢o, Ix siows
and I, respectively in adult rat atrial myocytes (Boyle &
Nerbonne, 1992; Van Wagoner et al. 1996). The waveforms,

c
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Figure 1. Current—voltage relations of peak outward K* currents in isolated adult and postnatal
day 28 (P28) rat atrial myocytes are indistinguishable

Outward currents, evoked during 100ms depolarizing voltage steps to potentials from —50 to +50mV
from a holding potential of —60mV, were recorded in individual cells and normalized to the whole-cell
membrane capacitance, C,, (determined in the same cell). Representative current waveforms, normalized
for difference in cell sizes, recorded in adult (4) and in postnatal day 28 rod-shaped (P28;) (B) and
spherical (P28;) (C) rat atrial myocytes are displayed. D, mean + s.E.M. peak outward current density for
the currents recorded in P28 (n=25), P28, (n=19) and adult (n=11) cells are plotted as a function of
test potential. One-way analysis of variance (ANOVA) revealed no significant differences in peak
current—voltage relations in adult (O), P28 () and P28 (O) atrial myocytes.
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densities and properties of the outward K* currents in P28
atrial myocytes, therefore, are indistinguishable from those
in adult cells (Barry & Nerbonne, 1992; Van Wagoner et al.
1996).

K* currents are not affected by lipofectamine

As noted above, lipofectamine was required for detectable
uptake of the AsODN’s into P28 rat atrial myocytes. Control
experiments were completed, therefore, to assess directly
the effects of lipofectamine on the membrane properties of
these cells. As illustrated in Fig. 3, the waveforms of (the
outward and inward) K* currents recorded under control
conditions (Fig.34) and following 24 h incubation in the
presence of (28 ug ml™) lipofectamine (Fig.3B) were
indistinguishable. Analysis of results obtained in many
experiments revealed no significant eftect of lipofectamine
on the normalized current density—voltage relations for
peak outward K* currents (Fig.3C). The mean 4 s.E.M.
peak outward K* current density at +30mV, for example,
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Table 1. Lack of effects of antisense oligodeoxynucleotides

on I,
Experiment L, (pA pFh* n
Control 71407 18
Lipofectamine 7:0+ 06 23
Kv1.2 AsODN 76 +09 9
Kv1.5 AsODN f 74413 11
Kv1.5 AsODN § 76+ 10 6
Kv2.1 AsODN 83+12 9
Kv4.2 AsODN 69410 10
Kv4.3 AsODN 87+12 14
KvLQT1 AsODN 75+1-8 5

* Mean +s.E.M. peak current density determined at —120 mV;

n, number of cells. T ASODN against nucleotides 4—18 of rat Kv1.5;
1 AsODN against nucleotides 24—38 of rat Kv1.5.
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Figure 2. Three components of the peak outward currents in P28 rat atrial myocytes

Outward currents were evoked as described in the legend of Fig. 1 during 100 ms (4) and 10s (B)
depolarizing voltage steps; for the records presented in B, the interpulse interval was 60 s. The records in 4
and B were obtained from the same cell; note also that, in B, the data are plotted as points and the
continuous lines reflect double exponential fits to the decay phases of the currents (see text).C; mean + s.E.M.
(n=6) time constants for the fast (O) and slow (@) components of peak outward decay, determined from
double exponential fits (as in B) to the decay phases of the outward currents evoked during 10s
depolarizations to potentials between 0 and +50mV. D, mean + s.E.M. (n = 22) percentage contribution of

Ix

Jfast>

I qow and I to the peak outward K* currents in P28 rat atrial myocytes at +30mV (see text).



412

was 392+ 43pApF" (n=23) in the absence and
37'8 4+ 1:8 pA pF ™" (n = 25) in the presence of lipofectamine.
Similarly, I, was unaffected by lipofectamine; the mean +
s.EM. I, densities (at —120mV) were 7+1 £ 0-7 pA pF™"
(n=18) and 7-0 + 0-6 pA pF ™" (n= 23) in the absence and
the presence of lipofectamine, respectively.

Antisense oligodeoxynucleotides are Kv a subunit
specific

Oligodeoxynucleotides with the phosphorothioate backbone
are more resistant to degradation by nucleases than their
O-linked counterparts, bind RNA efficiently and target this
double-stranded RNA for degradation by RNase H (Davis,
1994). Nevertheless non-specific effects could result from the
propensity of phosphorothioate AsODNs to bind to intra-
cellular proteins and to components of the extracellular
matrix (Chrisey et al. 1995; Krieg & Stein, 1995). To
examine the specificity and the potential for cross-reactivity,
the effects of AsODNs on heterologously expressed Kv
a subunits were examined. Representative current recordings
from HEK-293 cells expressing the various Kv « subunits
in the presence and absence of AsODNs are presented in

R

R ORNA ————

-60 mV
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Figs 3 and 4, and the results of experiments completed on
many cells are tabulated in Table 2.

As illustrated in Fig. 4 4, rapidly activating and inactivating
currents are evident in HEK-293 cells expressing Kv4.3.
The amplitudes of the currents are markedly reduced
following exposure to the Kv4.3 AsODN (Fig.4('), whereas
no significant differences between the Kv4.3-induced
currents recorded under control conditions (Fig.44) and in
the presence of the Kv4.2 AsODN (Fig.4 B) were observed
(Table 2). Similarly, outward K* current amplitudes in a
stable Kv4.2-expressing HEK-293 cell line (Fig.4D) were
markedly reduced in the presence of the Kv4.2 AsODN
(Fig.4F), but not in the presence of the Kv1.5 AsODN
(Fig.4E). The mean + s.E.M. peak outward current density
(at +30mV) in Kv4.2-expressing HEK-293 cells, for
example, was reduced significantly (P <0:01) from
188 + 33 pA pF ™" (n=26) to 90 + 15 pA pF" (n=21) in
cells exposed to Kv4.2 AsODN (Table 2). Similar results
were obtained for transient expression of Kv4.2 in QT-6
cells (a quail fibroblast cell line). The mean +s.E.M. peak
outward current density (at +30mV) was reduced from
231431 pA pF™" (n=19) in control cells to 113 + 26 pA pF

B

20 pA pF |

20 ms

]

-60 —-40 ~-20 O

20 40 60

Test potential (mV)

Figure 3. Lipofectamine alone has no effects on outward or inward K* currents in rat atrial

myocytes

Representative normalized K* currents recorded from P28 rat atrial cells in the absence(4) and presence
(B) of lipofectamine are displayed. Currents were recorded as described in the legend toFig. 1, except that
the test potential range was —120 to +50mV. C; mean + s.E.M. peak current density—voltage relations in
the absence (O, n= 23) and presence (O, n= 25) of lipofectamine are not significantly different (Student’s

{ test).
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Table 2. Effects of antisense oligodeoxynucleotides on heterologously expessed Kv a subunits

Pealk current density at +30 mV (pA pF™)

Kv

a subunit  No AsODN Kv1.2 AsODN Kv1.5 AsODN Kv2.1 AsODN Kv4.2 AsODN Kv4.3 AsODN
1.2 28 +5(14) 1(8)%* 26 + 6 (9) n.d. n.d. n.d.

1.5 36 4+ 10 (12) 23+8(7) 941 (11)* n.d. n.d. n.d.

2.1 133 + 35 (11) n.d. 128438(9) 19+ 4(10)* n.d. n.d.

4.2 188 + 33 (26) n.d. 180 +42 (9) n.d. 90 + 15 (21)* n.d.

43 433 + 101 (11) n.d. n.d. n.d. 3744+ 144 (7) 84 4 37(9)*

n.d., not determined. * Value significantly different from control at theP < 0-01 level (Student’s two-tailed
¢ test). The number of cells is given in parentheses.

(n=10) in cells exposed to the Kv4.2 AsODN and no effects
on the Kv4.2-induced K* currents were evident in cells
exposed to the Kv4.3 AsODN (not shown). Similar
specificity was seen for the AsODNs targeted against the
translation start sites of Kv2.1, Kvl.2and Kv1.5 (Fig. 5,
Table 2).

Effects of antisense oligodeoxynucleotides on rat
atrial K* currents

Having documented specificity, subsequent experiments
were focused on examining the effects of the AsODNs on the
depolarization-activated K* currents in P28 rat atrial
myocytes. Representative current waveforms evoked in

Kv4.3 + AS Kv4.2

response to 100 ms voltage steps to test potentials between
—120 and +50mV in control cells and in cells exposed to
the various AsODNs are presented in Fig. 6. As is evident,
the outward K* currents are markedly reduced in cells
exposed to the AsSODNs targeted against Kv4.2, Kv1.2and
Kv1.5 (Fig. 6B-D). In contrast, outward K* currents
recorded in atrial myocytes treated with the Kv2.1, Kv4.3
and KvLQT1 AsODNs (Fig. 6 E-G) appear indistinguishable
from controls (Fig.64). To quantify the effects of the
AsODNs, peak outward K* currents recorded at each test
potential were measured in individual cells and normalized
to the whole-cell membrane capacitance (in the same cell);

Kv4.3+ AS Kv4.3

=1

F

Kv4.3
+50 mV
100 pA F-1l
~50 mv ~60 mV PrP
20 ms
D E
Kv 4.2 Kv4.2 + AS Kv1.5

Kv4.2+ AS Kv4.2

P o

Figure 4. Effects of AsODNs targeted against Kv4.3and Kv4.2 are specific

Representative normalized K* currents recorded from HEK-293 cells expressing Kv4.3(4) or Kv4.2 (D)
are displayed; currents were recorded as described in the legend toFig. 1. The Kv4.3-induced K* currents
(A) were decreased following incubation with the Kv4.3 AsODN (C), but not after exposure to the Kv4.2
AsODN (B). Similarly, the currents produced on expression of Kv4.2 (D) were significantly attenuated by
the Kv4.2 AsODN (F'), whereas the Kv1.5 AsODN did not have any measurable effects (£).
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B C
A Kv 2.1 Kv2.1 + AS Kv1.2 Kv2.1+ AS Kv2.1
P —— - -
+50 mV
20 pA pF'1|
-s0mv L— _6omv
20 ms
D E F
Kvi.2 + AS Kv1.5 Kv1.2+ AS Kv1.2

Kv 1.2

B = =

Figure 5. The effects of AsODNs targeted against Kv2.1and Kv1.2 are also subunit specific
Representative normalized currents recorded from HEK-293 cells expressing Kv2.1(4) and Kv1.2 (D) are
shown. Currents were recorded as described in the legend toFig. 1. The Kv2.1-induced K* currents (4)
were decreased following incubation with the Kv2.1 AsODN (C), but not after exposure to the Kv1.2
AsODN (B). The Kv1.2-induced currents (D) were significantly attenuated by the Kv1.2 AsODN (F),
whereas the Kv1.5 AsODN did not have any measurable effect (£).

A B C D

Control Antisense Kv4.2 Antisense Kv1.2 Antisense Kv1.5

+50 mV

-60 mV 20 pA pF-!

-120 mV 20 ms

E F G
Antisense Kv2.1 Antisense Kv4.3 Antisense KvLQT1

Figure 6. Peak outward K* currents in atrial myocytes are reduced following exposure to
Kv1.2, Kv4.2 and Kv1.5 AsODNs

Representative normalized K* currents, recorded from atrial myocytes following exposure to lipofectamine
alone (4) or lipofectamine and one of the Kv a subunit AsODNs (B—@), are displayed. Currents were
recorded as described in the legend to Fig. 2; the voltage clamp protocol is illustrated under record A.
When compared with control records (4), peak outward K* currents were decreased significantly in the
presence of AsODNSs targeted against Kv4.2 (B), Kv1.2 (C') and Kv1.5 (D), whereas the AsODNs targeted
against Kv2.1 (£), Kv4.3 (#) and KvLQT1 (G) were without effect. No measurable effects of any of the
AsODNSs on [, were evident, (see also Table 1).
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mean + s.E.M. peak outward K* current densities are plotted
as a function of test potential in Fig. 7. These analyses
revealed that in cells exposed to AsODNs targeted against
Kv4.2, Kv1.2 and Kv1.5, mean + s.E.M. peak outward K*
current densities are reduced significantly (P < 0-01;
Student’s ¢ test) at all test voltages positive to —10mV. In
contrast, the mean +s.EM. peak outward K" current
densities in cells treated with the Kv2.1, Kv4.3 and
KvLQT1 AsODNs are not significantly different from

control K current densities (Fig. 7).

Selective effects of the Kv1.2, Kv4.2and Kv1.5
AsODNs

The experiments described above revealed significant
decreases in peak outward K* current densities in P28 rat
atrial myocytes exposed to AsODNs targeted against
Kv1.2, Kv 4.2and Kv1.5. Because three components of the
total depolarization-activated K* currents in rat atrial
myocytes, Ix rasty Ik siow aNd Iy, have been distinguished
(Boyle & Nerbonne, 1992), subsequent experiments were
focused on determining if the effects of the Kv1.2, Kv1.5
and/or Kv4.2 AsODNs might be selective for Iy roq0, Ik siow
and/or L. For this purpose, outward K* currents, evoked
during long (10 s) depolarizing voltage steps, were recorded
from control P28 rat atrial myocytes and from cells exposed
to the various AsODNs. As illustrated in Fig. 2C, the time
constants of inactivation (74eeay) Of Ii gagq and Ig g0 do not
vary measurably with voltage (Boyle & Nerbonne, 1992).
Detailed analyses of the decay phases of the currents evoked
during 10 s depolarizations, therefore, were completed for
currents recorded at one test potential, +30mV.
Importantly, preliminary experiments revealed that
exposure to AsODNs has no detectable effects on the kinetic
properties of the K currents in rat atrial cells (see also
below); only the amplitudes of the currents are reduced
(Fig. 7).

Figure 8 illustrates representative outward K* current
waveforms evoked during 10 s depolarizations to +30mV

Figure 7. Effect of AsODNs on the peak atrial outward
K* current density—voltage relations

Outward currents, evoked during 100ms depolarizing voltage
steps to potentials from —50 to +50mV from a holding
potential of —60 mV, were recorded in P28 rat atrial myocytes
under control conditions or following exposure to Kv a subunit
AsODNSs (see Fig. 5). Peak outward currents were measured in
individual cells and normalized to the whole-cell memlrane
capacitance, Cy, (determined in the same cell). Mean +s.E.M.
peak outward K™ currents densities are plotted here as a
function of test potential. Peak outward K* current densities
were reduced significantly (P < 0-01) in cells exposed to the
Kv1.2, Kvl.5and Kv4.2 AsODNS, whereas no significant

effects on the currents were evident in cells treated with Kv2.1,

Kv4.3 or KvLQT1 AsODNSs.
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from a holding potential of —60mV from a P28 control rat
atrial myocyte (4) and from cells exposed to the Kv1.5 (4,
%), Kv4.2 (B) or the Kv1.2 (C) AsODN; note that the
currents were scaled to the same peak current amplitude to
facilitate comparisons of the waveforms by eye. In Fig. 8D,
the records in panels A, B and (' are superimposed for
comparison purposes. When this is done, the marked
attenuation of the fast component of current decay, I ¢as»
is clearly evident in the cell exposed to the Kv4.2 AsODN,
whereas the relative amplitude of the slow component of
current decay, Ik g0y, is Teduced in the cell exposed to the
Kv1.2 AsODN (Fig.8D) and the relative amplitude of the
steady-state current, I, is selectively attenuated in the cells
exposed to the Kv1.5 AsODN (Fig.84 and D). Analysis of
the current records in panel B revealed that neither the
Taecay 10T Ix gy DO the Tgec. o for Iy g is affected by the
Kv4.2AsODN (Table 3). The amplitude (density) of Iy roq
however, is reduced significantly following exposure to the
Kv4.2 AsODN; similar results were obtained in many
experiments, and mean £sEM. [, density is
significantly (P < 0:01) lower in cells exposed to the Kv4.2
AsODN compared with control cells (T'able 3). In contrast,
1, and [ densities are unaffected by the Kv4.2 AsODN

K, slow

(Table 3).

Similar experiments were completed on cells exposed to the
AsODNs targeted against Kv1.2 and Kv1.5, which also
resulted in attenuation of the peak outward K* currents in
P28 rat atrial myocytes (Figs 6 and 7). Analysis of the
waveforms of the depolarization-activated outward currents
recorded from cells following exposure to the Kv1.2 and
Kv1.5 AsODNs revealed effects quite distinct from those
observed in cells exposed to the Kv4.2 AsODN (Fig. 84 and
D, Table 3). Specifically, exposure to the Kv1.2 AsODN,
selectively reduces Iy g, (Fig.8C and D) without affecting
Iy gas O I (Table 3), and exposure to the Kv1.5 AsODN
affects only I, (Fig.84 and D, Table 3). Similar to the
results with the Kv4.2 AsODN, there were no detectable

CONTROL(n=25)
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Table 3. Selective effects of antisense oligodeoxynucleotides on atrially ;o., Jx s1ow and I

Control Kv4.2 AsODN Kv1.2 AsODN Kv1.5 AsODN Kv2.1 AsODN

Time constants

T ast (NS) 188 + 17 149 + 25 191 + 49 159 + 14 216 + 45

T o (INS) 2111 +109 2222 4+ 217 2008 + 191 2114 + 356 2488 + 266
Current density *

I tase/ O 157 + 21 50 4+ 0-8%** 944+ 17 116 + 17 11-5+ 34

Ik siow/ Om 11-:2+1-5 86+ 20 27 + 0-4** 87+ 20 10:2 4+ 30

1/C, 50+ 07 6:2+19 6:4 4+ 08 16 +0:3***  504+17

Peak I,./Cr, 31°9+ 34 198+ 15 18:5 4+ 20 219 + 34 26:7 + 3-7
n 22 8 6 11 7

* Determined at 430 mV. ** Values significantly different at the” < 0-01 level; *** values significantly
different at the P<<0-001 level (Student’s two-tailed ¢ test vs. control); n, number of cells.

CONTROL B AsODN Kv4.2 c

*AsODN Kv1.5

AsODN Kv1.2

D
AsODN Kv4.2
CONTROL
AsQDN Kv1.5
AsODN Kv1.2
il

Figure 8. AsODNs targeted against Kv4.2, Kv1.2and Kv1.5 attenuate different components of
the outward K* currents in atrial cells

A-C, outward K* currents, evoked during 10 s depolarizing voltage steps to +30mV from a holding
potential of —60 mV, were recorded from control atrial myocytes (4) and from cells exposed to the Kv1.5
(4, asterisk), Kv4.2 (B) and Kv1.2 (C) ASODNs. The records obtained from cells exposed to AsODNs (in
A-C) were scaled to the peak amplitude of the current in the control cell(4) to facilitate comparison of the
current waveforms. As is evident, the waveforms of the outward currents evoked during 10 s voltage steps
in the presence of the Kv1.5 (4), Kv4.2 (B) and Kv1.2 (C) AsODNs are distinct from the control (4). To

determine the amplitudes of the fast (Ix ro), the slow (Ix yoy) and the steady-state (I) current

components, the decay phases of the currents were fitted to the sum of two exponentials (see Methods).
Representative fits (plotted as lines) to the decay phases of the currents in a control P28 atrial myocyte and
in P28 atrial cells exposed to the Kv1.5, the Kv4.2 or the Kv1.2 AsODN are illustrated inD. Note that

only the first 2 s of the (10 s) depolarizing voltage steps are illustrated for clarity, and (as inA—C) that the

peak outward currents are scaled (to the control cell). The Kv1.5, Kv4.2and Kv1.2 AsODNs did not affect

the time constants of Iy o OF Ix g0y decay; only the amplitudes of the currents were reduced. Similar
experiments were completed on many cells, and mean +s.E.M. normalized data are presented in Table 3.

J. Physiol.517.2
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effects of the Kv1.2 or Kv1.5 AsODNs on the kinetic
properties of the currents, only I g0, and I amplitudes
(densities) were reduced following AsODN treatment
(Table 3).

DISCUSSION
Effects of AsODNs on atrial Kt currents

The results of the experiments presented here demonstrate
that AsODNs targeted against three of the Kv a subunits
expressed in rat heart Kv1.2, Kv1l.5and Kv4.2 (Roberds &
Tamkun, 1991; Dixon & McKinnon, 1994; Barry et al.
1995; Xu et al. 1996) attenuate peak outward K* current
amplitudes recorded in isolated P28 rat atrial myocytes.
Although current amplitudes (densities) in control and
AsODN-treated P28 rat atrial myocytes vary constlerably
among cells, on average, peak outward current densities
were reduced approximately 30% in cells exposed to the
AsODNs (Table 3). The magnitude of the Kv1.2, Kv1.5and
Kv4.2 AsODN effects observed here are qualitatively
similar to those reported previously in studies documenting
the effects of AsODNs targeted against Kv1.5and Kir2.1
on potassium currents in human atrial (Fenget al. 1997) and
rat ventricular (Nakamura et al. 1998) myocytes.

In contrast to the effects of the Kv1.2, Kv1.5and Kv4.2
AsODNS, no significant effects on outward K* currents were
observed in atrial cells exposed to AsODNs targeted against
three other endogenous Kv «subunits, Kv2.1, Kv4.3 or
KvLQT1 (Roberds & Tamkun, 1991; Dixon & McKinnon,
1994; Barry et al. 1995; Dixon et al. 1996; Xu et al. 1996;
Takimoto et al. 1997). Importantly, control experiments,
completed on heterologously expressed Kv a subunits,
revealed that each AsODN was selective for the Kv
a subunits against which it was targeted; no cross-reactivity
was detected. In addition, the inwardly rectifying K*
current in rat atrial myocytes, I, was not affected by any
of the Kv a subunit AsODNs. Taken together, these results
suggest that Kv1.2, Kv1.5 and Kv4.2 contribute to the
formation of functional depolarization-activated K* channek
in adult rat atrial myocytes, whereas Kv2.1, Kv4.3 and
KvLQT1 do not. It is certainly possible, however, that other,
yvet to be identified, pore-forming Kv o subunits also
contribute to the formation of functional voltage-gated K*
channels in rat atrial cells. Accessory g subunits may also
play a role; further experiments will be necessary to test
this hypothesis directly.

Separation of the three components of the total
depolarization-activated outward K* currents in adult rat
atrial myocytes, I rasr T 10w @0d I (Boyle & Nerbonne,
1992), further revealed that the effects of the Kv1.2, Kv1.5
and Kv4.2 AsODNs are distinct. Specifically, the AsODN
targeted against Kv4.2 significantly (P < 0-01) attenuated
Iy gase Without affecting either Iy g, or I, whereas
exposure to the Kv1.2 and Kv1.5 AsODNs significantly
(P <0-01, P<0-001 respectively) reduced Ik g4 and I,
respectively, and had no detectable effects on Iy gy
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(Table 2). These results demonstrate that the three K*
conductance pathways in rat atrial myocytes, Iy rase, Tk siow
and I, separated previously based on differences in
inactivation and recovery kinetics (Boyle & Nerbonne,
1992), are distinct molecular entities. Interestingly, the
finding that the Kv1.2 AsODN attenuates I ), selectively,
whereas the Kv1.5 AsODNs is specific for I, suggests that
Kv1.2 and Kv1.5 do not coassemble to form hetero-
multimeric K™ channels in rat atria in vivo. Similarly, the
fact that the Kv4.2 AsODN attenuates Iy (., Whereas the
Kv4.3 AsODN does not, suggests that these two subunits
are also not associated in rat atria in vivo.

Relationship to previousstudies on the molecular
correlates of I,

Previous studies, focused on examining Kv o subunit
mRNA and protein expression levels led to suggestions that
Kv a subunits of the Kv4 subfamily, Kv4.2 and/or Kv4.3,
underlie [, in ventricular cells (Dixon & McKinnon, 1994;
Barry et al. 1995; Dixon et al. 1996), and considerable
evidence has accumulated recently in support of this
hypothesis. Using an adenoviral construct encoding a
truncated Kv4.2 subunit (Kv4.2ST) that functions as a
dominant negative, for example, Johns and coworkers (1997)
reported that I, in rat ventricular myocytes is selectively
attenuated. A pore mutant of Kv4.2 (Kv4.2W362F), which
also functions as a dominant negative, has been expressed in
transgenic mice and shown to result in the functional
knockout of I, (now referred to as Iy, ras OF Ly 5 Xu et al.
1999) in ventricular myocytes, increased action potential
durations, and prolongation of the QT interval (Barry et al.
1998). In addition, reductions in [, density are observed in
rat ventricular myocytes exposed to AsODNs targeted
against either Kv4.2 or Kv4.3 (Fiset et al. 1997). These, and
similar results reported by Xu et al. (1997), suggest that
both Kv4.2 and Kv4.3 contribute to rat ventricular 7,,. The
findings presented here, however, demonstrate that Kv4.2
contributes to Iy ¢, in rat atrial myocytes, whereas Kv4.3
does not. These differences in subunit composition probably
underlie the distinct kinetic properties of rat atrial Iy roq
and rat ventricular [, (Apkon & Nerbonne, 1991; Boyle &
Nerbonne, 1992). Nevertheless, the similarities in the
properties and now in the molecular correlates of the
transient outward K* currents in rat atrial and ventricular
myocytes suggest that Iy o (Boyle & Nerbonne, 1992)
would more appropriately be called (rat atrial) I,
(Nerbonne, 1998).

The studies presented here and others noted above clearly
demonstrate that members of the Kv4 subfamily underlie
Ly, (I ) in mouse and rat heart. Nevertheless, it certainly
seems possible that other Kv a subunits contribute to the
transient outward currents in other cell types and/or
species. The properties of I, in rabbit heart, for example,
are distinet from those of I, in mouse and rat heart (as well
as I, in other species) in that inactivation is slow and
biexponential, and recovery (from steady-state inactivation)

is very slow, proceeding with time constants in the range of
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5—8 s (Clark et al. 1988; Giles & Imaizumi, 1988; Fermini et
al. 1992). Recently, the presence of a slowly inactivating and
slowly recovering (from steady-state inactivation) transient
outward current was identified in cells isolated from the
mouse left ventricular septum (Xu et al. 1999). This current
was referred to as I, go (01 1, o) to distinguish it from the
rapidly inactivating and inactivating transient outward
current (I, ras, OF Iy g), that is prominent in cells isolated
from the apex (Xu et al. 1999) and is eliminated in all
myocytes isolated from Kv4.2W362F-
expressing transgenic mice (see aboveand Barry et al. 1998).
Interestingly, the properties of I, in rabbit myocytes and of
I,s in mouse septal cells are similar to those of
heterologously expressed Kv1.4 (Tseng-Crank et al. 1990;
Petersen & Nerbonne, 1999), suggesting the intriguing
possibility that Kv1.4 does play a role in the generation of I,
in rabbit and of I, ; in mouse. Recently, it was also reported
that the time- and voltage-dependent properties of [, in
ferret left ventricular epicardial and endocardial myocytes
are distinct (Brahmajothi et al. 1998). In addition, in situ
hybridization and immunohistochemical data reveal regional
differences in the expression of Kv1.4and Kv4.2/Kv4.3 in
ferret heart, suggesting that Kv1.4 and Kv4.2/Kv4.3
underlie I, in ferret left ventricular endocardial and
epicardial myocytes, respectively (Brahmajothi et al. 1998).
It has also been suggested that Kv1.4 underlies [, in early
postnatal (day 1-3) rat ventricular myocytes (Wickenden et
al. 1997). Experiments aimed at determining directly if
Kv1.4 contributes to the formation of ‘slow’ I, channels will
clearly be of interest.

ventricular

Relationship to previousstudies on the molecular
correlates of I

Heterologous expression of Kv1.5 yields rapidly activating,
non-inactivating K currents that are similar to rat atrial I
(Boyle & Nerbonne, 1992; VanWagoner et al. 1996). A
similar current, I, (for ultrarapid) has been described in
human and canine atrial myocytes (Wanget al. 1993; Yue et
al.1996). In rat and human heart, Kv1.5 is expressed at the
message (Tamkun et al. 1991; Roberds & Tankun, 1991;
Dixon & McKinnon 1994) and the protein (Barry et al.
1995; Mays et al. 1995) levels, leading to the suggestion that
Kv1.5 underlies I  and I, (Fedida et al. 1993; Wang et al.
1993; Barry et al. 1995; Mays et al. 1995; VanWagoner et al.
1996; Yue et al. 1996). Direct support for a role for Kv1.5
was provided with the demonstration that I, is reduced in
human atrial cells exposed to Kv1.5 AsODNs (Feng et al.
1997). The results presented here reveal that rat atrial I is
selectively attenuated by Kv1.5 AsODNs, consistent with
the hypothesis that rat atrial I, and human/canine atrial
Iy reflect the same conductance pathway (Barry &
Nerbonne, 1996). We suggest, therefore, that for simplicity,
rat atrial I also be referred to as Iy ,.

Several recent studies have also provided important insights
into the molecular identities of several other components of
delayed rectification in the mammalian heart, including I,
and I .. Heterologous expression of HERG, which has been
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identified as the locus of one form of long QT syndrome,
LQT2 (Curran et al. 1995), for example, reveals K*-selective
channels that are similar to the rapid component of cardiac
delayed rectification, Iy, (Sanguinetti et al. 1995; Trudeau et
al. 1995). Another K* channel asubunit, KvLQT1, has
been identified as the locus of mutations leading to LQT1
(Wang et al. 1996). Coexpression of KvLQT1 with I«
produces slowly activating K* currents that are similar to
the slow component of delayed rectification in the heart, I
(Barhanin et al. 1996; Sanguinetti et al. 1996), suggesting
that functional I, channels are heteromeric, comprising the
protein products of KvLQT1 and I,;,x. The experiments
completed here, however, reveal that KvLQT1 does not
contribute to rat atrial Iy g, channels. Rather, the results
demonstrate that Kv1.2 underlies rat atrial Iy . There is
no relationship, therefore, between rat atrial Iy g,y and [
in other cells (Barry & Nerbonne, 1996). It will be of
interest to determine if currents similar to rat atrial I g,
are expressed in atrial (or other) cells in other species and if
Kv1.2 also plays a role in the generation of these currents.
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