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Abstract Voltage-gated K+ currents expressed in two rat
prostate cancer (‘Dunning’) cell lines of markedly
different metastatic ability were characterised using
electrophysiological, pharmacological and molecular ap-
proaches. Whole-cell patch-clamp recordings showed that
both strongly metastatic MAT-LyLu and weakly meta-
static AT-2 cell lines possessed outward (delayed-rectifier
type) K+ currents, which activated at around �40 mV.
From the parameters measured, several characteristics of
the two cell lines were similar. However, a number of
statistically significant differences were noted for MAT-
LyLu versus the AT-2 cells as follows: (1) current
densities were smaller; (2) the slope factor for channel
activation was smaller; (3) the voltage at which current
was half-inactivated, and the slope factor for channel
inactivation were greater; (4) the time constants for
current decay at �20 and 0 mV were smaller; and (5) the
residual peak current was larger following 60 s of
repetitive voltage pulses for stimulation frequencies in
the range 0.05–0.2 Hz. On the other hand, the K+ currents
in both cell lines showed similar pharmacological
profiles. Thus, the currents were blocked by 4-aminopy-
ridine, tetraethylammonium, verapamil, margatoxin, and
charybdotoxin, with highly similar IC50s for given
blockers. The electrophysiological and pharmacological
data taken together suggested expression of voltage-gated
K+ channels of the Kv1 family, expression of the Kv1.3
subunit being predominant. Western blot and RT-PCR
tests both confirmed that the cells indeed expressed Kv1.3
and to a lesser extent Kv1.4 and Kv1.6 channel a-
subunits. In view of the similarity of channel expression
in the two cell lines, voltage-gated K+ channel activity
may not be a primary determinant of metastatic potential

in the rat model of prostate cancer, but the possible
contribution of K+ channel activity to the metastatic
process is discussed.
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Introduction

Voltage-gated K+ channels (VGPCs) contribute to a wide
range of cellular functions in both so-called ‘excitable’
and ‘non-excitable’ cell types. These functions include
control of resting membrane potential (reviewed in [21]);
solute and water transport [26]; cell volume regulation
[29]; cell adhesion [24]; apoptosis [5] and lymphocyte
activation [8]. Many of these processes may have a
potential direct involvement in tumour metastasis (i.e. the
ability of cells disseminating from a primary tumour to
form secondary tumours at distant sites in the body).
Voltage-gated ion channels are expressed in cell lines
derived from several cancers, including: prostate [19, 27,
28, 51], lung [2], astrocytoma [5] and melanoma [37].
Furthermore, ion channel expression can be controlled by
mitogens and oncogenes [3, 4], and their expression can
influence several essential characteristics of cancer cells,
such as invasion [19, 28, 52], apoptosis [5], lateral
motility [12], morphological development [13] and pro-
liferation [5, 14, 51].

We have shown previously that upregulation of
functional voltage-gated Na+ channels (VGSCs) by
increased transcription [9] is associated with enhanced
metastatic potential in both rat and human prostatic
cancer cell lines [12, 19, 27, 52]. Of the rat Dunning
model of prostate cancer, the AT-2 cell line is character-
ised by its very low rate (<10%) of metastasis to non-
specific sites, when injected subcutaneously into synge-
neic rats (and is thus referred to as ‘weakly metastatic’),
whilst the MAT-LyLu cell line displays a high rate
(>90%) of metastasis specifically to the lungs and lymph
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nodes (and is thus referred to as ‘strongly metastatic’)
[22]. These cell lines were found to express VGPCs [19]
that appeared to have a differential involvement in
proliferation [14]. However, it is not known if there are
significant qualitative and/or quantitative differences in
the VGPC characteristics of these two contrasting cell
lines. In the present study, we have used the whole-cell
patch-clamp recording technique, a variety of pharmaco-
logical tools and molecular biology to characterise in
depth the VGPC(s) of the Kv1 family present in the AT-2
and MAT-LyLu cell lines, in a continued comparative
approach to the Dunning model. The overall aim was two-
fold: (1) to determine possible differences, if any,
between the voltage-gated K+ currents in the two cell
lines; and (2) to gain an insight to the probable molecular
nature of the underlying Kv1 channel subunit(s) being
expressed.

Materials and methods

Tissue culture and electrophysiological recording

Cell culture and electrophysiological recordings were performed as
before [18, 19], but with the following modifications. Patch pipettes
(of resistance 5–15 MW) were filled with a solution containing (in
mM) NaCl (5), KCl (145), MgCl2 (2), CaCl2 (1), HEPES (10) and
EGTA (11), adjusted to pH 7.4 with 1 M KOH. The effective
intracellular Ca2+ concentration was ~15 nM (Patchers Power
Tools, WaveMetrics, Ore., USA). Strong buffering of intracellular
Ca2+ was used to prevent possible activation of a fibroblast-type
intermediate-conductance Ca2+-dependent K+ (‘FIK’) channel
reported to be present in AT2.1 and MAT-LyLu cells [41]. The
cells were perfused with an external physiological solution
containing (in mM): NaCl (144), KCl (5.4), MgCl2 (1), CaCl2
(2.5), N-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (5), d-
glucose (5.6), adjusted to pH 7.2 with 1 mM NaOH. Whole-cell
membrane currents were recorded from cells that appeared
‘isolated’ in culture using an Axopatch 200B (Axon Instruments,
Foster City, Calif., USA) amplifier. The amplifier was used to
compensate series resistance by ~80% and junction potential errors
were minimised by use of a 3-M KCl agar bridge. Analogue signals
were filtered at 5 kHz using a lowpass Bessel filter. Signals were
sampled at 50 kHz and digitised using a Digidata (1200) interface.
Data acquisition and analysis of whole-cell currents were per-
formed using pClamp software (Axon Instruments). All recordings
were made in the presence of 1 mM tetrodotoxin (TTX) to block
VGSCs completely [19], and unless indicated otherwise, the
holding potential was �90 mV.

Standard voltage-clamp protocols were used to study the
electrophysiological and pharmacological properties of the K+

currents. Specific details are given in the Results, the individual
figure legends or have been explained previously [18, 19].

Pharmacological solutions

Various pharmacological agents, including tetraethylammonium
(TEA), 4-aminopyridine (4-AP), verapamil, margatoxin (MGTX)
and charybdotoxin (CTX) were tested for their effects on the K+

currents. Most drug solutions were made by direct addition to the
control external bathing solution. However, TEA solutions were
made by equimolar substitution of TEA-Cl for NaCl. Solutions of
expensive drugs (e.g. CTX) were applied using a ‘puffer’ [14]. All
chemicals were obtained from Sigma Chemicals (Poole, Dorset,
UK), except MGTX and CTX, which were supplied by Alomone
Labs (Jerusalem, Israel).

Analysis of membrane currents

Leak current subtraction was performed as described previously
[18]. Equations used to calculate membrane conductance, reversal
potential, steady-state activation/inactivation parameters, and the
time-course of current inactivation or recovery from inactivation
were as described previously [18], with the following additions:

1. The kinetics of the total current flowing during a voltage step
were calculated using a Hodgkin-Huxley ’n4h’ equation of the
form:

I ¼ Imax 1� exp �t=tað Þ½ �4exp �t=tið Þ ð1Þ
where Imax is the maximum current at a given potential; and ta
and ti are time constants of current activation and inactivation,
respectively.

2. The voltage dependence of the time constant (t) of activation
was described by a single exponential function of the form:

t ¼ A1 þ A2 exp �V=V0ð Þ ð2Þ
where A1 is a constant and A2 is a coefficient of decline of t with
voltage; V is the membrane potential; and Vo is a constant
describing the voltage dependence of t.

3. Pharmacological dose-response data were fitted to a Langmuir
adsorption isotherm or Hill equation of the form:

B ¼ M= 1þ IC50= D½ �ð Þ½ � ð3Þ
where B is the block at a given drug concentration ([D]); M is
the block caused by a saturating concentration of the drug; and
IC50 is the concentration of the drug at which 50% of the current
was blocked.

Western blots

K+ channel antibodies

VGPC proteins were detected using antibodies specific for
individual Kv1 a-subunits [1, 49, 50]. mAb5 and the Kv1.5
antibody were monoclonals raised in mice against, respectively, the
Kv1.2 a-subunit purified from bovine brain and a synthetic peptide
to amino acids 542–602 of Kv1.5 [1, 49]. All other K+ channel
antibodies were polyclonal, raised in rabbits against glutathione-S-
transferase fusion proteins containing C-terminal regions of cloned
Kv channel proteins [50]. Secondary antibodies were horseradish
peroxidase (HRP)-conjugated anti-mouse (for monoclonals) or anti-
rabbit (for polyclonals) immunoglobulins.

Preparation of samples and determination
of protein content

Membrane preparations were made by homogenising rat brain or
pelleted cultured cells as described previously [50]. Phenylmethyl-
sulfonyl fluoride (1 mM) was added to solutions at all stages of
sample preparation, to prevent proteolytic degradation of the
antigens, and all samples were sonicated in a vibrating probe
sonicator for 10 s prior to the subsequent steps. The protein content
of each sample was determined using the colorimetric BCA kit
(Pierce & Warriner [UK], Chester, UK), according to the manu-
facturer’s instructions.

SDS-PAGE and Western blotting

Protein samples were diluted in SDS sample buffer containing 5%
b-mercaptoethanol to concentrations of 1–10 mg/ml, and 5%
bromophenol blue was added. Samples were then loaded onto 10%
polyacrylamide gels. The amount of protein loaded in each case has
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been specified in the corresponding figure legend. After electro-
phoresis, proteins were transferred from gels onto Hybond-C extra
nitrocellulose membrane (Amersham Pharmacia Biotech, Bucks,
UK) using a BioRad Transblot apparatus. Prior to antibody
labelling, nitrocellulose membranes were incubated in blocking
buffer, a solution of 5% low-fat powdered milk and 0.2% Tween 20
in PBS for 2 h at 22�C. Primary antibodies were diluted 1:500 in
blocking buffer and used to probe protein blots by incubation for 1 h
at 22�C. Secondary antibodies were diluted 1:10,000 in blocking
buffer and incubated as for primary antibodies. Blots were washed
for 1 h in six changes of NP40 or TBST washing solution after both
primary and secondary antibody incubations. Finally, blots were
washed three times in PBS to remove detergent, and antibody
labelling was visualised using the ECL detection system (Amers-
ham Pharmacia Biotech).

RT-PCR

RNA was extracted from MAT-LyLu and AT-2 cells, and from
adult Copenhagen rat brain tissue, using the guanidium thiocyan-
ate-acid phenol method [7]. Genomic DNA was removed from the
extracts by digestion with DNase I (Amersham Pharmacia Biotech)
and 5 mg of the resultant total RNA was used as the template for
single-stranded cDNA (sscDNA) synthesis (Superscript II, Life
Technologies, Paisley, UK). sscDNA was primed with a random
hexamer primer mix (Amersham Pharmacia Biotech) in a final
volume of 20 ml. PCR using specific 20mer primers for rat Kv1.3,
Kv1.4, Kv1.5 and Kv1.6 K+ channel a-subunits was then
performed. The primers used amplified nucleotides 666–1184;
1528–1943; 1071–1645; 922–1342, for Kv1.3 (64�C), Kv1.4
(60�C), Kv1.5 (62�C) and Kv1.6 (60�C), respectively (numbering
according to GenBank; reaction annealing temperature used
indicated in parentheses). Two additional 20mer primers were also
used in order to sequence the S5-S6 pore region of the Kv1.3 a-
subunit. These primers amplified nucleotides 1483–1954 (reaction
annealing temperature, 60�C).

Reactions were performed on 2.5 ml of the synthesised sscDNA,
using 200 mM of each dNTP (Amersham Pharmacia Biotech), 1
unit of Taq DNA polymerase (Amersham Pharmacia Biotech), 1�
Taq buffer and 0.5 mM of each primer, in a final volume of 20 ml as
follows: 94�C for 5 min; 1 U enzyme added; 94�C for 1 min; 60–
64�C for 1 min; 72�C for 1 min, with the main section repeated 30–

50 times (depending on the reaction). Control PCRs were
performed in which the sscDNA template was replaced with water
or an aliquot from a reverse transcription reaction which had no
reverse transcriptase added. All products were analysed by gel
electrophoresis on 0.8% agarose gels and then were gel purified and
ligated into the pGEM T-vector (Promega pGEM T-vector System).
This was then used to transform E. coli (pMosBlue, Amersham
Pharmacia Biotech). Plasmid DNA was recovered from bacterial
cell cultures and resultant clones were sequenced using the Vistra
DNA 725 automated sequencer.

Semi-quantitative RT-PCRs were performed using a kinetic
observation approach as described before [9]. The specific Kv1.3
PCR described above was used (amplifying nucleotides 666–1184),
except that reactions were performed in a final volume of 60 ml and
each reaction was seeded with 2.4 ml of sscDNA (standard
concentrations of Taq buffer and dNTPs; 3 units of Taq polymer-
ase). All reactions were performed simultaneously with control
PCRs (no template or no reverse-transcriptase added-sscDNA). 5 ml
aliquots of the 60-ml reaction were taken at the end of successive
amplification cycles, for 11 cycles, while reactions were held at
72�C, were electrophoresed and photographed using the GDS 7500
Advanced Gel Documentation System (Ultra-Violet Products).

NADH:cytochrome b5 reductase (rCytb5R), found to be
expressed at very similar levels in normal and cancerous cells [9,
11, 34], was used to control for any effects of possible variations in
quality and quantity of the initial RNA, efficiency of the reverse-
transcription and amplification between samples. rCytb5R 20-mer
primers amplified nucleotides 385–809 (annealing temperature
60�C for both).

GenBank sequence nucleotide numbers

Nucleotide numbering was according to GenBank/EMBL Data
Bank accession numbers M31744, X16002, M27158, M27159 and
D00636, for Kv1.3, Kv1.4, Kv1.5, Kv1.6 and rCytb5R, respective-
ly. The sequences have been submitted to the GenBank/EMBL
Data Bank with the following accession numbers: AJ276138,
AJ276135, AJ276136 and AJ276137 for rat brain Kv1.3, MAT-
LyLu Kv1.3, AT-2 Kv1.3, and MAT-LyLu Kv1.6, respectively.

Table 1 Summary of electro-
physiological and pharmaco-
logical data comparing the
voltage�gated K+channels ex-
pressed in AT�2 and MA-
T�LyLu cell lines. Data are
presented as mean€SEM (4-AP
4-aminopyridine,CTX charyb-
dotoxin, MGTXmargatoxin,
TEA tetraethylammonium).
NS No statistical difference be-
tween the parameters

Characteristic AT-2 MAT-LyLu Statistical
significance

Resting potential (mV) �58.3€3.3 �72.9€2.6 **
Capacitance (pF) 33.7€3.0 29.1€2.1 NS
Activation voltage (mV) �38.2€1.6 �40.2€1.9 NS
Maximum current (pA) 711€43 427€33 **
Current density (pA/pF) 21.4€1.2 14.8€1.1 **
V1/2 activation (mV) �23.3€0.5 �24.0€0.4 NS
k activation (mV) 7.1€0.4 5.9€0.4 *
ta voltage dependence (mV) 13.7€0.4 13.1€0.4 NS
V1/2 inactivation (mV) �33.9€0.1 38.4€0.2 *
k inactivation (mV) �3.7€0.1 �5.1€0.2 *
Time constant of current decay at –20 mV (ms) 1190€270 720€90 *
Time constant of current decay at 0 mV (ms) 600€70 490€25 *
Relative current (0.05 Hz for 60 s) 0.87€0.04 0.99€0.03 **
Relative current (0.1 Hz for 60 s) 0.66€0.02 0.79€0.05 **
Relative current (0.2 Hz for 44 s) 0.54€0.01 0.6€0.03 *
TEA IC50 (mM) 9€2 11€5 NS
4�AP IC50 (mM) 4€2 1€1 NS
Verapamil IC50 (mM) 19€2 18€2 NS
% MGTX block (5�10�7 M) 53€5 64€6 NS
% CTX block (4.5�10�7 M) 67€8 58€10 NS
% MGTX (5�10�8 M)+CTX block (4.5�10�8 M) 82€4 85€3 NS

* Statistical significance at P<0.05
** Statistical significance at P<0.01
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Data analysis

All data values were calculated as mean€SEM. Statistical compar-
isons between data sets were performed using either paired or
unpaired Student’s t-tests, where appropriate, using the Statworks
version 1.1 software package (Cricket Software, UK). Differences
were considered statistically significant for P<0.05 (*) or P<0.01
(**).

Results

The quantitative electrophysiological and pharmacologi-
cal data obtained from the two cell lines and their
statistical analyses are summarised in Table 1.

General electrophysiological properties

The resting potentials of the AT-2 and MAT-LyLu cells,
recorded immediately after achieving the whole-cell
configuration, were �58.3€3.3 mV (n=62) and
�72.9€2.6 mV (n=76; p<0.01); whole-cell capacitances
were 33.7€3.0 pF and 29.1€2.1 pF, respectively (P>0.05).
These characteristics, as well as the voltage-gated current
amplitudes in either cell type did not change during the
experimental period (1–4 days in culture; data not
shown).

Activation

Depolarisation of either cell type, from a holding potential
of �90 mV to between –60 mV and +60 mV, with an
interpulse period of 20 s, elicited outward currents which
rapidly reached a peak and decayed slowly (Fig. 1A, B).
A shorter interpulse period of 2 s resulted in smaller
currents, probably due to a lack of recovery from
inactivation in between successive pulses (not shown).
Currents activated at �38.2€1.6 mV in AT-2 and
�40.2€1.9 mV in MAT-LyLu cells (P>0.05; n=50 each).
At +60 mV, the peak current amplitude was 711€43 pA
(n=185) in the AT-2 cells, and 427€33 pA (n=179) in the
MAT-LyLu cells, corresponding to current densities of
21.4€1.2 pA/pF and 14.8€1.1 pA/pF, respectively. The
maximum current size and current density were signifi-
cantly smaller in the MAT-LyLu compared with the AT-2
cell line (P<0.01 for both).

At voltages above activation threshold, conductance
rose steeply before reaching a plateau at ~0 mV, where-
upon further depolarisation caused no increase in con-
ductance (Fig. 1C). Fitting the data to a Boltzmann
function gave V1/2 values of �23.3€0.5 mV and
�24.0€0.4 mV (P>0.2), and ka values of 7.1€0.4 mV
and 5.9€0.4 mV per e-fold increase in conductance
(P<0.05), for the AT-2 and MAT-LyLu cells, respectively
(n=10 each).

At +60 mV, the outward currents reached their peak
10.5€2.4 ms and 10.9€2.8 ms after the onset of the
voltage pulse for the AT-2 and MAT-LyLu cells,

respectively (n=20 each). For both cell types, the kinetics
of activation during a 200-ms pulse became progressively
faster with increasing depolarisation. At +60 mV, the
activation time constant (ta) had values of 1.1€0.1 ms and
0.9€0.5 ms for the AT-2 and MAT-LyLu cells (P>0.05
and n=5), whilst at �20 mV the values were 8.8€0.3 ms
and 7.7€0.2 ms (P>0.05 and n=5). The values of ta at
–20 mV and –60 mV were significantly different for both
cell lines (P<0.01 for both). The voltage dependence of ta
was described by coefficients with values of 13.7€0.4 mV
and 13.1€0.4 mV per e-fold increase in activation rate for
the AT-2 and MAT-LyLu cells, respectively (P>0.05).

Fig. 1 Typical families of outward currents (A, B) from AT-2 and
MAT-LyLu cells. Cells were pulsed from a holding potential of –
90 mV to test potentials between �60 and +60 mV in 5-mV
increments. Voltage pulses were applied with a repeat interval of
20 s. C Voltage dependence of conductance measured in AT-2
(filled circles, dashed line) and MAT-LyLu (open triangles, solid
line) cells. Peak currents were converted to conductance, nor-
malised relative to peak value for each cell and plotted as
mean€SEM (n=10). Lines represent fits to a Boltzmann function.
Scale bar applies to both A and B
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Inactivation

The voltage dependence of steady-state inactivation was
studied (Fig. 2A, B). For both cell types, the test pulse
current was maximal for the most hyperpolarised pre-pulse
potentials, and then declined as the pre-pulse became more
depolarised (Fig. 2C, D). Fitting the data to a Boltzmann
function gave the following values: V1/2=�33.9€0.1 mV
and �38.4€0.2 mV; and ki=�3.7€0.1 mV and �5.1€0.2 mV
per e-fold change in current for the AT-2 and MAT-LyLu
cells, respectively (n=5 each). Both V1/2 and ki were
significantly different between the two cell types (P<0.05).
Comparison of the steady-state activation and inactivation
relationships for each cell type revealed ‘window currents’
that were comparable (Fig. 2C, D).

The decay time-course of the current could be fitted by
a single exponential function [18] for both cell lines and
appeared to be largely independent of voltage in the range
20–60 mV. However, inactivation was significantly
slower at more negative voltages. For example, the time
constants for current decay at 60 mV were 440€20 ms and
500€70 ms, whilst at �20 mV these were 1190€270 ms
and 720€90 ms for the AT-2 and MAT-LyLu cell lines,
respectively (p<0.05 for comparison of 60 mV versus
�20 mV, for both cell lines). In addition, the time constant
was significantly larger at �20 mV and 0 mV for the AT-2

compared with the MAT-LyLu cell line (Table 1; P<0.05
for both voltages).

In response to repetitive voltage pulses (�90 mV to
+60 mV), over a frequency range 0.05–2 Hz, the current
amplitude decreased for both cell lines (not shown). Both
the time-course of this ‘current rundown’ and the final
reduction in peak current over 60 s increased with
stimulation frequency. However, the residual peak current
was larger for the MAT-LyLu cell line, in comparison to
the AT-2 cell line, for stimulation frequencies in the range
0.05–0.2 Hz (see Table 1). Measurement of the current at
the end of a given (nth) pulse in comparison to the peak
current of the following (nth+1) pulse showed that current
peak for a given voltage pulse was never smaller than the
current elicited by the preceding pulse, indicating that
there was no continuation of the inactivation process
between successive pulses. These experiments also
revealed that at least 20 s were needed for full recovery
from the inactivation induced by a 200-ms voltage pulse
to +60 mV.

Ionic selectivity

The reversal potentials of the currents were determined by
tail current analysis for 4.5, 29 and 145 mM external K+.
The Nernst equation gave values of 47.7€0.3 mV and

Fig. 2 Typical recordings of the
voltage-dependence of steady-
state inactivation of the outward
currents for AT-2 (A) and
MAT-LyLu (B) cells. Cells
were pre-pulsed for 5 s over the
range of membrane potentials
from –60 mV to �5 mV in 5-
mV steps prior to applying a
constant test pulse to +60 mV.
Voltage pulses were applied
with a repeat interval of 2 min.
Scale bar applies to both A and
B. Relationship between acti-
vation (open circles) and steady
state inactivation (filled circles)
and membrane voltage were
plotted on the same axis for AT-
2 (C) and MAT-LyLu (D) cells.
Data points represent mean€-
SEM (n=5). The curves were
derived by fitting the data to
Boltzmann functions
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48.6€0.5 mV change in reversal potential per tenfold
change in external K+ concentration for AT-2 and MAT-
LyLu cells, respectively (P>0.05; n=5 for each cell line).
Replacing 145 mM Na+ with equimolar choline had no
effect on current reversal, whilst replacing internal K+

with Cs+ totally abolished all outward currents (n=5 for
each cell line). Substituting Mn2+ for external Ca2+ had no
effect on the currents and application of the Ca2+

ionophore A23187 (10 mM) for 2 min also had no effect
on the currents (n=5 for each cell line; not shown).

Pharmacology

4-AP

The outward currents were blocked by 4-AP in a dose-
dependent manner (Fig. 3A). The IC50 values for the peak
currents were 4€2 mM and 1€1 mM for the AT-2 and
MAT-LyLu cells, respectively (P>0.2; n>4 for each
concentration).

TEA

The amplitude of the peak outward current was reduced in
both cell lines by TEA (Fig. 3B). The effect was dose
dependent with IC50 values of 9€2 mM and 11€5 mM for

Fig. 3 Averaged dose-response
curves for A 4-AP, B TEA, C
margatoxin (MGTX) and D
charybdotoxin (CTX) in AT-2
(filled circles, dashed line) and
MAT-LyLu (open triangles,
solid line) cells. The percentage
reduction of the peak current at
+60 mV was plotted as a func-
tion of the drug concentration.
Data are plotted as mean€SEM
(n>5 for each concentration).
Lines represent fits to the
Lamgmuir adsorption isotherm
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the AT-2 and MAT-LyLu cells, respectively (P>0.2; n>4
for all concentrations and for both cell types). TEA also
slowed the current decay. In the control solution, the
current decayed 45.1€3.7% for the AT-2 cells and
43.7€4.1% for the MAT-LyLu cells over the 200-ms
stimulation period (P>0.05; n=5). In the presence of
20 mM TEA, however, the current decays were reduced
significantly to 24.3€3.1% and 23.6€2.9%, respectively
(n=5; P<0.01 cf. respective control; P>0.05 comparing
the two cell lines).

MGTX

The outward currents in both cell lines were blocked in a
dose-dependent manner by MGTX (Fig. 3C). However,
there was a large variability in the percentage block of the
peak current for given concentrations of MGTX on
individual cells. In addition, blockage appeared to satu-
rate at 5�10�9 M, which suppressed the currents in the
AT-2 cells by 51€9% and in the MAT-LyLu cells by
62€7%; these values were not significantly different to

Fig. 4 Typical outward currents
recorded in the AT-2 (A) and
MAT-LyLu (B) cells before and
after application of 20 mM ver-
apamil. Cells were depolarised
from –90 to +60 mV for 200 ms
with a repeat interval of 20 s.
Traces before (t=0) and at 20,
40, 60 and 80 s following 20 mM
verapamil application. Scale bar
applies to both A (400 pA) and
B (500 pA). Effect of 20 mM
verapamil on the current elicit-
ed by a single voltage pulse
from –90 to +60 mV for 200 ms
in AT-2 (C) and MAT-LyLu
(D) cells (n>6 for both cell
types). Lines represent fits to a
Hodgkin-Huxley ‘n4h’ model.
Values of the time constants for
current activation and decay for
the traces presented are as fol-
lows: C Control: ta=1.1 ms and
ti=435.5 ms; verapamil:
ta=1.2 ms and ti=36.3 ms. D
Control: ta=1.5 ms and
ti=420.4 ms; verapamil:
ta=1.5 ms and ti=60.6 ms. E
Averaged dose-response curve
for verapamil in AT-2 (filled
circles, dashed line) and MAT-
LyLu (open triangles, solid
line) cells. The percentage re-
duction of the peak current at
+60 mV was plotted as a func-
tion of verapamil concentration.
Data are plotted as mean€SEM)
(n>4 for each concentration).
Lines represent fits to the
Lamgmuir adsorption isotherm
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the blockage induced by 5�10�7 M MGTX (53€5% and
64€6%, respectively; P>0.05 for both comparisons).

CTX

The outward currents in both cell lines were also blocked
by CTX in a dose-dependent manner (Fig. 3D). As for the
effect with MGTX, there was a large variation in the
responses of the cells to given CTX concentrations.
Effects appeared to saturate at 4.5�10�8 M, which blocked
the currents in the AT-2 cells by 56€8% and the MAT-
LyLu cells by 62€7%; these values were not significantly
different to the blockages induced by 4.5�10�7 M CTX
(67€8% and 58€10%, respectively; P>0.05 for both
comparisons). Combined application of 4.5�10�8 M CTX
and 5�10�8 M MGTX blocked the currents further, in the
AT-2 cells by 82€4% (n=6) and the MAT-LyLu cells by
85€3% (n=6). These values were not significantly differ-
ent to each other (P=0.5) but were significantly greater
than the blockages induced by individual application of
4.5�10�8 M CTX or 5�10�8 M MGTX to either cell line
(P<0.05 for all comparisons). However, this combined
effect appeared to be maximal since, for example, co-
application of 1.15�10�6 M CTX and 1.3�10�6 M MGTX
blocked the VGPCs in the MAT-LyLu cells by 78€3%
(n=4). This value was no different from the combined

application of 4.5�10�8 M CTX and 5�10�8 M MGTX for
this cell line (P=0.09).

Verapamil

Application of verapamil had two distinct effects on the
outward currents; a reduction in peak amplitude (Fig. 4A,
B) and alteration in inactivation kinetics (Fig. 4C, D). The
effect of verapamil was dose dependent with IC50s of
19€2 mM and 18€2 mM for the AT-2 and MAT-LyLu
cells, respectively (P>0.05; n>5 for each concentration;
Fig. 4E). For both cell lines, immediately following
verapamil application, the activated current decayed
rapidly to a lower level and subsequent pulses (presented
after 40 s or later) produced smaller currents (Fig. 4A, B).
For the AT-2 cells, the activation time constants for a
200-ms pulse (from �90 mV to +60 mV) were 0.8€0.1 ms
in the control solution and 0.8€0.1 ms in the presence of
20 mM verapamil (P=0.90; n=5). For the MAT-LyLu
cells, the activation time constant was 1.5€0.3 ms in the
control solution and 1.5€0.2 ms in the presence of 20 mM
verapamil (P=0.98; n=5). In contrast, the inactivation
time constants were significantly reduced by 20 mM
verapamil, falling from 366.4€37.0 ms to 22.5€4.3 ms in
AT-2 cells, and from 417.7€63.3 ms to 43.6€5.0 ms in the
MAT-LyLu cells (P<0.01 and n=5 for both cell lines).

Fig. 5 Expression of A Kv1.1,
B Kv1.2, C Kv1.3, D Kv1.4 E
Kv1.5 and F Kv1.6 voltage-
gated K+ channel a-subunits in
AT-2 and MAT-LyLu cells
studied by Western blot. Each
cell extract comprised 50 mg of
AT-2 and MAT-LyLu mem-
brane preparations, whilst the
rat brain and rat heart controls
were 10 mg. Blots were incu-
bated with 5 mg/ml of the anti-
channel primary antibodies, and
horseradish peroxidase-conju-
gated anti-rabbit (for anti-
Kv1.1, anti-Kv1.3, anti-Kv1.4
and anti-Kv1.6) or anti-mouse
(for anti-Kv1.2 and anti-Kv1.5)
secondary antibodies. Blots
were visualised using the ECL
detection method and were re-
peated at least three times.
Western blots indicated that
Kv1.3, Kv1.4 and Kv1.6 sub-
units were expressed in the AT-
2 and MAT-LyLu cell lines. An
asterisk indicates partially de-
graded protein or possible non-
glycosylated populations [33]
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Western blots

Since the electrophysiological and pharmacological data
revealed delayed-rectifier type K+ channels from the Kv1
family, the molecular approaches concentrated on eluci-
dating which members of this family were expressed.

Antibodies directed against Kv1.1, 1.2, 1.3, 1.4, 1.5
and 1.6 a-subunits were tested against membrane prepa-
rations from the AT-2 and MAT-LyLu cells (Fig. 5).
Kv1.1, 1.2 and 1.5 a-subunits were present only in the
brain or heart (Fig. 5A, B, E), whilst Kv1.3, 1.4 and 1.6
were also detected in the cell lines (Fig. 5C, D, F). The
anti-Kv1.3 antibody gave bands of ~84 kDa in brain and
cell extracts, whilst the anti-Kv1.4 antibody revealed a
distinct band of ~90 kDa in both cell lines and brain
(Fig. 5D). A lower molecular weight band was also
apparent for both cell lines and the brain extract for both
anti-Kv1.3 and 1.4 antibody (Fig. 5C, D). The anti-Kv1.6
antibody revealed a faint band of ~60 kDa in brain and
stronger bands in AT-2 and MAT-LyLu cell extracts
(Fig. 5F).

Reverse transcription PCR

The molecular nature of the Kv1 a-subunit(s) expressed
was investigated further by RT-PCR and DNA sequenc-

ing. As shown in Fig. 6A, products representing Kv1.3,
1.4 and 1.6 a-subunits were amplified from both MAT-
LyLu and AT-2 extracts. No Kv1.5 mRNA was detected
in these cell lines, even after 55 amplification cycles,
although Kv1.5 products were obtained (and sequenced)
from rat brain tissue using the same specific PCR primers
(Fig. 6A).

Kv1.3 a-subunit was amplified from both cell lines
and rat brain tissue after 30 amplification cycles (Fig. 6A).
Semi-quantitative PCR data (Fig. 6B) indicated that
Kv1.3 mRNA was expressed (1) at comparable levels in
the AT-2 and MAT-LyLu cells, and (2) at a higher level
in brain tissue than in either cell line. Kv1.4 and 1.6
products were also more readily amplified from rat brain
compared with the cell lines in the specific PCR tests
(Kv1.4:35 cycles versus 50 cycles; and Kv1.6:40 cycles
versus 45 cycles). This difference was considerably
greater for Kv1.4, indicating a low level of expression
of Kv1.4 mRNA in the AT-2 and MAT-LyLu cells
compared to rat brain.

From sequence data, the Kv1.3 a-subunit (26 amino
acids from the start of the amino terminus to the end of S1
and from the end of S4 to 43 amino acids from the end of
the carboxyl tail) was identical in both the cell lines and
the rat brain. An additional PCR product which spanned
the S5-S6 pore region of the Kv1.3 a-subunit was also
obtained. The sequence of this product was identical to
the published Kv1.3 sequence [55].

The Kv1.4 and Kv1.5 a-subunit sequences obtained
from the two rat cell lines and rat brain were identical to
the published sequences [54, 55]. The Kv1.6 a-subunit,
amplified from all three different sources was identical to
the published sequence [55] except in the MAT-LyLu cell
line at position 1263 (C to T). However, this is a
conservative nucleotide substitution that would not bring
about an amino acid change and may represent a
polymorphic site.

Discussion

For both cell lines, a shift in reversal potential of ~48 mV
per tenfold change in extracellular K+ concentration was
observed, suggesting K+ as the major permeant ion of the
channel. The discrepancy between this and the predicted
value of 58 mV has been reported previously [15, 20] and
may be due to uncertainties in the assumption of the
activity coefficients and/or their possible change under
the relevant experimental conditions. Overall, there were
limited quantitative differences between the VGPCs
expressed in the AT-2 and the MAT-LyLu cells (Table 1),
despite the marked contrast in the cells’ metastatic
character. Within the Kv1 family of VGPCs, the electro-
physiological, pharmacological and molecular data taken
together were consistent with the majority of VGPCs
expressed in the two cell lines comprising the Kv1.3, and
to a lesser extent the Kv1.4 and Kv1.6 a-subunits, as
discussed in detail in the following sections.

Fig. 6A–C Gel images of RT-PCR tests performed on cDNA
derived from AT-2 and MAT-LyLu cell lines and rat brain. A RT-
PCR tests for Kv1.3, Kv1.4, Kv1.5 and Kv1.6 a-subunits. For each
test the three lanes on the electrophoresis gel represent products
obtained from rat brain, AT-2 and MAT-LyLu cDNAs, from left to
right, respectively. PCR cycles used in each test are indicated for
AT-2 and MAT-LyLu cell lines. For brain cDNA, products were
obtained following 30, 35, 40 and 40 cycles for Kv1.3, Kv1.4,
Kv1.5 and Kv1.6 tests, respectively. Products were 518 nt, 416 nt,
575 nt and 421 nt for Kv1.3, Kv1.4, Kv1.5 and Kv1.6 tests. Marker
bands of 770 nt, 646 nt and 490 nt are shown on the left. Control
PCRs (performed on ’no template’ or ’no reverse-transcriptase
added’-sscDNA) did not yield evident products (not shown). B
SQT-PCR gel images for Kv1.3 and C the rCytb5R control. Cycle
numbers are indicated above the gels
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Activation characteristics

The VGPCs of both cell lines activated at around �40 mV
with V1/2 values of �23 mVand �24 mV and slope factors
(ka) of 7.1€0.4 and 5.9€0.4, respectively. These activation
characteristics are most similar to those reported previ-
ously for Kv1.3 [10, 54].

Inactivation characteristics

The voltages at which the currents half-inactivated (V1/2)
were around �34 mV and �38 mV, and ki values were
3.7 mV and 5.1 mV per e-fold change in conductance for
AT-2 and MAT-LyLu cells, respectively. Both parame-
ters were significantly different between the cell lines.
The decay time-courses of AT-2 and MAT-LyLu K+

currents were described by a single exponential function
with a time constant largely independent of voltage. This
is similar to Kv1.3 current decay [10]. In addition, there
was significant cellular difference in the time-courses of
current decay at two voltages (-20 mV and 0 mV).
Although it is possible at these voltages that inactivation
was mixed with activation, the observed cellular differ-
ence in the inactivation characteristics could reflect
differential phosphorylation [25], redox state [47], phos-
pholipid environment [36] or b-subunit coupling [44].

The K+ currents in both cell lines displayed two major
characteristics of C-type inactivation: (1) external appli-
cation of TEA decreased the inactivation rate; and (2) the
currents displayed cumulative inactivation [25]. In con-
trast, there was no evidence of cumulative inactivation
during the interpulse period, suggesting that neither cell
type has N-type inactivation [47]. Kv1.3 channels are
known to inactivate by a C-type mechanism [25, 35].
Thus, when considering both the mechanism of inactiva-
tion, as well as its time-course, Kv1.3 expression appears
to be dominant in both AT-2 and MAT-LyLu cells.
Although a single Kv1.4 subunit in a hetero-tetramer is
capable of promoting N-type inactivation [40], this was
never observed. A possible explanation for this is the
presence of Kv1.6, which has been shown to prevent N-
type inactivation [45].

Pharmacology

4-Aminopyridine

In AT-2 and MAT-LyLu cells, 4-AP caused a dose-
dependent reduction of outward current, with half-inhibi-
tion occurring at 3.8 and 1.1 mM, respectively. This level
of sensitivity is most similar to that of Kv1.3
(IC50~1.5 mM), rather than Kv1.4 (IC50~12.5 mM) or
Kv1.6 (IC50~0.3 mM) channels [54, 55]. In both cases, the
4-AP block appeared to occur by means of an open-
channel trapping mechanism (characterised by a decay
phase resembling fast inactivation and the fact that the
effect on kinetics was seen only for the first voltage pulse

after application of 4-AP). This mechanism is known to
be more pronounced in channels with no N-type inacti-
vation [42]. Thus, the open-channel block by 4-AP again
is consistent with the K+ currents expressed in both cell
lines inactivating mainly by a C-type mechanism.

Tetraethylammonium

The AT-2 and the MAT-LyLu cells had IC50 values for
TEA of 9.0 and 10.6 mM, respectively, similar to those
reported for Kv1.3 and 1.6 [15, 54, 55] but not Kv1.4
channels [54].

Verapamil

In both cell lines, 20 mM verapamil reduced the peak
current by ~50%, increased current decay approximately
tenfold but had no effect on current activation. These
effects were unlikely to have been caused indirectly via
voltage-gated Ca2+ channels, since these are not present
(Y. Ding, J. Robbins, S.P. Fraser and M.B.A. Djamgoz,
unpublished observations). Of the Kv1 family of K+

channels tested for verapamil sensitivity, Kv1.3 showed
an IC50 of 8–30 mM, comparable to the IC50 of ~20 mM
for both AT-2 and the MAT-LyLu cell lines, but
dissimilar to the IC50 of 708 mM for Kv1.4 [10, 32, 43].

Margatoxin

MGTX is a potent blocker of Kv1.3 and to a lesser extent
Kv1.1, 1.2 and 1.6 channels [16, 17]. The IC50 value of
<1 nM for the MGTX block of the VGPC in both AT-2
and MAT-LyLu cell lines is in the region for cloned
Kv1.3 channels [17]. However, the maximal block by
MGTX was 55–70%, suggesting expression of Kv subunit
combinations less sensitive to MGTX in both cell lines.

Charybdotoxin

CTX blocks Ca2+-dependent (‘BK’-type) and Kv1.3 sub-
types of VGPCs, as well as some other members of the
Kv1 family, including Kv1.4 and 1.6, at higher concen-
trations [17, 54, 55]. The IC50 for CTX was in the
nanomolar range for both AT-2 and MAT-LyLu cell
lines, similar to Kv1.3 channels [53]. However, some 30–
45% of the VGPCs was not blocked by CTX in both cell
lines, suggesting expression of Kv subunit combinations
less sensitive to CTX. The greater percentage (~80%)
blockage of the VGPCs induced by the combined
application of 4.5�10�8 M CTX and 5�10�8 M MGTX
would, in addition, suggest that each cell line also
contains Kv subunits or subunit combinations showing
differential sensitivity to CTX and/or MGTX. However,
since co-application of a 26-fold higher concentration of
CTX and MGTX produced no further blockage of the
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VGPCs in the MAT-LyLu cells, there must be a minority
population of VGPCs expressed in both cell lines which
are insensitive to these toxins.

Thus, the pharmacological data taken together are
strongly supportive of (1) the majority of the outward
current in both AT-2 and MAT-LyLu cell lines being due
to a Kv1.3-like K+ channel, and (2) there also being a
minority sub-population of Kv subunits or Kv subunit
combinations that are insensitive to both CTX and
MGTX.

Possible molecular nature of the K+ channel(s) in AT-2
and MAT-LyLu cells

The electrophysiological and pharmacological character-
istics of the VGPC expressed in AT-2 and the MAT-LyLu
cells were similar to Kv1.3, in terms of activation/
inactivation kinetics, slow recovery from inactivation/
cumulative inactivation and sensitivity to TEA, 4-AP,
verapamil, MGTX and CTX. Primary cultures of rat
prostate epithelial cells have also been found to express a
VGPC with properties similar to Kv1.3 [38]. In addition,
our Western blot and RT-PCR data indicated that some
Kv1.4 and 1.6 a-subunits could be present in both cell
lines. On the other hand, there was no evidence for Kv1.1,
1.2 and 1.5 a-subunit expression.

Four a-subunits must co-assemble to form a functional
VGPC [39]. In the cells studied here, if the functional
VGPCs consisted of homomeric-tetramers of Kv1.3, 1.4
or 1.6, then there should have been distinct channel sub-
types detectable in analysis of dose-response curves, since
the individual Kv1 family subunits display very different
sensitivity to some of the drugs tested [54]. Furthermore,
differences may have been expected in the channels’
electrophysiological characteristics (e.g. kinetics). Since
neither was the case, it is more likely that the VGPC a-
subunits formed heteromeric assemblies [23, 46]. The
overall characteristics of the resulting whole-cell current
would then depend on the functional stoichiometry
relevant to particular parameters. The presence of a given
subunit may be sufficient to impose its particular
characteristic on the whole VGPC (‘dominance’), for
example, channel inactivation [31], or channel character-
istics may be determined either by ‘blending’ or ‘addi-
tivity’ of each subunit. Furthermore, co-expression of
wild-type (inactivating) and mutant (non-inactivating)
VGPC a-subunits resulted in a macroscopic current with
decay characteristics described by a single exponential
that would be expected from the weighted sum of the five
possible channel assemblies [31]. In conclusion, there-
fore, the data are consistent with the majority of VGPC a-
subunits of both the AT-2 and MAT-LyLu cells being a
continuum of Kv1.3, 1.4 and 1.6 heteromeric assemblies,
the Kv1.3 subunit probably being dominant. The presence
of a single MGTX/CTX-insensitive subunit in a Kv
hetero-tetramer, reducing the sensitivity of the channel to
the toxins [48], could explain why (1) the block was
incomplete, and (2) individual cells differed in their

sensitivity to these toxins. However, we cannot rule out
the possibility that other members of the Kv1 family (and/
or other VGPCs) were also being expressed.

Possible relevance to metastasis

In numerous respects, the voltage-activated K+ currents of
the AT-2 and the MAT-LyLu cells appeared similar. At
present, the possible functional relevance of the predom-
inant Kv1.3 a-subunit expression particularly to cancer
metastasis is not known. Lymphocytes also express
mainly Kv1.3 channels and these control their activation
[30]. Interestingly, activated lymphocytes and metastatic
cancer cells share some functional similarities, such as
intra/extravasation and ability to invade tissues during
inflammatory response.

Importantly, some quantitative differences were found
between the AT-2 and the MAT-LyLu cells (Table 1). In
particular, compared to the AT-2 cells, the MAT-LyLu
cells have (1) significantly smaller maximal K+ current
densities, and (2) a more negative resting potential. A
number of minor, but still statistically significant, differ-
ences were also noted for the MAT-LyLu versus AT-2
cells as follows: (1) The slope factor for channel
activation was smaller; (2) the voltage at which current
was half-inactivated, and the slope factor for channel
inactivation were greater; (3) the time constants for
current decay at �20 and 0 mV were smaller; and (4) the
residual peak current following 60 s of repetitive voltage
pulses for stimulation frequencies in the range 0.05–
0.2 Hz was larger.

Taken together, these characteristics would suggest
that the K+ current in the MAT-LyLu cells might be less
active. This, coupled with the exclusive expression of
functional VGSCs in the MAT-LyLu cell line [19], would
be consistent with their ‘excitability’ and the possible role
of VGSC activity in metastatic cell behaviour [13, 14, 19,
27, 52]. Furthermore, VGPC activity may regulate cell
proliferation [5, 6, 8, 14, 37], adhesion [24], solute and
water transport [25], cell volume regulation [29] and
apoptosis [5].
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