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Abstract

The inhibitory effect of zinc on voltage-gated Kv1.3 channels in human T lymphocytes was investigated using the “whole-cell’” patch-
clamp technique. Application of 10 and 20 pM Zn caused a concentration-dependent shift of activation midpoint of the whole-cell
currents from —19.65 &+ 1.03 mV (mean £ SE) under control conditions to 9.84 &£ 0.66 mV upon application of 20 pM Zn. This effect
was saturated at zinc concentrations higher than 20 pM. The activation rate was considerably slower, whereas the deactivation rate was not
significantly affected by Zn. Inactivation midpoint was shifted from —53.06 &= 0.44 mV under control conditions to —36.05 £ 0.48 mV in
the presence of 100 uM Zn. Inactivation rate was not significantly affected upon Zn treatment. Whole-cell potassium currents were
reduced to about 70% of their control values with no clear concentration dependence in the zinc concentration range from 10 to 100 pM.
When raising the zinc concentration to levels above 100 uM, a concentration-dependent inhibition of the whole-cell currents appeared
additionally to the changes in channel gating. The channels were half-blocked at the zinc concentration of 346 4+ 40 uM and the Hill slope
coefficient was 1.89 0.21. The inhibitory effect of zinc was not complete at micromolar concentrations and was saturated at
concentrations higher than 1 mM. This inhibitory effect was not accompanied by any further modification in the shift of the activation
and inactivation midpoints nor by a slowing of the channel activation rate. The inhibitory effect of zinc was significantly diminished in the
presence of 150 mM K™ in the extracellular solution, whereas the zinc-induced shift of the activation threshold and slowing of the
activation kinetics remained unchanged when raising extracellular potassium concentration. It is suggested that zinc acts on two
independent binding sites on the channels. Binding to one site that is saturated at concentrations higher than 20 uM affects the channel
gating. Binding to another site at concentrations higher than 100 pM inhibits the currents without affecting the channel gating.
© 2002 Published by Elsevier Science Inc.
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1. Introduction are: GABA 5 and NMDA receptors, voltage-gated sodium,

potassium and calcium channels, inward rectifier and ATP-

Zinc is known as an important co-factor or structural
component of more than 200 enzymes and several non-
enzymatic proteins. It is also known as a potent endogen-
ous modulator of many types of ion channels. Among them
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regulated potassium channels, ligand and voltage-gated
“maxi” chloride channels (reviewed in [1]).

Studies on modulatory effects of zinc on the activity of
voltage-gated potassium channels were first performed on
the channels expressed in squid giant axons [2]. The results
provided evidence that zinc application at millimolar
concentrations (2-50 mM) considerably slowed channel
opening and reduced whole-cell potassium currents with-
out significantly affecting channel closing, suggesting
specific interactions of zinc ions with channel gating
charge that led to a stabilisation of the channel closed
states [2]. This hypothesis was then confirmed in experi-
ments performed by Spires and Begenisich (1992, 1994),
who reported that zinc and other divalent cations bind to
specific sites and directly influence gating kinetics; the
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binding effect occurs in competition with H" ions and
amino groups are involved in the binding [3,4].

Application of zinc at micromolar concentrations was
shown to affect the gating kinetics of Shaker potassium
channels [4], transient voltage-gated potassium currents
(I currents) recorded in acutely dissociated neurons from
suprachiasmatic nucleus [5], granule cells from rat cere-
bellar slices [6] and snail neurons [7]. In all the cases zinc
affected the channel gating producing a pronounced shift
of steady-state activation and inactivation curves towards
more positive potentials and slowing the activation kinetics
without considerably affecting deactivation kinetics. Mod-
ulation of channel gating by micromolar zinc concentra-
tions was also reported for voltage-gated cloned rat Kv1.1
and human Kvl.5 delayed rectifier channels and human
inactivating Kv1.4 channels stably expressed in mouse
fibroblasts [8]. Zinc application caused a shift of steady-
state activation curves towards more positive potentials and
a considerable reduction of the whole-cell current. More-
over, Zn application shifted the steady-state inactivation
curve of Kv1.4 channels towards more positive potentials
and considerably slowed the activation kinetics of Kv1.5
channels [8]. However, not all types of voltage-gated
potassium channels are affected by zinc, for example,
Kv1.2 channels are insensitive to zinc ions [1].

Voltage-gated Kv1.3 channels are the predominating
potassium channels expressed in mouse, rat and human
T lymphocytes (TL); these channels are also present in rat
and mouse brain cells (reviewed in [9]). Kv1.3 channels
play an important role in the cell function. Obtained data
provide evidence that the activity of Kv1.3 channels is
essential for setting the resting membrane potential in TL
[9]. Kv1.3 channels are also required for the cell mitogen-
esis and volume regulation [9]. It is known that blockade of
Kv1.3 channels also blocks both the cell mitogenesis and
volume regulation [9]. Therefore, some non-peptide Kv1.3
channel blockers might have been used as immunosuppre-
sive agents [9].

It is known that divalent and polyvalent cations inhibit
whole-cell potassium currents and change gating kinetics
of TL Kv1.3 channels [10-14]. The ions act at different
concentrations with apparently different mechanisms [10—
14]. Zinc was also mentioned as TL Kv1.3 channel inhi-
bitor [10]. However, the mechanism of the inhibitory effect
of zinc on Kv1.3 channels was not studied in a further
detail.

Taking into account the importance of Kv1.3 channel
activity for TL function it was of interest to investigate the
mechanism of an inhibitory effect of zinc on Kv1.3 chan-
nels in human TL. Our results demonstrate that extracel-
lular zinc inhibits, but not completely blocks the activity of
TL Kvl1.3 channels at micromolar concentrations. It is
suggested that zinc acts on two independent binding sites
on the channels. Binding to one site that is saturated at
concentrations higher than 20 pM affects the channel
gating. Binding to another site at concentrations higher

than 100 uM produces an additional inhibitory effect on
the currents without affecting the channel gating.

Results of this study have been published in the abstract
form [15].

2. Materials and methods
2.1. Cell separation, solutions and pipettes

Human TL were separated from peripheral blood samples
from eight healthy donors using a standard method
described elsewhere [16]. After separation, cells were cul-
tured for at least 24 hr in the standard RPMI-1640 Medium
(SIGMA) supplemented with 5% v/v horse serum (SIGMA).

Upon experiment, cells were placed in the external
solution containing (in mM: 150 NaCl, 4.5 KCl, 1 CaCl,,
1 MgCl,, 10 HEPES; pH = 7.35, 300 mOsm). A modified
solution with increased concentrations of divalent cations
(in mM: 140 NaCl, 4.5 KCl, 4 CaCl,, 5 MgCl,, 10 HEPES;
pH = 7.35, 300 mOsm) was also used in several experi-
ments. In another series of experiments, a solution contain-
ing 150 mM KCI, 1 mM CaCl,, 1 mM MgCl,, 10 mM
HEPES; pH = 7.35, 300 mOsm, was used. The pipette
solution contained 70 mM KF, 80 mM KCIl, 1 mM CaCl,,
1 mM MgCl,, 10 mM HEPES, 10 mM EGTA; pH = 7.2,
280 mOsm. The free calcium concentration in the internal
solution was calculated to be 100 nM. The chemicals were
provided by the Polish Chemical Company (POCH),
except HEPES, EGTA, 4-AP and clotrimazole that were
purchased from SIGMA. Dishes with cells were placed
under an inverted Olympus IMT-2 microscope. Zinc con-
taining solutions (ZnCl,) were applied using a fast perfu-
sion system RSC 200 (Bio-Logic). Pipettes were pulled
from the borosilicate glass (Hilgenberg) and fire-polished
before the experiment. The pipette resistance was in the
range of 3-5 MQ.

2.2. Electrophysiological recordings

Whole-cell potassium currents in TL were recorded by
applying the patch-clamp technique [17]. The currents
were recorded using an EPC-7 Amplifier (List Electro-
nics), low-pass filtered at 3 kHz, digitised using the LAB
MASTER TL-1 (Axon Instruments) analog-to-digital
converter with the sampling rate of 10 kHz and stored
on the computer hard disk. A standard protocol of depo-
larising voltage stimuli contained seven pulses in the
voltage range from —60 to +60 mV (20 mV increment)
applied every 10 s, pulse duration 50 ms, holding potential
—90 mV. In experiments performed with the presence zof
150 mM K™ in the extracellular solution, the pulse duration
was reduced to 40 ms. In order to check-out whether the 10 s
interpulse interval is sufficient to avoid the use-dependent
inactivation of Kv1.3 channels [9], we performed a series of
experiments under control conditions, in which the currents
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were recorded by applying the same depolarising protocols
with 10 and 30 s interpulse intervals. Obtained data demon-
strate that the currents recorded when applying a 10s
interpulse interval did not differ significantly from those
obtained with 30s interval. Results of experiments
performed under control conditions provided evidence
that stable whole-cell currents can be recorded under our
experimental conditions up to ca. 20 min. Inactivation
kinetics were studied by applying another protocol contain-
ing seven long-lasting (1s) depolarising pulses applied
every 30 s in the range from O to +60 mV (10 mV incre-
ment, holding potential —90 mV). The linear (ohmic)
component of the current was subtracted online by applying
the P/4 procedure. Steady-state inactivation was investi-
gated by recording the currents at fully depolarising poten-
tial (+40mV) after having applied various holding
potentials in the range from —120 to 0 mV (10 mV incre-
ment) for 40 s. Reversal potential and deactivation kinetics
were estimated by applying a tail current protocol: every
10 s the membrane was briefly (30 ms) depolarised to
+40 mV from the holding potential of —90 mV to fully
activate the currents and then repolarised to various poten-
tials in the range from —50 to —90 mV (pulse duration
100 ms, 10 mV increment). In order to present more clearly
the reversal of the currents, a modified protocol was applied
every 10s the cells were briefly (20 ms) depolarised to
+40 mV (holding potential —90 mV) and then repolarised
in the voltage range from —60 to —120 mV (pulse duration
—80 ms, 10 mV increment).

The data are given as mean = standard error.

All experiments were carried out at room temperature
(22-24°).

2.3. Data analysis and curve fitting

When analysing the data of experiments with zinc
application, only the results obtained on cells that dis-
played stable whole-cell currents in the absence of zinc—
before zinc application and after wash-out—were taken
into consideration. Records taken on some cells that dis-
played the “run-down” phenomenon or were lost after a
couple of minutes of recording were excluded from the
analysis. Since the number of active channels was varying
significantly among the cells, steady-state activation of the
channels was presented in terms of a relative chord con-
ductance (gK,) defined by an equation gK. = gK/
eKeonweo, Where gK: chord conductance and gKonueo:
chord conductance recorded on the same cell under control
conditions at the membrane potential of +60 mV. In order
to demonstrate more clearly the shift in the activation
threshold in the presence of Zn, the relative chord con-
ductance was normalised to 1 at +60 mV and termed as
normalised chord conductance (gK,om). The chord con-
ductance was calculated according to the definition
gK = I,/(V — Viey), where I;: amplitude of the current,
V: membrane potential and V,.,: reversal potential of

the current. The voltage dependence of steady-state acti-
vation was fitted by a Boltzmann function given by an
equation gKrel(V) = gKmax/(l + exp(—((V - Vn)/kn))),
where gK,,.x: maximal relative chord conductance (in case
of normalised chord conductance equal to 1), V,;: activation
midpoint and k,: steepness of the voltage dependence.
The activation kinetics were fitted by applying the sig-
moidal power function given by an equation I(f) =
I,(1 —exp(—t/ rn))4, where 1, is activation time constant.
Steady-state inactivation was presented in terms of the
relative peak current defined as: Il = Ip/l, max, Where
I, max is the peak current recorded at +40 mV from the
holding potential of —120 mV. The voltage dependence of
steady-state inactivation was fitted by a Boltzmann func-
tion as in the case of steady-state activation with the
inactivation midpoint (V;) applied instead of V, and steep-
ness (k;) applied instead of k.

3. Results

Fig. 1A shows an example of the whole-cell potassium
currents recorded in TL under control conditions by apply-
ing a standard protocol of depolarising voltage stimuli
described in Section 2. For clarity, only the first 30 ms of
the current traces are presented on the graphs. The currents
are evoked by membrane depolarisation from the holding
potential of —90 mV to voltages more positive than
—40 mV and fully activated at all potentials more positive
than —20 mV. The currents reversed at potentials ca.
—80 mV (see below). This value is close to the equilibrium
potential for potassium ions under our experimental con-
ditions calculated by applying the Nernst’s equation
(—87 mV). The currents are almost completely (>95%)
blocked upon application of 5 mM 4-AP, which selectively
blocks Kv1.3 channels in human TL (see Fig. 1B) [9,18].
This is in agreement with previous studies [9]. The block-
ing effect of 4-AP is reversible (data not shown). It is
known that intermediate-conductance calcium-activated
potassium channels termed IKCal are expressed abun-
dantly in mitogen-activated, but not in quiescent TL
[19]. IKCal channels are selectively blocked by clotrima-
zole at nanomolar concentrations [19]. Our results demon-
strate that application of 500 nM clotrimazole does not
reduce the currents significantly (see Fig. 1C). These
results confirm that the currents recorded in our experi-
ments are predominantly due to activation of Kv1.3 chan-
nels and argue against any significant contribution of IKCal
currents. Moreover, it is worthy to note that our internal
solution contains 10 mM EGTA (see Section 2) that keeps
the intracellular free calcium concentration at the level of
100 nM [9]. According to the available data, any massive
activation of calcium-dependent potassium channels is
unlikely under such experimental conditions [9].

When recording the whole-cell currents in TL, chloride
currents due to an activation of “maxi” voltage-gated
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Fig. 1. (A) Whole-cell potassium currents in human TL recorded by applying a standard depolarising voltage protocol described in Section 2 under control
conditions. (B) Relative peak current to voltage dependence; open squares: control conditions (N = 6), closed squares: application of 5 mM 4-AP (N = 6).
(C) Relative peak current to voltage relationship; open squares: control conditions (N = 5), closed squares: application of 500 nM clotrimazole (N = 5). The

data points in (B) and (C) was fitted by a point-to-point line.

chloride channels may appear additionally to the potassium
currents [20]. However, the reversal potential for chloride
ions under experimental conditions was estimated to be ca.
—35 mV, that is far from —80 mV observed in our experi-
ments. This argue against any significant contribution of
the chloride current to the total whole-cell current (see also
below).

Effects of application of 20 pM extracellular Zn on the
channel gating is presented on Fig. 2. Fig. 2A shows a
record taken under control conditions, whereas Fig. 2B
depicts the effects of zinc treatment. It can be seen that the
threshold of channel activation is markedly shifted towards
more positive potentials; the currents were evoked only at
the potentials more positive than 0 mV upon Zn applica-
tion. Moreover, the activation kinetics of the currents were
apparently slower upon Zn treatment compared to control
conditions and the current amplitudes were reduced to
about 70% of their control values. The effects of Zn was
completely reversible (see Fig. 2C).

In order to demonstrate more clearly the effects of Zn on
the channel currents and gating, various Zn concentrations

were applied. Fig. 3A shows the effects of Zn applied at
concentrations of 10, 20 and 100 uM on steady-state activa-
tion (measured as the relative chord conductance defined in
Section 2) as a function of the membrane potential. A
concentration-dependent shift of the activation midpoint
(V,) value towards more positive membrane potentials is
clearly observed. Application of 10 uM Zn shifts the V,
from —19.65 + 1.03 mV (N = 30) under control conditions
to —2.15 £ 1.46 mV (N = 6). Raising the Zn concentration
to 20uM, and 100 uM shifted the V, value to
8.45+0.48 mV (N =6) and 13.75 £ 2.59 mV (N = 30),
respectively. The shift in the V, value is better seen on
Fig. 3B, where the normalised chord conductances (gK,,o;m)
were plotted as a function of the membrane potential.
Moreover, Zn application apparently reduced the whole-
cell current amplitudes with no clear concentration depen-
dence in that concentration range (see Fig. 3A). Upon
application of 10, 20 and 100 pM Zn the peak value of
the relative chord conductance was 0.67 + 0.17 (N = 6),
0.76 £0.24 (N = 6) and 0.74 £ 0.03 (N = 30) of the con-
trol value, respectively. The steepness of the steady-state
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Fig. 2. Whole-cell potassium currents in human TL recorded by applying a standard depolarising voltage protocol described in Section 2. (A) Control

conditions, (B) application of 20 uM Zn and (C) wash out.

activation to voltage dependence (k,) was also affected upon
Zn treatment with no clear concentration dependence. The
value of k, was 4.46 = 3.89 mV (N = 30) under control
conditions and was changed to 11.87 £ 1.15 mV (N = 6),
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Fig. 3. (A) Steady-state activation plotted as a relative chord conductance vs. the membrane potential. (B) Steady-state activation as a normalised chord
conductance vs. the membrane potential. Filled squares: control conditions (N = 30), open triangles: 10 pM Zn (N = 6), filled triangles: 20 uM Zn (N = 6),

open diamonds: 100 pM Zn (N = 30).

8.44 +0.48 mV (N = 6) and 13.75 £ 2.59 mV (N = 30)

upon application of 10, 20 and 100 uM Zn, respectively.

Channel deactivation (closure) was also studied by
applying the modified tail current protocol described in
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Fig. 4. Tail currents in TL recorded by applying the modified protocol described in Section 2 under: (A) control conditions, (B) application of 100 uM Zn,
(C) tail current amplitude plotted as a function of membrane potential. Open squares: control conditions, filled squares: application of 100 uM Zn. The data

was fitted by a linear regression.

Section 2. Fig. 4A and B show an example of tail currents
recorded under control conditions and upon application of
100 uM Zn, respectively. For clarity, only the first 20 ms of
the currents are depicted on the graphs. Fig. 4C shows the
tail current amplitude recorded under control conditions
and in the presence of 100 pM Zn as the function of
membrane potential. A significant reduction of the current
amplitude upon Zn treatment due to the channel inhibition
can be observed.

Tail currents reversed at the potential of —81.77 £3 mV
(N = 5) under control conditions and at —78.13 +4 mV
(N = 5) upon Zn application. This indicates that, in both
cases, the recorded currents are predominantly potassium
currents. The rate of tail current decay does not seem to be
altered upon Zn application. This was further confirmed by
calculating the channel activation and deactivation time
constants (see Fig. SA and B). Both the channel activation
and deactivation rates are steeply voltage-dependent.
Application of Zn slows markedly the activation rate
(see Fig. 5A), whereas the channel deactivation rate
remains unaffected upon Zn treatment (see Fig. 5B).

Zinc application also affects the steady-state inactivation
(see Fig. 6A). The inactivation midpoint (V;) is shifted from
—53.06 £ 0.44 mV (N = 10) under control conditions to

—36.05 + 0.48 mV (N = 10) upon application of 100 uM
Zn (see Fig. 6A). The steepness of the voltage dependence
of the steady-state inactivation curve was changed from
—4.24 4+ 0.37mV (N = 10) under control conditions to
—6.55£0.41 mV (N = 10) upon application of 100 uM
Zn. Fig. 6B depicts the effect of 100 uM Zn application on
the channel inactivation rate. Channel inactivation is much
slower than the activation and is weakly voltage-dependent.
Contrary to what was observed in case of activation, inac-
tivation rate is not significantly affected upon Zn treatment.

When increasing the zinc concentration to levels higher
than 100 uM a significant concentration-dependent reduc-
tion of the current amplitude is observed (see Fig. 7A).
Application of 100, 300 and 1300 pM Zn reduced the
relative chord conductance to 0.74 £0.03 (N = 30),
0.49 £ 0.032 (N = 30) and 0.21 £ 0.014 (N = 10) of the
control value, respectively. Raising the Zn concentration up
to 2.6 mM decreased the conductance to 0.18 +0.017
(N = 6) of the control value (data not shown). Reversal
potential of the currents remained at the level of —80 mV
(N = 6) even in the presence of 2.6 mM Zn in the external
solution (data not shown). This indicates that the currents
are not completely blocked upon Zn treatment. The inhi-
bitory effect of Zn on the currents is reversible at all the
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Fig. 5. (A) Activation kinetics of the currents plotted as the activation time constant vs. the membrane potential. The presented data was fitted by an
exponential function. Open triangles: control conditions (N = 30), open circles: 100 uM Zn (N = 30), open diamonds: 300 pM Zn (N = 30). (B)
Deactivation kinetics plotted as the time constant vs. the membrane potentials. The time constants were calculated by fitting the currents with an exponential
function and the data was fitted by a point-to-point line. Filled squares: control conditions (N = 10), filled triangles: application of 300 uM Zn (N = 10).

concentrations tested (data not shown). The observed
reduction of the currents is not accompanied by any further
change in the channel gating. The activation midpoint value
(Vo) is 13.75£2.59mV (N =30), 14.10+2.30mV
(N = 30) and 14.28 4+ 3.02 mV (N = 10) upon application
of 100, 300 and 1300 uM Zn, respectively (see also
Fig. 7B). The steepness of the voltage dependence (k)
is 13.75 £2.59 mV (N = 30), 13.81 = 1.75 mV (N = 30)
and 10.66 =2.45mV (N = 10), respectively. Also the
activation kinetics remain unchanged when increasing
the Zn concentration from 100 to 300 uM (see Fig. 5A)
and to higher concentrations (data not shown). Steady-state
inactivation, inactivation and deactivation rate are also
unchanged in the Zn concentration range from 100 to
2.6 mM (data not shown).

In order to present more clearly the concentration
dependence of the current reduction, a semi-logarithmic
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plot of the fraction of inhibited current as a function of Zn
concentration is presented in Fig. 8. The half-blocking
concentration of Zn was of 346 40 uM and the Hill
coefficient —1.84 +0.21.

Since it is known that divalent cations affect the voltage
dependence of channel kinetics by modifying the surface
potential of cell membrane, additional experiments were
performed using external solutions with increased concen-
trations of Mg and Ca. When rising CaCl, and MgCl, to 4
and 5 mM respectively, the Zn effect was indistinguishable
from that observed in normal external solution (not
shown). This result indicates that Zn exerts its effect by
direct interaction with channel macromolecule rather than
by affecting the surface potential.

It is known that the gating of Kv1.3 channels is sig-
nificantly affected by extracellular potassium [21]. Since
Zn affects the channel gating and conductance at different

(B)
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Fig. 6. (A) Steady-state inactivation plotted as the relative peak current recorded at +40 mV vs. the holding potential. (B) Inactivation time constant vs. the
membrane potential. The time constants were calculated by fitting the currents with an exponential function and the data was fitted by a point-to-point line.
Filled squares: control conditions (N = 10), filled triangles: application of 100 pM Zn (N = 10).
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(N = 30), filled circles: 1300 uM Zn (N = 10).

concentrations probably due to action on two different
binding sites (see below), it may be expected that an
increase in extracellular potassium concentration might
differentially modulate Zn-sensitivity of Kv1.3 channel
gating and conductance. Therefore, in order to further
elucidate the mechanism of zinc influence on Kv1.3 chan-
nel activity a series of experiments were additionally
carried out in the presence of high potassium concentration
(150 mM) in the extracellular solution. Fig. 9A presents an
example of whole-cell potassium currents recorded in a TL
in the presence of 150 mM K™ applying the same experi-
mental protocol as defined in Section 2. The currents are
inward at the potential of —20 mV, reverse around 0 mV,
and are outward at potentials +20 mV and above. These
results are in agreement with estimations of the reversal
potential obtained by applying the Nernst’s equation for
extracellular and intracellular potassium concentrations
under experimental conditions. The data further confirm

1.0
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o
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T
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log[czn]

o
o
o

Fig. 8. Semi-logarithmic plot of the degree of current inhibition (a
reciprocal of the amplitude of the relative chord conductance) vs.
logarithm of zinc concentration.

that the recorded currents are due to an activation of
potassium channels and the possibility of a significant
contribution of chloride currents to the recorded currents
can be ruled out. Fig. 9B depicts the effects of application
of 20 uM Zn to the extracellular solution. It can be seen
that in the presence of zinc the currents are evoked only at
potentials more positive than O mV. This suggests that the
activation threshold of the channels is shifted towards
positive potentials, such as it occurs in the presence of
4.5 mM K™ (cf Figs. 2B and 9B). Moreover, the activation
kinetics of the currents seems to be slower in the presence
of zinc. The current amplitude is also reduced in the
presence of zinc (cf Fig. 9A and B). However, the ampli-
tude reduction is significantly lower when compared to
records obtained under the same Zn concentration in the
presence of 4.5 mM K7 in the extracellular solution (cf
Figs 2B and 9B, see below). The effects of Zn are rever-
sible (see Fig. 9C).

Fig. 10A depicts steady-state activation in terms of
a normalised chord conductance (defined in Section 2)
in the presence of 150 mM K in the extracellular solution.
The activation midpoint (V,) under control conditions is
slightly shifted towards negative potentials and is
—23.51 £5.35 mV (N = 10). This is in agreement with
the data obtained by Pahapill and Schlichter [21] that the
activation threshold of the channels is shifted towards
negative membrane potentials when raising extracellular
potassium concentration. The steepness of the steady-state
activation to membrane potential curve (k,) is 3.10+£
1.59 mV (N =10). The application of 10, 100 and
300 uM Zn shift the activation midpoint parameter to
+898 £3.58mV (N =38), +15.26 £1.36 mV (N = 8)
and +10.32 + 3.8 mV (N =9), respectively. The steep-
ness parameter is changed to 5.06 £ 1.65 mV (N = 8),
9.75+1.89mV (N=28) and 8.28 £3.09 mV (N =9),
respectively. The activation midpoint parameters obtained
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Fig. 9. Whole-cell potassium currents in human TL recorded in the presence of 150 mM K™ in the extracellular solution by applying a standard depolarising
voltage protocol described in Section 2. (A) Control conditions, (B) application of 20 uM Zn, (C) wash out.

for 100 and 300 pM Zn in the presence of 4.5 and 150 mM
K™ in the extracellular solution are not significantly dif-
ferent from each other. This can be better seen on Fig. 10B,
which presents the steady-state activation curves obtained

for Zn concentrations mentioned above in the presence
of 4.5 and 150 mM K™. When raising zinc concentration
to 1 and 2.6 mM in the presence of 150 mM K™ in the
extracellular solution, activation midpoint parameters are

(A) B)
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Fig. 10. (A) Steady-state activation as a normalised chord conductance vs. the membrane potential in the presence of 150 mM K*. Open squares: control
conditions (N = 10), filled squares: 10 uM Zn (N = 8), open triangles: 100 pM Zn (N = 8), filled squares: 300 pM Zn (N = 9). (B) Steady-state activation as
a normalised chord conductance vs. the membrane potential: open squares: 100 uM Zn (N = 30), 4.5 mM K™; open triangles: 300 uM Zn (N = 30), 4.5 mM
K*; filled squares: 100 uM Zn (N = 8), 150 mM K™; filled triangles: 300 uM Zn (N = 9), 150 mM K*.
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Fig. 11. Activation kinetics as the activation time constant vs. the membrane potential. The presented data was fitted by an exponential function. (A) Open
squares: control conditions (N = 10), 150 mM K*; filled squares: 100 uM Zn (N = 8), 150 mM K*. (B) Open squares: 100 uM Zn (N = 8), 150 mM K™;

filled squares: 100 uM Zn (N = 30), 4.5 mM K*.

+18.67£0.53mV (N=10) and +13.13+ 2.94 mV
(N = 6), respectively, and steepness parameters are
8.95+0.93mV (N =10) and 10.20 £3.22 mV (N = 6),
respectively. Also in this case the activation midpoint
parameters do not differ significantly from those obtained
for comparable zinc concentrations in the presence of
4.5mM K" in the extracellular solution.

It is known that zinc application also slows the kinetics
of current activation. Fig. 11A depicts activation time
constants as a function of membrane potential in the
presence of 150 mM K™ under control conditions and
upon application of 100 uM Zn. Raising the zinc concen-
tration up to 2.6 mM does not influence the activation
kinetics more significantly than at 100 pM (data not
shown). Fig. 11B shows the activation kinetics upon
100 uM Zn application in the presence of 4.5 and
150 mM K™ in the extracellular solution. Activation time
constants are significantly different from each other only at

1.0
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Fig. 12. Semi-logarithmic plot of the fraction of the inhibited current vs.
logarithm of zinc concentration: open squares: 4.5 mM K™ filled squares:
150 mM K*.

the potential of +20 mV and this may be due to a scatter of
the data obtained in the presence of 150 mM K. At the
potentials of +40 and 460 mV the data obtained in the
presence of 4.5 and 150 mM K™ are almost identical (see
Fig. 11B).

Peak currents are also reduced upon zinc application in
the presence of 150 mM K™ in the extracellular solution.
However, in contrast to the steady-state activation and
activation kinetics, the degree of current inhibition is
significantly diminished. Application of 10, 20, 100,
300 uM; 1, 2 and 2.6 mM Zn in the presence of 150 mM
K™ reduces the peak current at the potential of +60 mV to
0.91 £ 0.014, 0.84 £ 0.0095, 0.88 £ 0.026, 0.68 £ 0.029,
0.54 £ 0.0078, 0.43 & 0.018 and 0.39 & 0.037 of the con-
trol value, respectively. Fig. 12 depicts a fraction of
inhibited currents plotted as a function of a logarithm of
zinc concentration in the presence of 150 and 4.5 mM K"
in the extracellular solution. In the presence of 150 mM K™
the channels are half-blocked only at a zinc concentration
of ca. 1mM (an adequate estimation is not possible
because of a large standard error) and the Hill coefficient
is reduced to ca. 1.18 (more adequate estimation not
possible). Moreover, our data demonstrate that raising
the zinc concentration to 2.6 mM inhibits only ca. 60%
of the currents in the presence of 150 mM K™, whereas ca.
80% of the currents are inhibited in the presence of 4.5 mM
K*. Altogether, the obtained data indicate that the inhibi-
tory effect of Zn is significantly diminished in the presence
of 150 mM K™ in the extracellular solution.

4. Discussion
In the present study, we demonstrate that application of

zinc at micromolar concentration reduces TL Kv1.3 chan-
nel currents. The reduction of the current amplitude is
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accompanied by a shift of both steady-state activation and
inactivation towards more positive membrane potentials
and a considerable slowing of channel activation kinetics,
whereas the channel inactivation and deactivation rate
remained unaffected upon Zn treatment. The blocking
effect is not complete and the reversal potential of the
currents remained unchanged at the level of —80 mV even
upon application of 2.6 mM Zn. This indicates that Zn
reduces the channel activity but does not completely block
the channels at micromolar concentrations. The inhibitory
effect of zinc on the currents is significantly diminished
when raising extracellular potassium concentration to
150 mM, whereas the shift of the activation threshold
and slowing of the activation kinetics remain unchanged.

When recording the whole-cell currents in TL, chloride
currents due to an activation of “maxi” voltage-gated
chloride channels appear additionally to the potassium
currents [20]. However, the reversal potential for chloride
ions was estimated to be ca. —35 mV under our experi-
mental conditions. That value is far from —80 mV esti-
mated for the recorded currents. That argue against any
significant contribution of the chloride current to the total
whole-cell current. Moreover, Zn was shown to completely
block the whole-cell chloride current in TL at a concen-
tration of 200 uM [20]. Therefore, the hypothesis that the
chloride currents may contribute to residual currents upon
application of Zn at concentrations higher than 200 uM can
be ruled out.

It has long been known that divalent cations alter the
gating kinetics in ion channels. This effect was originally
described in terms of the surface charge theory first
proposed by Frankenhduser and Hodgkin in 1957 [22].
Our results, however, argued against the concept of zinc
action on fixed surface charges. First, our data demonstrate
that Zn application shifted markedly steady-state activa-
tion curve towards more positive potentials and slowed the
channel activation rate without significantly affecting the
deactivation process. In contrast, according to the surface
charge theory, comparable changes in both activation and
deactivation kinetics would be expected. Moreover, in
order to eliminate the possibility that Zn might act on
fixed surface charges, some of our experiments were
performed using a modified external solution with
increased concentrations of divalent cations and results
obtained using both solutions were indistinguishable from
each other. This may suggest specific interactions of zinc
ions with channel gating mechanism rather than non-
specific interactions of divalent cations on fixed surface
charges.

It is known that divalent and trivalent heavy metal
cations interact with Kv1.3 channels, inhibit the currents
and alter the channel gating [10-14]. These effects were
first studied by DeCoursey et al., who showed that the
cations inhibited the whole-cell currents with a relative
potency from most potent to least potent: Hg > La > Zn,
Co > Ba, Cd > Mn, Ca > Sr > Mg [10]. The inhibitory

effect of Ni had been reported earlier by Matteson and
Deutsch [23]. The cations acted at different concentrations
varying from 1 uM for Hg and La to 100 mM for Sr and Mg
[10]. Application of the cations also produced a shift of the
channel activation threshold towards more positive poten-
tials, that effect was most pronounced upon La treatment
[10]. Moreover, the studies demonstrated that the cations
differently affected the channel inactivation rate: inactiva-
tion was accelerated upon application of La, Ca, Sr, Ba and
slowed in the presence of Ni, Co, Cd and Mn [10-14]. Our
results demonstrate that the channel inactivation rate is not
significantly affected upon Zn treatment. This may indicate
that the mechanism of Zn interaction with the channel is
different from heavy metals listed above.

Results of our study demonstrate that raising the zinc
concentration to levels higher than 100 uM produces an
additional concentration-dependent inhibitory effect on the
current amplitude with a half-blocking concentration of
346 pM and this effect occurs without any change in the
channel gating. This may indicate that zinc affects the
channel gating and current independently due to actions on
two different binding sites. Binding to one site that is
saturated at concentrations higher than 20 pM affects the
channel gating: shifts both steady-state activation and
inactivation towards more positive membrane potentials
and slows the channel activation kinetics considerably.
Binding to another site at concentrations higher than
100 uM inhibits the currents without affecting the channel
gating.

The results obtained in the presence of 150 mM K* in
the extracellular solution may support the hypothesis that
zinc acts on two different binding sites. Results of our
study demonstrate that the effects of zinc treatment on both
the steady-state activation and activation kinetics remain
unchanged when raising extracellular potassium concen-
tration. In contrast, obtained data demonstrate that the
inhibitory effect of zinc on the currents is significantly
diminished in the presence of 150 mM K™ in the extra-
cellular solution. Altogether, our data may suggest that the
changes in channel gating and the reduction in peak current
are due to zinc interactions with two different binding sites.
Binding to the site that alters the gating parameters is not
affected by extracellular potassium, whereas binding to the
site that blocks the current is significantly inhibited by
potassium ions.

Zn affects many types of voltage-gated potassium chan-
nels including related Kv1.1, Kvl.4 and Kv1.5 channels
stably expressed in transfected mouse fibroblasts [8].
Application of Zn at micromolar concentrations shifted
the steady-state activation curves for all the three channels
towards more positive potentials and this was accompanied
by a considerable reduction of the whole-cell potassium
current [8]. Moreover, Zn application shifted the steady-
state inactivation curve for Kv1.4 channels towards more
positive potentials and slowed considerably the activation
kinetics of Kv1.5 channels [8]. Results recently obtained
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for Kv1.5 channels suggest the existence of two indepen-
dent binding sites for zinc—binding to one site affects the
channel gating and binding to another site inhibits the
current [24,25]. In case of Kv1.1 channels it was proposed
that a single binding site might be responsible for the
changes in channel gating upon Zn treatment [8]. Results
of our study demonstrate that application of Zn at micro-
molar concentrations reduces the Kv1.3 channel activity
and affects the channel gating. Moreover, our results
suggest that two different sites may be involved in Zn
binding. It can be concluded that, although the effects of Zn
on Kvl.1, Kv1.3, Kvl.4 and Kv1.5 macroscopic currents
are similar, the mechanism of Zn interactions with the
channels is different and binding to one or two different
sites might be involved in the observed changes in channel
gating and current.

The modulatory effects on Kv1.3 channels may be
related to influence of Zn on TL function. The total
concentration of Zn in the horse plasma was estimated
to be about 8 M, however Zn ions are mostly bound to
albumin, so the plasma concentration of free Zn is in
submicromolar range [26]. Such a small concentration
of Zn may be too low to exert any effects on Kvl.3
channels. Nevertheless, Zn plays an important role in
the function of the immune system—Zn deficiency is
related to thymic atrophy, lymphopenia and alterations
in the proportions of the various subsets of lymphocytes
and mononuclear phagocytes [27]. As a result, antibody-
mediated responses to both T cell-dependent and -inde-
pendent antigens are significantly reduced [27]. Cytolytic
T cell responses, natural killer cell activity and delayed-
type hypersensitivity reactions are also depressed [27].
Whether or not these effects of Zn deficiency are related
to interactions of Zn with Kv1.3 channels remains to be
investigated. The modulatory effects on Kv1.3 channels
may underlie mitogenic effects of Zn occurring in vitro
[28]. It is known that Zn stimulates T cell mitogenesis both
in human and murine TL [28,29]. The mitogenic effect of
Zn is dose- and time-dependent, giving an optimal effect at
200 pM Zn concentration and for the incubation period of
144 hr [28]. Interestingly, Zn inhibits the TL mitogenesis
when applied at higher concentrations (800 uM). [28]. The
exact mechanisms of these effects remain unknown.
Results of our study demonstrate that application of
200 uM Zn shifts the channel activation threshold towards
more positive potentials. Moreover, it is known that the
resting membrane potential in quiescent TL is set primarily
by the activity of Kv1.3 channels [9]. It is therefore likely
that Zn application at concentrations mentioned above may
result in a depolarisation of TL cell membrane. It was
shown that the TL cell membrane is depolarised from the
resting level of ca. —65 mV to ca. —25 mV during the first
2-4 hr following mitogenic stimulation [30]. This was
suggested to be one of the initial key events during T cell
activation [31]. It is therefore possible that the stimulatory
effect of Zn on TL cell mitogenesis may be related to the

depolarisation of TL cell membrane due to the shift of the
Kv1.3 channel activation threshold towards more positive
potentials. On the other hand, it is known that the TL cell
mitogenesis is inhibited by Kv1.3 channel blockers [9].
Results of our study demonstrate that application of Zn at
concentrations higher than 100 puM produces a concentra-
tion-dependent inhibition of the currents additionally to the
changes in channel gating. The inhibitory effects on the cell
mitogenesis exerted by Zn at concentration of 800 uM may
thus be related to the blocking effect on Kv1.3 channels.

Modulation of Kv1.3 channels activity may also con-
tribute to the modulatory effects of zinc on neuronal
activity. Kv1.3 channels are also present in rat and mouse
brain cells [9]. It is known that Zn is present in many
regions of the central nervous system and some regions,
such as mossy fibre terminals of the hippocampus are
especially rich in Zn [32]. Zn concentration at synapses
in the CA3 subfield of the hippocampus was estimated to
be within the range of 100-300 pM, whereas in other
regions of the brain Zn is present at much lower levels
(1-20 uM) [32]. Results of our study demonstrate that
application of 10-20 uM Zn is sufficient to alter the
Kv1.3 channel gating and raising the Zn concentration
up to 300 uM not only affect the channel gating, but also
reduces the current amplitude to less than 50% of the
control value. Therefore, both the alterations in the channel
gating and the reduction of the currents are likely to appear
under physiological conditions and may contribute to
modulatory effects on neuronal activity in the presence
of Zn.
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