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Summary Zonisamide (ZNS) is a multi-target antiepileptic drug reported to be efficient in
the treatment of both partial and generalized seizures, with T-type Ca2+ channel blockade
being one of its proposed mechanisms of action. In this study, we systematically investigated
electrophysiological effects of ZNS on cloned human Cav3.1—3.3 Ca2+ channels in a heterologous
HEK-293 expression system using whole cell patch-clamp technique. Concentration-response
studies were performed in the range from 5 �M to 2 mM for Cav3.2 Ca2+ channels exhibiting a
15.4—30.8% reduction of Ca2+ influx within the maximum therapeutic plasma range (50—200 �M
ZNS). The other T-type Ca2+ channel entities, Cav3.1 and Cav3.3, were even less sensitive to
ZNS. Both voltage- and concentration-dependence of inactivation kinetics remained unchanged
for Cav3.2 VGCC, whereas Cav3.1 and Cav3.3 exhibited minor, though significant reduction of
inactivation-tau. Interestingly, ZNS block of Cav3.2 VGCCs was not use-dependent and remained
unaffected by changes in the holding potential. Steady-state inactivation studies did not display
a significant shift in steady-state availability of Cav3.2 channels at 100 �M ZNS (�V1/2 = 3.1 mV,
p = 0.071). Our studies indicate that ZNS is a moderate blocker of human Cav3 T-type Ca2+

channels with little or no effect on Cav3.2 Ca2+ channel inactivation kinetics, use- and state-

dependence of blockade. These
contributes to the anti-absence
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Introduction

Zonisamide (ZNS) is a synthetic 1,2-benzisoxazole deriva-
tive (1,2-benzisoxazole-3-methanesulfonamide, C8H8N2O3S)
with a non-arylamine sulphonamide moiety, and it is chemi-
cally unrelated to other common antiepileptic drugs (AEDs).
It was first synthesized in 1972 by Uno and later approved
in Japan (1989), the US (2000) and recently also in Europe
(2005) with more than two million patients per year being
treated with ZNS (Leppik, 2004; Baulac, 2006). Since then,
ZNS emerged as a widely used, broad-spectrum, multi-target
AED. As part of its pharmacodynamic profile, ZNS medi-
ates enhancement of neuronal inhibition via modulation
of neurotransmission in the dopaminergic, GABAergic and
serotonergic systems (Mimaki et al., 1990; Kaneko et al.,
1993; Okada et al., 1995; Ueda et al., 2003). Zonisamide
also inhibits excitatory glutamate-mediated transmission
(Okada et al., 1998; Zhu and Rogawski, 1999) which may
be related to secondary effects on voltage-gated sodium
channels (VGSCs) and voltage-gated Ca2+ channels (VGCCs)
(Ueda et al., 2003). Similar to other sulfonamides, ZNS also
serves as a carbonic anhydrase inhibitor (CAI), but its effi-
cacy remains controversial (Masuda and Karasawa, 1993;
De Simone et al., 2005; Thone et al., 2008). Furthermore,
ZNS inhibits nitric oxide and hydroxyl radical formation by
serving as a free radical scavenger and thus being neu-
roprotective (Hayakawa et al., 1994; Minato et al., 1997;
Owen et al., 1997; Mori et al., 1998). The central aspect
of ZNS antiepileptic action, however, is blockade of VGSCs
and VGCCs (Schauf, 1987; Mimaki et al., 1990; Zhu et al.,
2002). Studies carried out on the Myxicola giant axon sug-
gested that ZNS preferentially binds to inactivated VGSCs,
producing use- and voltage-dependent blockade and slow-
ing the rate of recovery from inactivation (Schauf, 1987;
Rock et al., 1989). Thus, ZNS is effective in inhibiting high-
frequency repetitive firing and epileptiform burst activity
that is likely to account for its efficacy in the treatment
of partial seizures in humans (Thone et al., 2008). In addi-
tion, ZNS was recently found to enhance the activity of a
large-conductance Ca2+-activated potassium channel (BKCa)
(Huang et al., 2007).

Interestingly, two early studies favored the idea that
ZNS is a potent T-type VGCC blocker. Suzuki et al. (1992)
reported that ZNS could inhibit T-type currents in cultured
neurons of the rat cerebral cortex by 59.5 ± 7.2% at 500 �M
without effecting L-type Ca2+ current. The second study,
investigating ZNS effects on T-type Ca2+ current in the human
neuroblastoma cell line NB-I, revealed a 38.3 ± 5.8% reduc-
tion at 50 �M but without changes in inactivation kinetics
and voltage-dependence of activation (Kito et al., 1996).
However, ZNS shifted the steady-state inactivation curve
by approximately −20 mV to more negative potentials, re-
equilibrating the distribution of Ca2+ channel conformation
to the favored inactivated state (Kito et al., 1995, 1996). In
addition, ZNS was reported to reduce L-type Ca2+ current by
41.9 ± 8.0% at 50 �M in the human NB-I cell line (Kito et al.,
1994).
Concerning pharmacokinetics, the reported therapeutic
ZNS plasma levels differ from 6.7 to 40 �g/ml (Wilensky et
al., 1985; Rock et al., 1989; Seino et al., 1991; Yagi and
Seino, 1992; Mimaki, 1998; Oommen and Mathews, 1999;
Leppik, 1999). Approximately 40—50% of ZNS is bound to
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lasma proteins and the ZNS concentrations in the cere-
rospinal fluid was reported not to differ significantly from
lasma levels (Mimaki, 1998).

Zonisamide is effective in the antiepileptic treatment
f both experimental animal models and humans (Leppik,
004) and it was approved in the US in 2000 (Wilfong, 2005)
s adjunctive treatment of refractory partial seizures in
dults (Schmidt et al., 1993; Faught et al., 2001; Sackellares
t al., 2004; Brodie et al., 2005). It is also an effective drug
or the treatment of typical and atypical absence epilepsy
Yagi and Seino, 1992; Kotani et al., 1994; Wilfong and
chultz, 2005). Furthermore, ZNS is used in patients suf-
ering from secondarily generalized tonic-clonic seizures,
yoclonic seizures, West-syndrome, Lennox-Gastaut syn-
rome and infantile spasms (Leppik, 1999; Kothare et al.,
004; Seino, 2004; Yagi, 2004; Hitiris and Brodie, 2006) by
uppressing not only ictal activity, but also interictal dis-
harges (Perucca and Bialer, 1996).

Up to now, various AEDs have been shown to partially
lock T-type Ca2+ channels, including phenytoin, valproic
cid, phenobarbital and suxinimides, such as ethosuximide
nd methylphenylsuxinimide (Coulter et al., 1990; Gomora
t al., 2001; Heady et al., 2001; Stefan and Feuerstein,
007). Only two studies have been carried out so far to
nvestigate ZNS effects on T-type Ca2+ currents (Suzuki et
l., 1992; Kito et al., 1996) revealing rather divergent
oncentration-dependent blockade in cultured rat cortical
eurons and human neuroblastoma (NB-I) cells under dif-
erent, but non-standardized experimental conditions. As
he amount of experimental evidence has been limited so
ar, the antiepileptic action of ZNS has thus been predom-
nantly attributed to its inhibitory effect on T-type Ca2+

hannels. However, the major restriction in interpreting
revious results arises from the difficulty in pharmacolog-
cal and electrophysiological isolation of native T-type Ca2+

urrent, species-specific differences and the cell-specific
ubunit composition of voltage-gated T-type Ca2+ channel
omplexes, that still remains largely unknown. Thus, the
im of the present study is to unravel ZNS effects on cloned
uman Cav3.1—3.3 T-type Ca2+ channels in the standardized,
eterologous HEK-293 expression system using the whole-
ell patch-clamp technique.

aterials and methods

hemicals and drugs

ll drugs, chemicals and solutions used for cell culture (DMEM,
BS, penicillin, streptomycin, geneticin (G418), non-essential amino
cids and trypsin) were from Invitrogen (Karlsruhe, Germany).
ltrapure chemicals necessary for electrophysiological measure-
ents were purchased from Sigma—Aldrich (Munich, Germany),
erck (Darmstadt, Germany) and Roth (Karlsruhe, Germany). Zon-

samide was also obtained from Sigma (Munich, Germany).

eneration and culturing of Cav3 stably transfected cell
ines
av3.1—3.3 �1-subunit stably transfected HEK-293 cell lines were
sed in our study: �1G-3, containing the human Cav3.1a channel
Cribbs et al., 2000); hh8-5, containing the plasmid construct of
uman Cav3.2 (Cribbs et al., 1998); and LT9-8, containing the plas-
id construct of human Cav3.3. Stable cell lines were a gift from
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r. E. Perez-Reyes and had been constructed by transfecting HEK-
93 cells using the calcium phosphate method (CalPhos Maximizer
ransfection Kit, CLONTECH) as described previously (Gomora et al.,
001). Transfected cells were cultured in DMEM (Dulbecco’s Modi-
ed Eagle’s Medium) supplemented with 15% fetal bovine serum
FBS), 50 U/ml penicillin, 50 �g/ml streptomycin, 1 mg/ml geneticin
G418) and 10 �l/ml non-essential amino acids. Cells were incu-
ated in 100 mm culture dishes at 37 ◦C in an atmosphere of
5%air/5% CO2 and split 2—3 times per week. Prior to electrophysio-
ogical recordings, cells were washed with 5 ml PBS and dissociated
y digestion with 1 ml 0.05% (m/v) trypsin for 90 s; 3 ml DMEM were
dded following removal of trypsin. The triturated cell suspension
as centrifuged for 5 min at 2000 rpm (580×g) using a IEC Cen-

ra CL2 centrifuge (Thermo Electron Corporation, Waltham, MA,
SA), rediluted 1.6—2-fold in DMEM/FBS medium and plated on
ound cover slips (12 mm, Marienfeld GmbH, Lauda-Königshoven,
ermany) in 30 mm culture dishes. Cells were placed in an incubator

or at least 4 h up to 1 day prior to electrophysiological record-
ngs.

lectrophysiological measurements of Cav3 stably
ransfected HEK-293 cells

hole cell currents were recorded from stably transfected HEK-293
ells using the ruptured patch method on an electrophysiological
et-up with an inverted microscope Axiovert S100 (Zeiss, Göttingen,
ermany), three-axis hydraulic micromanipulator (MH0-103, Nar-

shige, Japan) and an EPC9 patch clamp amplifier (HEKA Elektronik,
ambrecht, Germany). The standard internal pipette solution con-
ained 135 mM CsCl, 10 mM EGTA and 10 mM HEPES. The pH was
djusted to 7.3 with CsOH and osmolality ranged from 269 to
76 mosmol/kg. In addition, 4 mM Mg3(ATP)2 and 0.3 mM Na3GTP
ere freshly prepared and directly added to the internal solution

kept at 4 ◦C) prior to experiments. The bath solution was com-
osed of 5 mM CaCl2, 155 mM tetraethylammonium (TEA) chloride,
nd 10 mM HEPES with pH adjusted to 7.4 using TEA-OH and a
ean osmolality of 310 mosmol/kg. Osmolalities were measured by

sing a cryoscope (Osmomat 030, Gonotec, Berlin, Germany) and
dapted if necessary. All solutions were prepared with deionized
illi-Q water (Millipore, Schwalbach, Germany), sterile filtrated and

tored at 4 ◦C before use. Prior to cell attachment, the recording
lectrode was adjusted to give zero current. The liquid junction
otential for internal and external solution was calculated as 8.8 mV
nd compensated. Currents were filtered with a three-pole ana-
og Bessel filter set as a cut-off (−3 dB) at 10 kHz. Patch-clamp
lectrodes were pulled from thick wall borosilicate glass (OD/ID:
.0 mm/1.12 mm, 1B200F-4, World Precision Instruments, Sarasota,
SA) using a model P-97 Flaming-Brown pipette puller (Sutter Instru-
ent Co., Novato, CA, USA). Once filled with internal solution, the
ipette resistance was typically between 2.5 and 5.5 M� and series
esistance ranged from 7.1 to 7.9 M� and was compensated 50—70%
sing fast (10 �s) compensation. The mean cell capacitance was
1.8 ± 1.1 pF (n = 96 cells analyzed) and on-line P/N leak subtraction
as done. All experiments were performed at room temperature

22—24 ◦C).

xperimental design

onisamide was freshly dissolved in external solution at concentra-
ions ranging from 5 �M to 2 mM. The recording chamber was a RC-25
quivalent (13 mm diameter, Warner Instruments, Hamden, CT, USA)
ith cells plated on 12 mm microscope cover slips (Marienfeld

mbH, Lauda-Königshofen, Germany). Gravitation driven perfusion
f ZNS test solutions was performed using a precision perfusion
ontrolling system (Sarstedt, Nürnberg, Germany) at 2.2 ml/min.
he electrophysiological set-up was used to analyze concentration-
esponse behavior, use-dependence of block, inactivation kinetics,
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oltage-dependence of activation and steady-state inactivation
roperties of Cav3 VGCCs in the presence of ZNS.

ata analysis and statistical procedures

eak current analysis, exponential fits to currents and analy-
is of current—voltage relationships were carried out by using
ULSEFIT and FITMASTER (HEKA Elektronik, Lambrecht, Germany).
oncentration-response analysis and graphing of the data were
erformed with Prism (Graph-Pad, San Diego, CA). The following
quation was used to fit concentration-response data assuming a
onophasic sigmoidal curve progression with variable slope:

= 1

1 + 10(log IC50−X)×n)

where X is the logarithm of concentration, Y the response (cur-
ent fraction remaining) and n the slope (Hill coefficient) of the
pproximated curve.

For the analysis of voltage-dependence of activation the follow-
ng Goldman—Hodgkin—Katz based equation was used:

(V) = Cond ∗ 1 − exp(−(V − Erev)/kTε−1)
1 − exp(−V/kTε−1)

∗ 1

(1 + exp(−(V − V1/2)/Slope))3

here V is the test potential; Cond, the conductance; Erev, the
eversal potential; V1/2, the mid-point of activation; k, the Boltz-
ann constant; T, the absolute temperature; and ε, the elementary

harge.
Calculation of inactivation kinetics was performed by using an

xponential fit according to the following equation:

(t) = a0 + a1 ∗ exp
(−t

�

)

ith � as the time constant of inactivation.
Finally, analysis of steady-state inactivation parameters was per-

ormed using a Boltzmann equation:

G

Gmax
= 1

1 + exp
(

V1/2−V

k

)

here V1/2 is the voltage at half-maximum inactivation and k the
lope factor.

All data were calculated and displayed as the means ± S.E.M.
tatistical comparison of continuous variables was performed using
he parametric Student’s t-test, considering p < 0.05 as significant.

esults

oncentration-dependent inhibition of Cav3 T-type
oltage-gated calcium channels by zonisamide
ntiepileptic drug

EK-293 cells stably transfected with human Cav3.1—3.3
GCCs were studied using the whole-cell patch-clamp

onfiguration and continuously superfused with various zon-
samide concentrations in a cumulative mode (Figs. 1 and 2).
he amplitude of the currents was stable for most record-

ngs (10—15 min), although there was some initial run-down
bserved immediately after establishment of the whole-cell
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Figure 1 Inhibition of human Cav3.2 (�1H) T-type Ca2+-channels by zonisamide. (A) Representative whole-cell recordings displaying
the effects of various ZNS concentrations on Cav3.2 T-type Ca2+-currents. (B) Time course of peak currents normalized to control
for the same cell shown in A. Ordinate axis, peak current during steady-state exposure to zonisamide normalized by the peak
current before drug exposure, defined as the fraction of ICa remaining. (C) Concentration-response relationship for ZNS block of
Cav3.2 VGCC. The remaining fractional peak current is plotted against ZNS concentration. Numbers of cells investigated for each
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concentration is indicated next to each data point. Due to limit
could be determined in the absence of DMSO. D) ZNS block of
gray: average therapeutic range (50—100 �M ZNS); dark gray: m

patch clamp. Long-term stability of Ca2+ currents was mon-
itored in all experiments and only cells exhibiting negligible
run-down (less than 2%/min) were used. Recorded Ca2+ cur-
rents were further corrected for run-down. Test pulses under
control, ZNS and washout conditions were applied till Ca2+

peak currents reached a stable plateau lasting for 50—100 s.
For determination of fractional T-type blockade by ZNS only
plateau values were analyzed. Due to its predominant effect

in epileptogenesis, concentration-response studies were ini-
tiated on Cav3.2 VGCCs. Applying rectangular test pulses
from −90 to −30 mV for 150 ms at a frequency of 0.1 Hz,
Cav3.2 stably transfected HEK-293 cells exhibited maximum

5
c
t
t

Table 1 Inhibition of cloned human Cav3 T-type VGCCs by various
All ZNS concentrations listed resulted in a significant reduction of

Percentaged Ca2+ current reduction

ZNS (�M) Cav3.1

50 13.6 ± 2.6 (n = 7)
100
150 15.1 ± 6.3 (n = 5)
200
S solubility and the lack of fractional block >0.5, no IC50 value
.2 mediated Ca2+-current in the presence of 0.5% DMSO. Light
um therapeutic range (50—200 �M ZNS).

eak currents of 1.58 ± 0.14 nA with a mean current den-
ity of 99.8 ± 10.5 pA/pF (Fig. 1A). Cell capacitance varied
rom 5.8 to 35.6 pF and the mean series resistance Rs was
.9 ± 0.5 M�. In contrast to Cav3.1 and Cav3.3 (see below),
av3.2 exhibited a higher ZNS sensitivity with a Ca2+ current
eduction of 15.4 ± 2.8% (n = 6) to 25.0 ± 3.7% (n = 7) at ther-
peutically relevant concentrations of 50—150 �M (Fig. 1B
nd C, Table 1). In total, ZNS concentrations ranging from

�M to 2 mM were used and significant reduction of Ca2+

urrent occurred at 5 �M (p = 0.002) and higher concentra-
ions (Table 1). The maximum ZNS concentration used in
his study was 2 mM as higher concentrations approach the

ZNS concentrations (percentage reduction as mean ± S.E.M.).
Ca2+-current.

Cav3.2 Cav3.3

15.4 ± 2.8 (n = 6) 10.3 ± 1.9 (n = 6)
17.0 ± 5.6 (n = 3)
25.0 ± 3.7 (n = 7) 16.7 ± 2.9 (n = 6)
30.8 ± 5.1 (n = 3) 17.2 ± 4.1 (n = 3)
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Figure 2 Inhibition of human Cav3.1 (�1G) and Cav3.3 (�1I) T-type Ca2+-channels by zonisamide. Representative whole-cell Ca2+-
currents recorded from a HEK-293 cell stably transfected with the Cav3.1 (A) and Cav3.3 (B) �1-subunit in response to voltage-steps
to −30 mV from a holding potential of −90 mV applied every 10 s. Current traces before and after application of various ZNS
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oncentrations are depicted. Concentration-response studies fo
ight. Fraction of unblocked peak current is plotted against drug
s indicated next to each data point.

aximum water-solubility of ZNS. Interestingly, application
f 100 �M ZNS at a holding potential of −75 mV did not
esult in increased Cav3.2 Ca2+ current blockade compared
o a holding potential of −90 mV (20.4 ± 5.0% (n = 3) vs.
7.0 ± 5.6% (n = 8, p = 0.716), suggesting that ZNS does not
ignificantly shift steady-state inactivation at this concen-
ration (Fig. 6C). Given the higher ZNS sensitivity of Cav3.2
s compared to Cav3.1 and Cav3.3 (as outlined below), fur-
her experiments involving use-dependence of block, IV- and
teady-state inactivation studies were carried out on Cav3.2
GCCs. It is noteworthy that in the absence of DMSO as a sol-
ent, which represents the real pharmacological situation in
atients, fractional blockade of Cav3.2 Ca2+ currents greater
han 0.5 could not be achieved. Thus, Hill—Langmuir approx-
mation of concentration-response data and subsequent
pecification of IC50 values is invalid and practically impos-
ible. Consequently, the concentration-response behavior,
.e. a mono- or polyphasic, remains speculative. It is note-

orthy that previous experiments on ZNS block of T-type
a2+ current were carried in external solution with final
oncentration of 0.5% DMSO. To elucidate the potential
nterference of DMSO with ZNS action on Cav3.2 VGCCs, we
lso tested effects of 100 �M, 500 �M and 10 mM ZNS dis-

h
p
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S block of Cav3.1 (B) and Cav3.3 VGCCs (D) are depicted on the
entration. Numbers of cells investigated for each concentration

olved in 0.5% (v/v) DMSO revealing a 26.0 ± 0.03% (n = 20),
1.7 ± 0.02% (n = 4) and 63.3 ± 3.1% (n = 3) reduction in Ca2+

urrent, respectively. These inhibitory effects of ZNS on
loned human Cav3.2 channels in the presence of DMSO are
bout 10—20 times lower than those described for T-type
a2+ current in the rat cortex or NB-I cell line before (Suzuki
t al., 1992; Kito et al., 1996).

Following the same test pulse regime, ZNS concentration-
esponses on Cav3.1 and Cav3.3 VGCC were also recorded.
av3.1 stably transfected HEK-293 cells displayed maximum
eak currents of 595.5 ± 50.1 pA with an average current
ensity of 42.9 ± 5.0 pA/pF and cell capacitance ranging
rom 6.5 to 20.2 pF (Fig. 2A). The mean series resistance was
.1 ± 0.9 M�. ZNS exhibited only minor reduction of Cav3.1
ediated Ca2+ currents of 13.6 ± 2.6% (n = 7) and 15.1 ± 6.3%

n = 5) at pharmacologically relevant concentrations of 50
nd 150 �M (Fig. 2B, Table 1). A significant reduction of
a2+ current was observed at 5 �M ZNS (p = 0.017) and

igher concentrations (Table 1). Furthermore, whole-cell
atch-clamp experiments of Cav3.3 stably transfected HEK-
93 cells displayed peak currents of 2.88 ± 0.50 nA with an
verage current density of 148.3 ± 20.3 pA/pF, cell capac-
tance ranging from 14.3 to 28.6 pF and a mean Rs of
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Figure 3 Use-dependence of ZNS mediated Cav3.2 T-type Ca2+

channel blockade. Fractional block by 100 �M ZNS significantly,
but slightly increased as the interval between repetitive 100-ms
depolarisation steps from −110 to −30 mV decreased (5 s, n = 3;
0.3 s, n = 4). Inset, representative current traces in the absence
(black) and presence (red) of 100 �M ZNS. Currents recorded
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7.6 ± 0.9 M�. Test pulses were applied from −90 to −30 mV
for 150 ms at a frequency of 0.1 Hz (Fig. 2C) and ZNS
superfused at concentrations from 50 to 200 �M. Similar to
Cav3.1, ZNS only exerted minor inhibitory effects on Cav3.3
mediated Ca2+-currents of 10.3 ± 1.9 (n = 6) and 16.7 ± 2.9%
(n = 6) at pharmacologically relevant concentrations (50 and
150 �M ZNS) (Fig. 2D, Table 1) with significant reduction
of Ca2+-current observed at 50 �M (p = 0.003) and higher
concentrations. In order to rule out that potential run-
down effects interfere with low-concentration ZNS effects
on Cav3.1—3.3 Ca2+ channels during long-term recordings,
both cumulative and singular ZNS application regimes were
performed which however, did not exhibit differences at low
ZNS concentration levels.

ZNS inhibitory effects on Cav3 stably transfected HEK-
293 cells turned out to be partially (25—75%) reversible in
40% of cells analyzed and completely (>75%) reversible in
only 14.3% of the cells. The remaining fraction exhibited
washout effects less than 25%. Interestingly, in ZNS/DMSO
treated Cav3.2 stably transfected HEK cells there was hardly
any washout possible. Given the fact that ZNS shares a sul-
fonamide moiety with other AEDs, such as topiramate or
CAIs that were previously shown to block the Cav2.3 E/R-
type VGCCs (McNaughton et al., 2004; Kuzmiski et al., 2005)
we also checked for antagonistic effects on this Ca2+ channel
entity. However, ZNS did not exert a detectable reduction
of Cav2.3 mediated Ca2+-current in the 2C6 cell line (stably
transfected with the human Cav2.3 �1-subunit) or the 1C5
cell line (stably co-expressing the same pore-forming Cav2.3
�1- and the human �3 auxiliary subunit) even at 500 �M ZNS
(unpublished results).

Use-dependence of block

In order to investigate whether T-type Ca2+ current block-
ade by ZNS is use-dependent, repetitive test pulses from
−110 to −30 mV (duration 100 ms) were applied to Cav3.2
transfected HEK-293 cells every 0.3 and 5 s in the presence
of 100 �M ZNS. Both time course of fractional Ca2+ cur-
rent block and mean steady-state values of ZNS block are
depicted in Fig. 3. At a recovery interval of 5 s the obtained
fractional block was 0.014 ± 0.012 (n = 3). Although reduc-
tion of recovery interval to 0.3 s resulted in a significant
increase in fractional block (0.065 ± 0.012, n = 4, p = 0.031;
Fig. 3), the impact of 100 �M ZNS on use-dependence of
block is minor. Thus, ZNS mediated inhibition of Cav3.2
Ca2+-current is not substantially facilitated by repetitive
high-frequency activation of the pore-forming �1 subunit.

Concentration- and voltage-dependence of
inactivation kinetics

ZNS effects on inactivation kinetics were studied for both
voltage- and concentration-dependence using an exponen-
tial fit (see Data analysis) in the range of 90—10% of
Ca2+-current amplitude. For Cav3.2, as the most intensively

studied T-type VGCC candidate in this study, only minor
effects on voltage-dependence of inactivation-tau could be
detected not reaching level of significance at 100 �M ZNS
(Fig. 4B). A detailed investigation of current traces revealed
that ZNS is hardly capable of affecting the decay of Cav3.2

t
s
c
v
d

ith recovery intervals of 0.3 and 5 s are depicted. (For inter-
retation of the references to color in this figure legend, the
eader is referred to the web version of the article.)

a2+-currents which was tested during a command pulse
rom −90 to −30 mV (Fig. 4A, scaled and superimposed
races). The washout was not able to restore the inactiva-
ion kinetics obtained under control conditions. In addition,
e investigated the concentration-dependent effects of
NS on Cav3.1—3.3 inactivation-tau using test potentials to
30 mV. Whereas Cav3.2 inactivation kinetics turned out to
e unaffected by therapeutically relevant ZNS concentra-
ions, Cav3.1 and Cav3.3 exhibited slight, though significant
eduction of inactivation-tau (Fig. 4C).

urrent—voltage relationship

urrent—voltage studies were carried out for Cav3.2 sta-
ly transfected HEK-293 cells from a holding potential
f −90 mV to +50 mV in 10 mV steps lasting for 100 ms.
ig. 5A displays averaged IV-traces from four cells under
ontrol conditions (�), following application of 100 �M
NS (�) and after washout (�). Interestingly, 100 �M ZNS
aused a significant shift in the half-activating voltage Va1/2

rom −44.2 ± 3.1 mV to −48.5 ± 2.3 mV (n = 4; p = 0.0098),
hich slightly increased even during washout procedure

Va1/2 = −53.5 ± 2.1 mV). The peak current voltage also
hifted from −34.9 ± 3.8 mV to −38.3 ± 3.1 mV (n = 4;
= 0.0234) with the slope factor and reversal potential
naffected. This is in contrast to earlier studies by Kito et al.
1996) that failed to detect changes in voltage-dependence
f activation. Similar to concentration-response studies,

he washout was only partially effective. Performing the
ame approach in presence of DMSO (0.5% final con-
entration) revealed similar results (Fig. 5B). The Va1/2

alue changed from −56.2 ± 0.9 mV under control con-
itions to −61.3 ± 1.0 mV after ZNS (100 �M) application
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Figure 4 Zonisamide effects on Cav3.2 T-type Ca2+-channel
inactivation kinetics. (A) Superimposed current traces at
−30 mV from the same cell as illustrated in Fig. 1A and B.
Control-, ZNS- (100 �M) and wash-traces were normalized to the
amplitude of the control trace. (B) Voltage-dependence of the
inactivation-� under control (�)-, ZNS- (100 �M, �) and washout
(�)-conditions (n = 4). Current traces obtained from IV-studies
were analyzed using an exponential fit and the resulting inac-
tivation time constants were plotted as function of voltage.
(C) Concentration-dependent ZNS-effects on Cav3.1—3.3 Ca2+

channel inactivation kinetics. Inactivation time constants were
analyzed from concentration-response current traces using test
pulses from −90 mV to −30 mV and plotted versus the ZNS con-
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entration (n = 20). Right, exemplary normalized current traces
rom Cav3.1 and Cav3.3 transfected HEK cells displaying alter-
tion in inactivation kinetics at various ZNS concentrations.

n = 8; p < 0.001) and further increased during washout
−63.5 ± 1.1 mV). One cannot rule out that the continuous
hift in Va1/2 under ZNS and washout conditions is also

ue to potential Ca2+ current run-down during prolonged
ecordings. Peak current voltage shifted from −38.8 ± 1.4
o −47.4 ± 2.1 mV (n = 8; p < 0.001). In addition, DMSO
aused a prominent reduction of peak current amplitude as
eported previously (Suzuki et al., 1992).
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teady-state inactivation studies

he modulated receptor model is based on the observa-
ion that specific drugs exhibit different affinities to the
losed/resting state, the open state and the inactivated
hannel state. Many pharmaceuticals, e.g. dihydropyridines
nd suxinimides display increased affinity to the inactivated
tate which serves as an important criterion of selectivity
f action (Triggle, 1999; Gomora et al., 2001). Voltage-
ated Ca2+-channels harbor the capability to directly switch
rom the closed/resting state to the inactivated state
nalyzed by applying long-lasting subthreshold prepulses
ollowed by a short test pulse. This so-called double-
ulse experiment provides data for steady-state inactivation
h∞)-studies. Drugs that preferentially bind to the inac-
ivated state shift the equilibrium from the closed to
he inactivated state and finally cause a shift of the
teady-state inactivation curve to more negative poten-
ials (Bean et al., 1983). The effect of 100 �M ZNS on
teady-state inactivation of Cav3.2 T-type Ca2+ channels
as determined by using a 5 s prepulse followed by a test
ulse from −90 mV to −30 mV for 150 ms (Fig. 6A and
). Control recordings exhibited a half-maximum inacti-
ation voltage (V1/2) of −66.5 ± 1.1 mV (k = 5.27 ± 0.41 mV)
nd V1/2 = −69.6 ± 1.1 mV (k = 4.43 ± 0.22 mV) at 100 �M ZNS
ith an apparent shift of Cav3.2 steady-state inactivation
f 3.1 mV not reaching level of significance (p = 0.071, n = 4)
Fig. 6C). An attempt to reverse such effect by washing out
NS was again found ineffective, probably related to sec-
ndary, intracellular effects of ZNS (see Discussion). The
bservation that 100 �M ZNS does not significantly shift the
teady-state inactivation curve and thus does not favor the
nactivated state at the upper therapeutic range, is con-
istent with our finding that changing the holding potential
rom −90 mV to −75 mV has no effect on ZNS block of Cav3.2
GCCs at 100 �M (17.0 ± 5.6% vs. 20.4 ± 5.0% reduction in
a2+-current, p = 0.716, Fig. 6C). As the electrophysiological
nd pharmacological properties of the T-type Ca2+ currents
eported in NB-I cells (Kito et al., 1995, 1996) resemble
hose known from Cav3.2 Ca2+ channels (Perez-Reyes, 2003;
atterall et al., 2005), steady-state inactivation studies
ere not extended to Cav3.1 and Cav3.3 Ca2+ channels.

iscussion

he present study describes the effects of zonisamide
ntiepileptic drug on Cav3.1—3.3 T-type voltage-gated Ca2+

hannels. Previously, only two electrophysiological studies
ave addressed the question of ZNS block of T-type Ca2+

hannels, with one using cultured cortical neurons from rat
Suzuki et al., 1992) and the second one analyzing its effects
n the human neuroblastoma cell line NB-I (Kito et al., 1996).
owever, ZNS sensitivity of cloned human Cav3 T-type Ca2+

hannels has not been investigated till now. This is of partic-
lar relevance as low-voltage activated (LVA) Ca2+ channels
ere repetitively claimed to serve as a primary target for

NS, although inter-species sequence variations are known
o severely influence pharmacological properties of T-type
hannels (Lee et al., 1999; Cribbs et al., 2000). A closer look
nto previous studies reveals some of the aspects that might
ccount for the apparent discrepancy in ZNS sensitivity of
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Figure 5 ZNS effects on current—voltage relationship. Current traces were obtained from HEK-293 cells stably expressing Cav3.2
in the absence (n = 4) and in the presence of 100 �M ZNS (n = 8) stepping from −90 mV to the indicated voltages for 100 ms with 5 mM
Ca2+ as a charge carrier. Current—voltage relationships of Ca 3.2 VGCCs before administration of (�), in the presence of 100 �M

l cur
es of
v

(�) and after washout of ZNS (�) are displayed (A). An identica
(B). The smooth lines are spline curves fit to the calculated valu
Boltzmann equation (see also Data analysis).

2+
T-type Ca currents. Studies by Kito et al. (1996) suggested
a 38.3 ± 5.8% reduction of T-type Ca2+-current in NB-I cells
at 50 �M and an IC50 approaching 100 �M with a preferen-
tial binding to the inactivated channel state. In contrast,
an early study by Suzuki et al. (1992) using ZNS application

v
w
l
p
c

Figure 6 ZNS effects on voltage-dependence of steady-state inac
sentative traces recorded from double-pulse experiments with a 5 s
−30 mV for 150 ms under control conditions (left) and 100 �M ZNS (ri
during (�) and after (�) exposure to 100 �M ZNS using 5 mM Ca2+ a
non-significantly by 3.1 mV (p = 0.071, n = 4). (C) Changing the holdin
increase of Ca2+-current block following ZNS (100 �M) application, f
favored by ZNS at therapeutically relevant concentrations.
rent—voltage regime was performed in presence of 0.5% DMSO
current using the product of the Goldman—Hodgkin—Katz and
ia pressure ejection elicited a much lower ZNS sensitivity
ith 59.5 ± 7.2% Ca2+ current reduction at 1 mM ZNS simi-

ar to the rather weak ZNS effects on Cav3.2 VGCC in the
resence of DMSO observed in our study (Fig. 1C and D). In
ontrast to the high ZNS sensitivity of T-type Ca2+ currents

tivation of the human Cav3.2 T-type Ca2+ channel. (A) Repre-
prepulse to the indicated voltages followed by a test pulse to
ght). (B) Steady-state inactivation curves obtained before (�),
s a charge carrier. ZNS was capable of shifting the h∞-curve

g potential from −90 mV to −75 mV did not result in significant
urther indicating that the inactivated state is not significantly
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n NB-I cells (Kito et al., 1996), our data demonstrate that
NS application on cloned human Cav3.1—3.3 �1-subunits
oes not result in profound reduction of Ca2+ influx within
he therapeutic range. Two major reasons might account
or this divergent observation: first, differences in electro-
hysiological recording conditions and second, variations in
a2+ channel complex subunit composition in cultured neu-
ons. In previous studies (Suzuki et al., 1992; Kito et al.,
996), T-type Ca2+ currents were elicited by voltage steps
rom either −60 to −10 mV or −80 to −20 mV resulting in
artial LVA Ca2+ channel inactivation or contamination with
- or non-L-type Ca2+ currents due to the lack of proper
harmacological isolation. In both studies, ZNS was further
issolved in DMSO (0.5% final) and cells were pre-incubated
or at least 5 min prior to recordings. The pre-incubation
nd DMSO mediated cytosolic accumulation of ZNS might
ive rise to secondary intracellular effects of ZNS that are
ikely to interfere with T-type Ca2+ channel activity. These
ffects may include modulation of nitric oxid/hydroxyl rad-
cal formation, redox potentials and pH changes (due to ZNS
nterference on CAs) (Owen et al., 1997; Mori et al., 1998;
eppik, 2004) that are known to interfere with T-type Ca2+

hannel activity (Gottfried and Chesler, 1995; Zhang et al.,
000; Tabet et al., 2004). The hypothesis that intracellu-
ar effects influence ZNS blockade of T-type Ca2+ channels
s further strengthened by the observation that inhibitory
ffects on VGSCs are at least partially dependent on intra-
ellular ZNS and not on extracellular concentrations of the
rug (Schauf, 1987).

Apart from experimental parameters, the differences in
ubunit composition of T-type voltage-gated Ca2+ channel
omplexes needs to be considered, though it has not been
ell documented. Co-expression of cloned �-subunits with
loned Cav3-subunits did not alter the electrophysiological
roperties (Dolphin et al., 1999), whereas coexpression with
ither �2�1 or �2�2 was found to double the size of the
av3.1 mediated Ca2+ current (Dolphin et al., 1999; Gao et
l., 2000). Furthermore, �-subunits were reported to exert
o or minor effects on cloned Cav3 Ca2+ channels (Klugbauer
t al., 2000; Green et al., 2001). The �6-subunit, however,
xerts strong inhibitory effects on Cav3.1 VGCCs (Hansen
t al., 2004). In contrast to the distinct over-expression of
av3 �1-subunits in HEK-293 cells in this study, T-type sub-
nit composition in rat cortical neurons and human NB-I
ells is unknown and might influence ZNS efficacy due to
ts interaction with auxiliary subunits as has been reported
reviously for other AEDs, such as gabapentin or pregabalin
hat mediate blockade via �2�-subunit interaction (Felix,
005).

Our detailed investigation of ZNS effects on inactiva-
ion kinetics of Cav3.2 revealed no significant voltage-
nd concentration-dependence, whereas Cav3.1 and Cav3.3
isplayed minor yet significant concentration-dependent
eduction in inactivation-tau. In contrast to previous reports
Suzuki et al., 1992; Kito et al., 1996), current—voltage
elationships of Cav3.2 stably transfected HEK-293 cells
xhibited a slight, yet significant shift following ZNS

100 �M) administration. Furthermore, therapeutically rel-
vant ZNS concentrations (100 �M) did not result in a
ignificant shift of the steady-state inactivation curve and
onsequently, ZNS block was also unaffected by changes in
olding potentials (Fig. 6B and C).
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Cav3 T-type Ca2+ channels are responsible for media-
ion of low-threshold Ca2+-spikes (LTCS) in various neuronal
ell types, e.g. thalamic relay neurons or reticular thala-
ic neurons. LTCS capable of triggering burst activity are

he functional background of neuronal pacemaking activity
n these cells and hyperoscillation in the thalamocortical-
orticothalamic circuitry is known to underlie spike-wave
ischarge activity in the EEG during non-convulsive absence
eizures and slow-wave sleep (Steriade, 2005). During the
wake state, thalamic relay neurons are normally slightly
epolarized switching from the burst into the tonic mode
haracterized by repetitive, tonic Na+-spiking (Steriade and
linás, 1988). Thus, AEDs that effectively block T-type Ca2+

hannels succeed in stabilizing the tonic mode. Our results
emonstrate that ZNS is capable of blocking human Cav3 T-
ype Ca2+ channels of up to 25% in the therapeutic range.
lthough Cav3.2 Ca2+ current blockade is minor at therapeu-
ically relevant concentrations, previous studies using mock
TCS waveforms and suxinimides indicate that even par-
ial block of low-threshold Ca2+ current can be sufficient to
ffectively suppress thalamic burst activity (Gomora et al.,
001). Narahashi (2000) has suggested that even a 10% block
f T-type current might be sufficient to substantially inhibit
ction potential burst activity (Narahashi, 2000). Therefore,
NS block of human T-type Ca2+ channels may exert lim-
ted effects in absence epilepsy treatment (Mimaki, 1998;
ilfong and Schultz, 2005).
From all three T-type Ca2+-channels investigated in this

tudy, Cav3.2 is the most sensitive one, similar to other AEDs
uch as phenytoin (Heady et al., 2001). This is of particular
nterest as Cav3.2 VGCC emerged as a potential suscep-
ibility gene in the etiopathogenesis of various forms of
pilepsies in both animal models and humans (Tsakiridou et
l., 1995; Talley et al., 2000; Khosravani et al., 2004; Vitko
t al., 2007).

As the amount of experimental evidence has been lim-
ted in the past, the antiepileptic action of ZNS had been
redominantly attributed to its inhibitory effect on T-type
a2+ channels. However, our current knowledge including
his study clearly demonstrates that ZNS is a multi-target
ED with only moderate T-type Ca2+ channel block being one
f the pharmacodynamic properties that might account for
ts anti-absence activity. Similar to other AEDs with only par-
ially inhibitory effect on T-type Ca2+-current that does not
epresent its total function, block of Na+- and K+-channels or
nterference with various neurotransmitter systems may also
ontribute to the broad-spectrum antiepileptic character of
onisamide.
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