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Abstract. Inorganic ions have been used widely to
investigate biophysical properties of high voltage-
activated calcium channels (HVA: Ca,l and Ca,2
families). In contrast, such information regarding low
voltage-activated calcium channels (LVA: Ca,3
family) is less documented. We have studied the
blocking effect of Cd*", Co?" and Ni*" on T-cur-
rents expressed by human Ca,3 channels: Ca,3.1,
Ca,3.2, and Ca,3.3. With the use of the whole-cell
configuration of the patch-clamp technique, we have
recorded Ca®"* (2 mm) currents from HEK—-293 cells
stably expressing recombinant T-type channels. Cd**
and Co>" block was 2- to 3-fold more potent for
Ca,3.2 channels (ECsy = 65 and 122 uM, respec-
tively) than for the other two LVA channel family
members. Current-voltage relationships indicate that
Co’* and Ni*' shift the voltage dependence of
Ca,3.1 and Ca,3.3 channels activation to more po-
sitive potentials. Interestingly, block of those two
Ca,3 channels by Co?" and Ni** was drastically
increased at extreme negative voltages; in contrast,
block due to Cd>" was significantly decreased. This
unblocking effect was slightly voltage-dependent.
Tail-current analysis reveals a differential effect of
Cd*" on Ca,3.3 channels, which can not close while
the pore is occupied with this metal cation. The re-
sults suggest that metal cations affect differentially T-
type channel activity by a mechanism involving the
ionic radii of inorganic ions and structural charac-
teristics of the channels pore.
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Introduction

Calcium influx through voltage-dependent Ca’®*
channels is crucial for many cellular functions,
including neuronal excitability, muscle contraction,
secretion of hormones and neurotransmitters, cell
differentiation and gene expression (Bootman, Lipp
& Berridge, 2001). The importance of these channels
is also clinically relevant because Ca”>" channels are
important pharmacological targets in the treatment
of pain, hypertension, and certain forms of epilepsy
(Mitterdorfer et al., 1998; Kim et al., 2001; Todorovic
et al., 2001a, 2001b) and have been therefore sub-
jected to intense research. However, such an effort
has been focused mainly on high voltage-activated
Ca’" channels (HVA), and just recently the other
members of the family, the low voltage-activated
Ca®* channels (LVA or T-type) have been object of
such studies. One area that has received considerable
interest is the use of inorganic ions (mainly divalent
and trivalent metal ions) for analyzing function and
structure of Ca®>* channels. Because metal ions are
simple, have well-characterized atomic structures,
and show small size differences, all of which are
important for probing permeability mechanisms, they
are a powerful tool to study the biophysical proper-
ties of Ca®" channels (Elinder & Arhem, 2003).
Previous studies of Ca®* channel block by metal
cations have provided valuable insights into HVA-
channel structure and function (Nachshen, 1984;
Lansman, Hess & Tsien, 1986; Chow, 1991; Waka-
mori et al., 1998). Recently, with the cloning of three
different o; subunits that express T-type calcium
currents (Cribbs et al., 1998; Perez-Reyes et al., 1998;
Lee et al., 1999a), there have been considerable ad-
vances in the understanding of how inorganic ions
interact with LVA channels. With the advantage of
having isolated currents (free of contamination by
other channels’ activity) when using recombinant
Ca’" channels, several work groups have now
reported some important clues about the actions of
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inorganic ions on T-type channels. First, Ca,3.2 (o)
has been shown to be seclectively blocked by low
micromolar concentrations of Ni>", Cu®>" and Zn>",
while Ca,3.1 (o) and Ca,3.3 (o) channels require
20- to 200-fold higher concentrations to induce the
same effect (Lee et al., 1999b; Jeong et al, 2003). Also,
studies with trivalent metal ions have demonstrated
that Y*" is the most potent inhibitor of Ca,3.1
channels (Beedle, Hamid & Zamponi, 2002), al-
though the sensitivity of the other two members of
Ca,3 channels to these inorganic ions has not been
reported. Notably, by using Y>* as a tool, it was
suggested that the primary activation gate of Ca,3.1
must be in the intracellular side of the selectivity filter
(Obejero-Paz, Gray & Jones, 2004).

As a further examination for actions of divalent
metal ions on Ca,3 channel activity, we have used
the three members of the human LVA channel
family cloned to date (i.e., Ca,3.1, Ca,3.2, and
Ca,3.3), to improve our knowledge about the
blocking effects of Cd**, Co®" and Ni*", with
particular interest in the modifications promoted by
extreme potentials on the effects of the inorganic
antagonists. We found Ca,3.2 channels to be the
ones most sensitive to block by Cd* and Co®>",
although the voltage-dependent effects were ob-
served mainly in Ca,3.1 and Ca,3.3 channels.
Interestingly, repolarization to extreme negative
potentials elicited opposite effects on Ca,3 channels
blocked by Cd*>" compared with those blocked by
Co®" and Ni*". This result indicates that metal
cations affect T-type channel activity by different
mechanisms. Additionally, our results about the ef-
fect of Cd*" on Ca,3.3 tail currents suggest that the
channel can not close while the pore is occupied by
the divalent cation.

Materials and Methods
CELL CULTURE

HEK-293 cells stably transfected with human Ca,3.1 (a;5; Gen-
Bank accession number AF190860; (Cribbs et al., 2000); Ca,3.2
(oi1; GenBank accession number AF051946, Cribbs et al., 1998);
and Ca,3.3 (o;; GenBank accession number AF393329, Gomora
et al., 2002), were kindly provided by Dr. E. Perez-Reyes. Cell lines
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, 100 U ml™" penicillin,
and 100 pg ml™" streptomycin, and kept in a CO, incubator at
37°C. Selection of cells expressing the channels was maintained by
adding 1 mg ml™" G-418 to the culture medium. Once every 4-5
days the maintenance cultures were split by using a brief trypsin
digestion in a Ca- and Mg-free saline (Trypsin-EDTA) to detach
the cells, followed by mechanical trituration, and by replating at 5-
to 20-fold lower density. For recording purposes, a fraction of cells
(~100-200 pl of the cell suspension) were replated on coverslips
and placed in 35-mm plastic Petri dishes. Experiments were carried
out on those cells, usually 2-48 h after reseeding. All cell culture
reagents were purchased from Gibco-Life Technologies (Grand
Island, NY).
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ELECTROPHYSIOLOGY

The macroscopic activity of Ca,3 channels in HEK-293 cells was
examined using the whole-cell configuration of the patch-clamp
technique (Hamill et al., 1981; Marty & Neher, 1995). Recordings
were obtained at room temperature (21-23°C) using an Axopatch
200B amplifier, a Digidata 1322a A/D converter, and pCLAMP
8.02 software (Axon Instruments, Foster City, CA). Data were
usually sampled at 5-10 kHz, following 5 kHz analog filtering,
except for tail currents, which were digitized at 50 kHz and filtered
at 10 kHz. Whole-cell series resistance (initially 3.7 = 0.3 MQ,
n = 242) was estimated from optimal cancellation of the capacitive
transients with the built-in circuitry of the amplifier, and was
compensated electrically by 60-70%. The average cell capacitance
was 20.8 £ 1.4 pF (n = 242). The holding potential was —100 mV.
In most of the cases, currents were recorded on two channels, one
with on-line leak subtraction using the P/—4 method, and the other
to evaluate cell stability and holding current. Only leak-subtracted
data are shown.

SOLUTIONS

Whole-cell Ca®* currents were recorded using the following
external solution (in mm): 175 tetraethylammonium (TEA) chlo-
ride, 2 CaCl,, and 10 HEPES, pH adjusted to 7.4 with TEA-OH.
The internal pipette solution contained the following (in mm): 135
CsCl, 10 EGTA, 2 CaCl, (free Ca?" ~ 28 nm, calculated with the
BAD program), 1 MgCl,, 4 Mg-ATP, 0.3 Na;GTP, and 10
HEPES, pH adjusted to 7.3 with CsOH. The recording chamber
(volume ~0.2 ml) was continuously perfused by gravity at a rate of
1.5-2 ml/min. Bath solution exchange was done by a manually
controlled six-way rotary valve. Pipettes were made from
TWI150-3 capillary tubing (World Precision Instruments, Inc.,
Sarasota, FL), using a Model P-97 Flaming-Brown pipette puller
(Sutter Instrument Co., Novato, CA). Under these solution con-
ditions the pipette resistance was typically 2-3 MQ.

To investigate the effect of inorganic ions on Ca,3 channel
activity, 100 mm aqueous stock solutions of Cd**, Ni** and/or
Co>" chloride (Sigma-Aldrich Co, St Louis, MO) were prepared
and then diluted with external solution to the required concentra-
tion.

DATA ANALYSIS

Clampfit 8.0 software (Axon Instruments) was used to obtain peak
current values and exponential fits. Dose-response analysis and
graphing of the data were done with Prism (GraphPad, San Diego,
CA). The following Hill equation was used to fit dose-response
data:

Y = 1/(1 + 10((Logl(7507X)*/1)) (1)

where X is the logarithm of concentration, Y is the fraction of
control current remaining after addition of the antagonist, ICs, is
the concentration causing 50% inhibition of currents, and / is the
Hill slope and gives a measure of steepness of the curve. For this
analysis, current in control external solution was normalized to 1,
and we assumed complete block of current with sufficient concen-
tration of the antagonist. The voltage dependence of activation was
estimated using a modified Boltzmann function to fit -V data:

I = Luax(Vin = Vie)/(1 + exp(Vija = Vin)/k)) (2

where [ is current, V,, is the test potential, V,,, is the apparent
reversal potential, V7, is the mid-point of activation, and k is the
slope factor.
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Fig. 1. Human Ca,3 channel block
by the divalents Co®* and Cd**.
Representative traces (4) and time
course of inhibition (B) of Ca,3.2
currents by increasing Cd>”"
concentrations. Ca®" currents were
recorded from an HEK-293 cell
stably expressing Ca,3.2 channels in
response to depolarizing steps at —40
mV, applied every 10 s. Dose-

Time (min)

response relationships of Ca,3.1
(circles), Ca,3.2 (empty triangles),
and Ca,3.3 (filled triangles) current
block induced by Co** (C) and
Cd** (D). The fraction Ic,
remaining was calculated
considering peak values of control
currents and residual currents
recorded in the presence of each
blocking cation. Data shown

(n = 4-7 at each concentration)
were fitted with the Hill function
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Instantaneous I~V relations were analyzed by fitting expo-
nentials to the tail currents generated by repolarization after brief
(2-10 ms; see Fig. 4) steps to +60 mV, or longer steps to different
potentials (see Fig. 6). The fit region began once the tail currents
reached a peak, usually 0.15-0.35 ms after repolarization, and ex-
tended to 15 ms. The amplitude and time constant (z, tau) obtained
with the fittings were used to plot the instantaneous /-V relation-
ships and to calculate the percent block of tail amplitude, and to
plot the deactivation time constant channels versus the repolari-
zation potential. Ca,3.1 and Ca,3.2 tail currents were well fitted by
single exponentials. Only when the blocker accelerated tail currents
(e.g., Co*™ and Ni*"), they were fitted with two exponentials,
where the first tau was fixed to that observed in control conditions
and the second tau was not constrained. It has been previously
reported that Ca,3.3 tail currents are fit better to two exponentials
(Frazier et al., 2001; Gomora et al., 2002). Throughout the present
study, Ca,3.3 tail currents were also fitted with the sum of two
exponentials. However, in order to simplify the analysis of the
inorganic blockers’ effects on Ca,3.3 tail currents, here we use the
weighted tau (4,7 + A,1,; where, 4; and A4,, are the normalized
amplitude of the fast and slow component), which we have previ-
ously shown to accurately reflect the voltage dependence of the fast
and slow components of Ca,3.3 tail currents (Gomora et al., 2002).

All quantitative results are given as the mean + sem. Differ-
ences in means were tested with unpaired two-tailed Student’s 7-test
and were accepted as significant if P < 0.5.

Results

Ca,3.2 Is MORE SENSITIVE TO BLOCK BY DIVALENT
METALS

In this study we investigate the ability of the inor-
ganic ions Cd** and Co®" to block the cloned hu-
man T-type channels: Ca,3.1, Ca,3.2, and Ca,3.3,
stably expressed in HEK-293 cells. Using 2 mm Ca’®*

(continuous lines Eq. 1, see Materials
and Methods), the parameter
obtained are shown in Table 1.

log [Cd*"] (M)

as charge carrier, the concentration-dependent block
by the divalents on T-type channel activity was
determined by applying test pulses to —40 mV from a
holding potential of —100 mV. Figure 1 shows a
typical experiment using an HEK-293 cell expressing
Ca,3.2 channels. Representative traces of Ca®" cur-
rents obtained in response to increasing concentra-
tions of Co®" are shown in panel 4, and the time
course of block for the same cell is illustrated in panel
B. Block by Co?™, as well as by Cd?", was fast and
fully reversible. To quantitate the relative potency of
these inorganic ions, dose response curves were con-
structed for both divalents (Cd>" and Co®*) and for
each of the T-type channels, after measuring the
cumulative block at different concentrations. The
respective curves for Co®" and Cd** are shown in
Fig. 1C and D, and the parameters obtained by fit-
ting the experimental data with the Hill equation are
listed in Table 1. As shown previously for Ni*" (Lee
et al., 1999b), Ca,3.2 was also more sensitive to the
divalents tested in this study. The concentration at
which 50% of Ca,3.2 Ca®" current was blocked
(ICso) was 65 and 122 um for Cd** and Co*",
respectively (Table 1). The corresponding values for
Ca,3.1 and Ca,3.3 were 2-3 times larger for the same
divalent metals. Inhibition curves for Cd** and Co*”*
had Hill coefficients close to —1 (=0.7 to —1.2), with
the smallest values belonging to Ca,3.2 again. Taken
together, these results suggest that Ca,3.2 is the most
sen2si+tive of the cloned T-type subunits to Cd*>* and
Co .

We next examined the voltage dependence of
block for each of the divalents used in this study. To
reach this goal, we applied typical I~} protocols in
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Table 1. Summary of the dose-dependent block by inorganic ions deduced from test pulses to —40 mV

Ca,3.1 Ca,3.2 Ca,3.3
[C50 h 1C50 h IC50 h
cd*t 128 -1.0 65 -0.8 157 -0.9
Co?™* 335 -0.9 122 -0.7 345 -1.2
Ni* 250 -1.0 12 -0.8 216 -0.9

“Data from Lee et al., 1999b. ICs, values are in pm.

the absence, in the presence, and after washout of
antagonist concentrations that inhibit the currents by
at least 50% (usually slightly above ICsq values, see
Table 1). Figure 24 shows current families obtained
from an HEK-293 cell expressing Ca,3.1 channels in
response to the indicated /-V protocol recorded un-
der control, 150 um Cd>*, and wash-out conditions.
Peak current amplitudes were averaged for each
experimental condition and plotted as a function of
the membrane potential (V,,) for the three Ca,3
subfamily members (Fig. 2B, C and D, respectively).
Inward currents generated from all three re-
combinant channels started to be detectable at —70
mV, and reached peak near —40. The apparent
reversal potential for all channels was ~ +30 mV.
The inward currents were carried by Ca’>" (2 mm),
while the outward currents were carried by Cs ™ (135
mm). Experimental data were fitted with a modified
Boltzmann function (see Materials and Methods) and
the obtained parameters for the different conditions
and antagonists of the three o subunits are presented
in Table 2. Figure 24 shows that Cd*>* strongly
blocks inward currents, but outward currents were
practically unaffected in all three channels (Fig. 2B, C
and D). Such behavior was observed also when using
Co®>" and Ni*" (the latter was used for comparison
in some experiments), suggesting that these inorganic
ions may be acting as pore-channel blockers. Analysis
of results shows that Cd*>* did not modify the voltage
dependence of current activation of Ca,3.1 and
Ca, 3.3 channels, but there was a small shift of 3.6 mV
to less negative voltages in the V,, of Ca,3.2. On the
contrary, the apparent reversal potential (V,.,) was
5.6 and 4.2 mV less positive in the presence of Cd**
with respect to the control condition for Ca,3.1 and
Ca,3.2, respectively (Table 2). While for Ca,3.3
channels, a smaller change (2.6 mV) was observed in
V,ey due to the Cd>™ effect. These results suggest that
the Cd*>" binding site in Ca,3.3 channels might have
a slower dissociation rate compared with that of
Ca,3.1 and Ca,3.2 channels.

Brock BY Co®" AnD Ni?" Is STRONGER AT NEGATIVE
POTENTIALS

The blocking effect of Co>" and Ni** was clearly
different from the one induced by Cd** on Ca,3

channels. As can be concluded from Table 2, the
voltage dependence of Ca,3.1 and Ca,3.3 activation
was shifted to more depolarized potentials. The
changes in the V;/, values were between 4 and 9 mV,
and the biggest shift was observed for Ca,3.3 chan-
nels in the presence of Co’* (Vi =500 £ 0.3 mV
and —41.2 + 0.2 mV, for control and Co®>" condi-
tions, respectively). Smaller changes, but statistically
significant, were observed for Ca,3.2 channels in the
presence of Cd>* (3.6 mV shift) and Ni** (2.6 mV
shift) (Table 2). To analyze with more detail these
effects, we calculated the percentage block of the peak
current at potentials between —60 and + 10 mV for
each inorganic ion and for the three T-type channels.
The results are summarized in Fig. 3, which also
illustrates the blocking effect of Cd** and Co*" on
Ca,3 channel currents recorded at —60 and —20 mV
(Fig. 34-C). Generally speaking, Ca,3.2 channel
behavior was practically voltage independent in re-
sponse to the blocking effect of any of the inorganic
ions tested in this study (Fig. 3E). In addition, un-
blocking at extreme potentials was practically absent
in Ca,3.2 channels (see Fig. 5 and 6). On the con-
trary, Ca,3.1 and Ca,3.3 channels showed a pro-
nounced voltage-dependent block in the presence of
Co”>" and Ni*", characterized by stronger block at
negative potentials (Fig. 3D and F). In both channels,
block by Co”>" inhibited approximately twice the
amount of current at —60 mV than at 0 mV. A weaker
voltage-dependent effect was also observed for the
blocking of Cay3.1 channels by Cd** (Fig. 3D),
however, in this case, the block increases as the
membrane potential is more depolarized. The per-
centage of Ca,3.1 current inhibited goes from 56 + 3
at —60 mV to 81 + 6 at +10 mV. These results are
consistent with previous reports about the absence of
voltage dependence of block of Ni*" on Ca,3.2 cur-
rents (Mlinar & Enyeart, 1993c; Lee et al., 1999b),
and also with the shift to more positive potentials of
the voltage-dependent activation curve of Ca,3.1
channels in the presence of 1 mm Ni**, but not with 1
mm Cd>* (Lacinova, Klugbauer & Hofmann, 2000).
The voltage-dependent block of the current by Co* ™"
and Ni*" was accompanied by modest but significant
alterations in current kinetics, mainly for the inacti-
vation and in the range of voltages between —60 to
—30 mV. The inactivation time constant was slowed
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Fig. 2. Effect of Cd**, Co®", and Ni*" on Ca,3 channels’ current-voltage relationship. (4) Typical family of Ca,3.1 currents shown before
(Control), in the presence of (Cd**) and after exposure (Recovery) to 150 pm Cd>* . In this cell, such a concentration inhibited peak current
at —40 mV by 56%. Currents were activated from —100 mV by voltage steps applied at 0.1 Hz to various test potentials between —80 and
+80 mV. Averaged peak currents were plotted against test potential under the indicated experimental conditions and blockers for Ca,3.1
(B), Ca,3.2 (C) and Ca,3.3 (D) channels (n = 4-5). -V data was fitted with a modified with a Boltzmann function (continuous lines; Eq. 2,
see Materials and Methods); the parameters obtained are shown in Table 2. Note that outward currents are poorly affected by the action of

the inorganic blocker.

Table 2. Summary of V., and V), data from peak /-V fitted curves

Control Inorganic blocker Recovery
Vrcv Vl /2 Vrcv Vl/2 Vrcv Vl/2
cd*t Ca,3.1 19.0 + 0.6 =550 + 0.3 13.4 + 0.8* -56.1 + 0.4 18.8 + 0.7 -57.8 £ 0.3
Ca,3.2 26.3 + 0.8 -579 + 04 22.1 + 0.8* -54.3 + 0.5*% 259 + 0.8 -59.6 + 0.3
Ca,3.3 23.8 £ 0.6 -547 £ 0.3 21.2 £ 0.7* -539 + 04 23.0 + 0.6 -56.6 + 0.4
Co** Ca,3.1 257 £ 0.7 -56.3 £ 0.3 263 £ 0.5 -49.3 + 0.3* 235 + 0.8 -59.5 + 04
Ca,3.2 27.7 £ 0.5 -494 + 0.2 24.3 + 0.4* —-489 + 0.3 242 + 0.5 -53.6 £ 0.3
Ca,3.3 23.7 + 0.6 -50.0 + 0.3 239 + 0.3 —41.2 + 0.2% 22.7 + 0.7 -522 + 04
Ni?* Ca,3.1 232 + 1.1 -53.7 + 0.6 23.0 + 0.8 -49.7 + 0.5% 19.7 £0.9 =551 £ 0.5
Ca,3.2 273 + 0.7 -56.3 £ 0.3 249 + 0.6* —53.7 £ 0.4* 257 £ 0.8 -61.2 + 04
Ca,3.3 19.9 + 0.6 =557 £ 0.3 209 + 0.5 -50.7 + 0.3* 22.0 + 0.9 -58.1 £ 0.5

Values are in mV. Data are expressed as mean values + SeEm. Statistically significant differences between control and inorganic blocker
conditions are noted if the P value was <0.01 (*). The number of cells varies from 3 to 7 for each condition.

down by 25-50% in both channels Ca,3.1 and Ca,3.3;
such effect was not observed in Ca,3.2 channels. This
effect on current kinetics agrees with the observation
that Co®>" and Ni’* block was weaker at positive

potentials compared with negative voltages (Fig. 3D
and F). Blockers that unblock at positive potentials
(e.g., Co*>" and Ni*") would unblock during the test
pulse, leading to slower apparent inactivation. On the
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Fig. 3. Voltage-dependent block of Ca,3 currents by Cd*>*, Co®*, and Ni*> . Representative Ca>" currents at —60 (fop traces) and —20 mV
(bottom traces) recorded in the absence (larger currents) and the presence (smaller currents) of Cd** (left traces) and Co** (right traces) for
Ca,3.1 (4), Ca,3.2 (B), and Ca,3.3 (C) channels. (D)—(E). Current recordings obtained under Ni>* conditions showed similar effects to these
illustrated for Co®". Percent block of peak current induced by Cd>™ (filled circles), Co** (empty circles) and Ni** (empty triangles) as a
function of test potential for Ca,3.1 (D), Ca,3.2 (E) and Ca,3.3 (F) channels. Data were obtained from the same cells as in Fig. 2.
Continuous lines are spline curves fit to the averaged data to indicate the tendencies of voltage-dependent block.

other hand, Cd’" slightly speeds up the inactivation
time constant of Ca,3.1 channels at voltages between
-30 to + 20 mV (data not shown). In this case, be-
cause Cd>" block was more potent at positive
potentials (Fig. 34 and D), then the block would
occur during the test pulse, leading to faster inacti-
vation rates (Gomora et al., 2001).

UNBLOCKING OF T-TYPE CALciuM CHANNELS AT
EXTREME NEGATIVE POTENTIALS

In order to further investigate the blocking effect of
inorganic ions on T-type cloned channels, we used
tail-current protocols to explore the possibility that
extreme potentials might relieve channels from block
exerted by the antagonists. We first applied a voltage
protocol designed to record tail currents at different
potentials (repolarization potential) after an activat-
ing pulse to +60 mV for a short period of time (2 ms
for Ca,3.1 and Ca,3.2, and 10 ms for Ca,3.3) to
minimize inactivation of the channels (Fig. 44).
Fig. 4 shows a typical experiment for investigating
unblock of Ca,3.1 channels at extreme negative
potentials in the presence of Co®". Representative
tail currents recorded at —180, —150, —120, —90, —60
and -30 mV under control, 150 pm Co”" and
recovery conditions are illustrated in Fig. 44. Tail
current amplitudes for each condition were measured
and plotted against the respective repolarization
potentials (Fig. 4B). Inhibition of the currents by

Co”" (or any other inorganic ion) was assessed by
applying test pulses to —40 mV for 150 ms (for Ca,3.1
and Ca,3.2) or 500 ms (for Ca,3.3) of duration. As
with the -V experiments, we routinely used blocker
concentrations slightly above the ICs, values to reach
a stationary block of ~60-70%. The percentage of
block caused by Co?™ on Ca,3.1 tail current ampli-
tudes increases sharply with the repolarization at
negative potentials (Fig. 4C). Data in Fig. 4C indi-
cate that the fraction of blocked channels was sig-
nificantly higher at —180 mV than at —40 mV
(85 = 1% at —180 mV compared with 45 £ 2% at
—40 mV). In other words, repolarization at —180 mV
induced an additional 40% block of Ca,3.1 channels
that were not blocked during the repolarization to
—40 mV. Blocking of the channels at negative
potentials in the presence of Co>" showed strong
voltage dependence in the range of —160 to =20 mV.
This effect was also observed with Ca,3.3 and Ca,3.2,
although the latter channels were less sensitive to the
repolarization effect (Fig. 5). In the presence of
Co?", block of Ca,3.2 channels increased from
51 + 4% at =20 mV to 67 + 4% at —180 mV; and
for Ca,3.3, from 41 + 3% to 75 £ 1 % at the same
voltages.

We repeated the same experiments described for
Co*™, to explore the possible unblocking of T-type
channels in the presence of Ni** and Cd*>". The re-
sults are presented in Fig. 5. Panels 4, B and C show
the data obtained from Ca,3.1, Ca,3.2 and Ca,3.2,
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Fig. 4. Extreme negative voltages induce stronger Co?* block on Ca,3.1 channels. (4) Representative Ca,3.1 tail currents recorded after
repolarization to various membrane potentials before (Control), in the presence of (Co> ™) and after exposure (Recovery) to 500 pum Co>* . In
this cell, such a concentration inhibited peak current at —40 mV by 59%. Shown are tail currents recorded following repolarization to —180,
—150, —120, =90, —60 and —30 mV at each experimental condition. A 2-ms step to +60 mV was used to activate channels. Recordings were
filtered at 10 kHz and digitally sampled every 20 ps. (B) Averaged Ca,3.1 tail current amplitudes (» = 6) are plotted versus repolarization
potential in the absence (Control, empty circles) and in the presence (Co”*, filled circles) of 500 um Co**. (C). Voltage dependence of block
by Co?" of tail currents. Percent block of tail amplitudes was calculated from the same data shown in (B). Note that block increases as

membrane is repolarized to more negative potentials.

respectively. Compared with Co?*, Ni** had a sim-
ilar but weaker effect on Ca,3 channels. However, in
the presence of Cd?", the repolarization to negative
potentials evoked a totally distinct behavior of the
blocked channels. Cd*>* block of Ca,3.1 tail currents
decreased considerably at more negative repolarizing
steps (Fig. 54). Block of tail currents was always less
than that observed during test pulses to —40 mV,
however in the presence of Cd**, this difference was
more evident at negative potentials (compare Figs. 3
and 5). Data in Fig. 54 indicates that the fraction of
blocked channels diminished from 50 £ 1% at —40
mV to 26 + 2% at —180 mV. In other words, repo-
larization at —180 mV induced the unblocking of 52%
of the channels that were blocked at —40 mV. Un-
blocking of the channels in the presence of Cd*"
showed strong voltage dependence in the range of
—100 to —20 mV, but at more negative potentials the
unblock was almost voltage-independent (26 + 2%
at —180 mV versus 32 + 2% at —100 mV). Unblock
of Ca,3.2 and Ca,3.3 channels under Cd>* condi-
tions had a behavior similar to Ca,3.1, although
Ca,3.2 channels showed smaller percentages of un-
blocking at all the potentials explored (Fig. 5).
Taken together, these results suggest that ex-
treme hyperpolarization appears to attract Cd>* into
the cell, allowing Ca®" ions to go through the

channel and, therefore, decreasing the percentage of
block at negative potentials. In contrast, the binding
of Co*" and Ni*" to the blocking site is drastically
favored at negative potentials, which results in a
higher fraction of blocked channels at those voltages.

EFrFecT OF EXTREME DEPOLARIZATIONS ON Ca,3
CHANNEL BLock BY INORGANIC CATIONS

In sympathetic neurons, applying extreme positive
potentials transiently relieves block of HVA Ca*"
channels by cd** (Brown, Tsuda & Wilson, 1983;
Thevenod & Jones, 1992). To determine whether
block of recombinant human Ca,3 channels by any
of the inorganic ions used in this study may be
transiently relieved at positive potentials, we mea-
sured tail currents at —100 mV after depolarizing
steps to potentials as positive as + 120 mV (see pro-
tocol in Fig. 64). The results are summarized in
Fig. 6. Representative recordings obtained from an
HEK-293 cell expressing Ca,3.3 channels before,
during, and after exposure to 200 pm Cd>*, are
shown in panel A. Tail currents were generated by
repolarization to —100 mV when peak current was
reached at each depolarizing potential; as a conse-
quence the duration of each depolarizing step is
shorter as it becomes more positive. For clarity, only
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Fig. 5. Effect of extreme negative voltages on blocked Ca,3 chan-
nels by blocking cations. Percent block of tail amplitudes induced
by repolarizing to the indicated Vs in the presence of Cd*>" (filled
circles), Co* " (empty circles) and Ni** (empty triangles) for Ca,3.1
(A4), Ca,3.2 (B) and Ca,3.3 (C) channels (n = 4-9). Note that
extreme negative voltages induced unblocking of Cd*”-blocked
channels, while the same voltage protocol increased the amount of
channels blocked by Co®" and Ni*>*. It can also be observed that
the effects on Ca,3.2 channels are much weaker compared with
those on Ca,3.1 and Ca,3.3.
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8 out of 18 current traces obtained in each condition
are shown. Amplitudes of each tail current versus
depolarization potential are plotted in Fig. 6B. Tail-
current amplitudes keep increasing at potentials as
positive as +100 mV, which indicates that more
Ca,3.3 channels are activated at very positive
potentials (Frazier et al., 2001; Gomora et al., 2002).
Block by Cd*" did not prevent this peculiarity of
Ca,3.3 channels (Fig. 6B). Block of tail currents,
expressed as percentage, induced by each of the
inorganic ions tested for Ca,3.1, Ca,3.2 and Ca,3.3,
is shown in Fig. 6C, D and E, respectively. Among
the three T-type channels, Ca,3.2 exhibited practi-
cally no unblocking at positive potentials. In the
presence of Cd*", all Ca,3 channels showed 12-19%
of unblock after repolarization from negative volt-
ages (=50 to 0 mV); when repolarization was made
from positive potentials (from 0 to + 120 mV) there
was no additional unblocking of the channels
(Fig. 6C—FE). This observation is in agreement with
the relief of Cd*" promoted at negative potentials
and the observation that outward currents were
practically not affected by Cd**. For instance, in the
case of Ca,3.3 channels, while the percentage of
current inhibited during test potentials from —50 to 0
mV was very similar (63 £+ 3%, data not shown), the
percentage of inhibition of tail currents did decrease
from 57 + 3 to 42 + 2% in the same voltage range
(Fig. 6F). This could be explained by the fact that
Cd’" inhibition of outward currents was very weak
(Fig. 2), as a consequence tail currents generated
after repolarizations from potentials above V., did
not show additional unblocking of Ca,3 channels.
Furthermore, the percentage of blocked current was
the same during the pulse (from 18 + 5% at + 60 mV
to 20 £ 3% at +120 mV, data not shown) as that
exhibited by the tail currents (from 34 + 3% at + 60
mV to 33 £ 3% at +120 mV; Fig. 6F). Taken to-
gether, these results indicated that block of Ca,3
channels by Cd>* can be transiently relieved at neg-
ative potentials, while outward currents are poorly
blocked by the divalent.

In contrast, unblocking of Ca,3.1 and Ca,3.3
channels at positive potentials was clearly observed in
the presence of Ni*". Unblocking of these channels
in the presence of Co>" was also promoted by ex-
treme depolarizations but the effect was much smaller
(Fig. 6C, and E). Relief of Ni*?" block by extreme
positive voltages of Ca,3.3 channels has been already
documented by Lee et al. (1999b). The results ob-
tained in the present study show that Ca,3.1 chan-
nels, but not Ca,3.2, can also be relieved from Ni*™"
block at positive potentials. The percentages of block
of tail amplitudes for Ca,3.3 channels in the presence
of Ni** after repolarizing from —50 and + 120 mV
were 74 £ 4% and 44 + 4%, respectively (Fig. 6F),
which indicates that 40% of the channels blocked at
—50 mV were unblocked at +120 mV. The corre-
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sponding value for Ca,3.1 channels was 30%. In
summary, extreme positive potentials are very effec-
tive to induce relief of block by Ni*" in Ca,3.1 and
Ca,3.3 channels, but much less effective when Co?>™
or Cd*" is the blocking agent.

EFrFECTS ON TAIL-CURRENT KINETICS

The effect of Co>", Cd>" and Ni*" on the deacti-
vation kinetics of T-type channels are summarized in
Fig. 7. Ca®" tail currents were recorded in response
to the protocol already described in Fig. 44. Repre-
sentative tail currents recorded in control, Ni** and
recovery conditions are illustrated for the three Ca,3
channels in Fig. 74-C. In the three conditions, tail
currents recorded at —100 mV are shown with the
exponentials fitted (dashed thick line). Ca,3.1 and

again, effects on Ca,3.2 channels are
much weaker compared with those
on Ca,3.1 and Ca,3.3.

0 50 100

Ca,3.2 tail currents obtained before and after expo-
sure to Ni?" were well fitted with a single exponential
(Control and Recovery traces), but when tail currents
recorded in the presence of the inorganic blocker
were fitted with one exponential, a fast component
was missed by the fit (N7 ", upper traces). In order to
properly adjust these tails, they were fit better to two
exponentials, where the first time constant was con-
strained to that observed in control (Ni#", lower
traces). The second tau (the faster one) would accu-
rately reflect the (re)blocking of open channels by
Ni?". Re-blocking time constants, together with
those of control and recovery conditions, are plotted
versus the repolarization potential at which they were
recorded for Ca,3.1 and Ca,3.2 channels in Fig. 7D
and E. As can be seen, re-blocking taus were not
detectably voltage-dependent for potentials where tail
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Fig. 7. Acceleration of Ca,3.1 tail currents by Ni*>™ and Co®", but not by Cd*>*. Representative tail currents obtained from HEK-293 cells
stably transfected with Ca,3.1 (4), Ca,3.2 (B), and Ca,3.3 (C) al subunits. Shown are tail currents recorded following repolarization to —100
mV after brief depolarization steps to +60 mV in the absence (Control), in the presence (Ni°"), and after application (Recovery) of the
indicated NiCl, concentrations. In A and B, thick dashed lines are fits to a single exponential (Control, Ni°™ upper traces, and Recovery), or
the sum of two exponentials (Ni° ", lower traces). In C, all thick dashed lines are two exponential fits. For clarity, the protocol (illustrated at
the bottom in C) and recordings show only 0.8 out of 2 ms (for Ca,3.1 and Ca,3.2), and 1 out of 10 ms (for Ca,3.3) of the depolarization at
+60 mV, and 8 out of 18 ms of the repolarization. Time constants (tau) for the closing of Ca,3.1 (D), Ca,3.2 (E), and Ca,3.3 (F) channels
obtained from exponential fits to tail currents, as explained in A—C, recorded at the indicated voltages. In D and E, reblocking tau values
correspond to the second tau fitted to tail currents in the presence of Ni** (see Text). This tau reflects the time course of open channel
(re)block by Ni**. In F, all tau values are time constants of the weighted tau (see Materials and Methods) calculated from biexponential fits
of tail currents recorded under the indicated experimental conditions.

currents reflect mainly closing of the channels (i.e., tial, as closing-channel and re-blocking taus tend to
between —150 and —100 mV). More negative than reach the same value.

—150 mV, re-blocking taus are not shown because Deactivation of Ca,3.3 channels is more complex
Ni*" tail currents were fit better with one exponen- than in the other two members of the Ca,3 subfamily.



D. Diaz et al.: Block of Ca,3 Channels by Cd>" and Co>" 101
Table 3. Time constant (7) values obtained from fitted tail currents
Ca,3.1 Ca,3.2 Ca,3.3
Control Block Recovery  Control Block Recovery  Control Block Recovery
cd2t
-120mV 1.3 £ 0.07(5) 1.4 £ 005 1.4 £0.09 1.5+0.08(7) 14 +£0.04 1.7 +0.12 1.0 £ 0.07(7) 1.6 £ 0.08 1.2 + 0.05
—-100 mV 2.3 + 0.11 22 + 0.11 23 £0.17 24 £+ 0.13 2.1 £ 0.07 2.7 £0.09 1.5+ 0.18 2.1 £0.10 1.5 + 0.20
Co2*
-120mV 1.7 £ 0.13(6) 0.8 £ 0.04 1.7 £ 0.06 1.9 +£ 0.32(5) 0.6 £ 0.11 2.1 £ 0.33 1.2 £ 0.04(5) 0.7 +£ 0.03 1.1 + 0.07
-100 mV 29 + 0.25 1.3 £ 0.07 2.9 £ 0.08 2.9 + 0.49 0.7 £ 0.10 3.2 £ 0.46 1.7 + 0.10 1.1 £ 0.03 1.5 £ 0.11
N2+
-120 mV 1.3 £ 0.11(6) 0.5 £ 0.04 1.5 £ 0.13 1.9 £ 0.09(5) 0.7 £ 0.08 1.8 £ 0.17 0.9 + 0.05(5) 0.5 £ 0.03 1.1 £ 0.12
-100 mV 2.2 + 0.21 0.7 £ 0.11 2.6 £ 020 29 + 0.22 09 + 0.13 29 £ 030 1.5+ 0.22 09 £+ 0.07 1.6 £ 0.23

Tail currents were fitted with one exponential for Ca,3.1 and Ca,3.2 control and recovery conditions at —120 and —100 mV. For the same
channels, values shown in the Block columns correspond to the second 7 obtained from two exponential fits of tail currents recorded in the
presence of the blocker, where the first T was fixed to that observed in control. Ca,3.3 figures are weighted 7 (see Materials and Methods)
values for each experimental condition. Data are expressed as mean + seM. The number of cells is reported in parentheses.

It usually requires two exponentials to properly fit tail
currents (Frazier et al., 2001; Gomora et al., 2002). In
this study, Ca,3.3 tail current analysis was simplified
by fitting two exponentials in the absence and the
presence of the inorganic blocker (Fig. 7C). For
example, at =100 mV, control tail currents decayed
with a fast 7 of 1.3 £ 0.1 and a slow 7 of 6.2 £ 0.9
ms (n = 5). The fast component (4;) predominates
at potentials between —100 and —180 mV, and the
slow component (A4,) increases as the repolarizing
steps progress to less negative potentials. The 4,
amplitude at —100 mV decreases from 98 + 2 to
83 + 3% in the presence of Ni*", with a consequent
increase in A;. The effects of inorganic blockers on
Ca,3.3 tail current kinetics were analyzed by using a
weighted t, which involves the taus and amplitudes of
both fitted exponentials to tail currents (see Materials
and Methods). Figure 7F shows weighted t values
obtained from Ca,3.3 tail currents before (Control),
in the presence (Ni° "), and after exposure to 200 pm
NiCl, (Recovery). The effect of Ni*" on Ca,3.3
deactivation kinetics was very similar to that ob-
served for Ca,3.1 and Ca,3.2 channels (Fig. 7D—F).
Tail currents were sped up in the presence of the
blocker at the whole range of voltages investigated,
which suggests that Ni’" re-blocking is similar
among all three Ca,3 channels.

Analysis of all three Ca,3 tail currents recorded
in the presence of Co®", but not with Cd*", pro-
duced similar results to those described for Ni** This
is illustrated with the data in Table 3, which shows
tau values of fitted tail currents recorded at —120 and
—100 mV of all three Ca,3 channels in the presence
and the absence of Cd>*, Co®>", and Ni**. It can be
observed that Cd*" did not change significantly the
kinetics of Ca,3.1 and Ca,3.2 tail currents; on the
contrary, in the presence of Co®>" and Ni**, deacti-
vation was clearly accelerated at both voltages (Block

column). As mentioned above, the re-blocking tau
reflects the time course of open-channel block by the
inorganic blocker. For instance, at =100 mV the time
constant for Ni** re-blocking of Ca,3.1 channels was
0.7 £ 0.1 ms (n = 6), which at this concentration
would correspond to a bimolecular association con-
stant of 9.5 x 10 M~! s™!. The corresponding values
for Co*" were 1.3 + 0.07 ms (n = 6), and 1.6 x 10°
M~!s7!. The acceleration in the closing time constant
observed in tail currents recorded in the presence of
Co®*and/or Ni*", could be reflecting the block of
additional channels that were opened, but not
blocked, during the test pulse.

As can be seen in Table 3, time constants for the
closing of Ca,3.1 and Ca,3.2 channels were practi-
cally the same in control and Cd** conditions. This
observation suggests that Cd*>" (re)blocking of these
channels is instantaneous relative to the speed of our
voltage-clamp system (time constant <60 ps). So, it
means that the time constant for reblocking by
150 uM Cd*™ is faster than 0.3 ms. This would cor-
respond to a bimolecular blocking rate of ~2.2 x 10’
M~! s7!, which is slightly lower than the one reported
in N-type Ca>" channels (10> M~! s™!; Thevenod &
Jones, 1992), and closer to that obtained from single-
channel data of L-type Ca’" channels (4 x 10’
M~! s7!: Lansman et al., 1986). To our knowledge,
there is no Cd** data for T-type channels, however, a
bimolecular blocking rate of ~10” M™" s™! has been
reported for Mg®" in Ca,3.1 channels (Serrano et al.,
2000), and 3.7 x 10* M~' s7! for Ni** in Ca,3.3 (Lee
et al., 1999b). All these data suggest that this group of
metal divalents binds to Ca”" channels very rapidly
(especially Cd*> ™), essentially diffusion limited.

A totally different Cd>" effect was observed in
Ca,3.3 tail currents; in fact, this divalent slowed
down the time course of Ca,3.3 channel deactivation
(Table 3 and Fig. 84). Interestingly, the effect was
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Fig. 8. Ca,3.3 channels close more slowly in the presence of Cd>*.
(A) Dependence of deactivation time constants on repolarization
potential for Ca,3.3 channels before (Control, empty inverted tri-
angles), during (Cd”*, filled inverted triangles) and after (Recovery,
open diamonds) exposure to 200 pm Cd>* . Tail currents (recorded
as shown in Fig. 7) were fitted with two exponentials beginning 0.35
ms after repolarization from +60 mV. Data points are weighted
tau averages of 9 cells. (B) Representative tail currents at —150 and
—100 mV obtained from a HEK-293 cell stably expressing Ca,3.3
channels in the absence (Control dashed tail) and the presence
(Cd™, continuous tail) of 200 pm Cd>™. In this cell, such a con-
centration inhibited peak current at —40 mV by 63%. For clarity,
protocol shows only 1.5 out of 10 ms of the depolarization at + 60
mV, and 10.5 out of 50 ms of the repolarization. The insets show
Cd?™ tail currents normalized with respect control tail amplitudes,
to allow direct comparison of closing time course. Note that tail
currents recorded in the presence of Cd*>* cross above the control
recordings, suggesting that closing of the average channel is de-
layed until Cd>* leaves the pore of the channel.

limited to the range of voltages where tail currents
reflect basically the closing of channels, and the
contribution to the tail current from inactivation of
channels is practically absent (—180 to —90 mV). The
slowing of the time constants shown by Ca,3.3 tail
currents indicates quite a different Cd** effect on the
channels. As can be seen in Fig. 8B, Ca,3.3 tail cur-
rents recorded in the presence of Cd*>* cross over
with those of control, which suggests that this diva-
lent actually slows down the closing of the channel
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(confirmed when tails were normalized in amplitude,
Fig. 8B, insets). We further investigated the slowing
of Ca,3.3 channel tail currents in the presence of
Cd>" by testing the effect of different concentrations
of the divalent. Slowing of channel closing was not
detected with 30 pm Cd* ", but with 100 pwm the effect
was already present and it reached saturation with
500-1000 um of the inorganic ion. For example, time-
constant values for closing of Ca,3.3 channels at
—120 mV were (in ms): 1.1 £ 0.06 (n = 15), control;
1.0 £ 009 (n=28), 30um Cd*"; 1.4 + 0.12
(n =17), 100 pm Cd*>*; 1.6 £ 0.07 (n = 6), 250 pm
Cd*>*; 18 + 0.10 (n = 8), 500 um Cd**; and
1.8 + 0.14 (n = 4), 1000 um Cd>*. Crossing of tail
currents was observed at all voltages between —180 to
—80 mV. This result indicates that Cd* " in fact slows
down the closing of Ca,3.3 channels and suggests
that the divalent has to leave the permeation pathway
in order for Ca,3.3 channels to close.

Discussion
Brock oF Ca,3 CHANNELs BY Cd?>", Co®", anp NiZ ™"

In this study we show that among the three members
of T-type channels, Ca,3.2 is the most sensitive to
block by the divalents Cd** and Co? . Both of these
inorganic ions blocked the current through the re-
combinant T-type channels in a concentration-
dependent manner, with a characteristic of 1:1
ligand:receptor binding (Fig. | and Table 1). Our
observation that inward currents are strongly blocked
while outward currents are poorly affected (Fig. 2),
agrees with previous results, suggesting that inorganic
ions act as pore channel blockers of voltage-depen-
dent Ca®>" channels (Swandulla & Armstrong, 1989;
Mlinar & Enyeart, 1993; Lee et al., 1999b). In addi-
tion, our results show that the mechanism of action
of Cd*", Co®>" and Ni** on T-type channels also
includes a voltage dependence of block, which is
more prominent in Ca,3.1 and Ca,3.3 currents
(Figs. 3 and 5). More interestingly, Co?" and Ni*"*
share some block properties, stronger inhibition of
currents at negative voltages and speeding up of tail
currents, while Cd*" block is characterized by
exerting the opposite effects. Our findings also show
that Ca,3.3 channels can not close when Cd>™" is in
the permeation pathway.

Previous studies have also shown a preferential
block of other divalents on Ca,3.2 channels (Lee
et al., 1999b; Jeong et al., 2003). The differential
selectivity found in the present study among the T-
type channels is not as has been described for Ni*™*
and Zn’>", so far the antagonists with the best
blocking potency for discriminating among T-type
channels. Combining our results with those of pre-
vious studies, the inhibitory effect of divalent
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inorganic cations on recombinant T-type channels is
as follows: Cu®* > Zn?>" > Ni?* > Cd** > Co*";
this sequence applies to the three members of T-type
channels, with Ca,3.2 channels more sensitive than
Ca,3.1 and Ca,3.3. As a consequence of our results,
La®" and the lanthanides remain the most potent
blockers of T-type channels at nanomolar concen-
trations (Biagi & Enyeart, 1990; Mlinar & Enyeart,
1993; Beedle et al., 2002; Obejero-Paz et al., 2004).

The ICs, values (Table 1) indicate that Ni*" is a
better blocker than Cd>" for LVA channels, but only
when currents are carried by Ca,3.2 channels; in the
other two members of the LVA subfamily, Cd*>"
seems to be slightly more potent than Ni**. Several
neuronal and non-neuronal preparations show simi-
lar order of potency (Cd*" >Ni*"; Akaike et al.,
1989; Akaike, Kostyuk & Osipchuk, 1989; Takahashi
& Akaike, 1991; Herrington & Lingle, 1992;
Lacinova et al., 2000). However, other studies (that
include neurons, cardiac and endocrine cells) have
found that LVA currents are blocked more potently
by Ni** than by Cd*>"; in such preparations, Ca,3 .2
channels may contribute significantly to the total T-
type current (Kaneda & Akaike, 1989; Wu & Lipsius,
1990; Arnoult, Villaz & Florman, 1998; Talley et al.,
1999; Perchenet, Benardeau & Ertel, 2000; Schrier
et al., 2001).

UNBLOCKING AT EXTREME POTENTIALS

Unblocking of HVA Ca®* channels at extreme po-
sitive and negative voltages in the presence of Cd**
has been reported in sympathetic and sensory neu-
rons (Jones & Marks, 1989; Swandulla & Armstrong,
1989; Thevenod & Jones, 1992). LVA channel un-
block by inorganic ions has been less explored. In one
study, Mlinar & Enyeart (1993) used human and rat
C cells, where LVA Ca’>" current (~90% of total Ic,)
seems to be carried by Ca,3.2 channels based on its
sensitivity to Ni>". They did not find any significant
unblocking at extreme positive potentials when using
La’*, Y*" or Ni** to block T-type tail currents. In a
more recent study, using recombinant Ca,3.3 chan-
nels and Ni*" as antagonist, a fractional unblocking
of these channels after depolarizations to positive
voltages was reported (Lee et al., 1999b). In the
present work, we analyzed for the first time the effects
of extreme potentials on the block of all three Ca,3
channels by Cd**, Co®" and Ni*", and we found
that the blocking mechanism of these inorganic ions
is related to their ionic radii and also to the specific T-
type channel isoform. First, we found Co”*" and
Ni* " effects to be very similar, i.e., block was voltage-
dependent with stronger inhibition of the current at
negative potentials (Fig. 3), which results in a shift of
the -V relationship to more negative potentials
(Table 2). In addition, repolarization to extreme
negative voltages (up to —180 mV) increases sharply
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the fraction of blocked channels (Fig. 5). These ef-
fects were selective for Ca,3.1 and Ca,3.3 channels;
the only exception was a small fractional unblocking
of Ca,3.2 channels observed in the presence of Co® ™"
(about one third of that observed for the other two
T-type channels, Fig. 5B). Second, the voltage-
dependent effects of Cd>* were opposite to those
shown by Co’" and Ni**. Cadmium block was
slightly enhanced with increasing depolarizations in
the physiological range (—60 to +20 mV, mainly for
Ca,3.1 channels; Fig. 34), and blocked channels were
partially cleared from Cd*>" with extreme hyperpo-
larizations (more negative than —100 mV). Evidence
for opposite effects of Cd>* and Co*>" on HVA Ca*"
channels were shown previously on snail neurons,
where a voltage-dependent relief of Cd** block was
seen in tail currents, but after Co®> " replacement for
Cd?>", the tail currents were practically abolished
(Brown et al., 1983). Furthermore, a voltage-inde-
pendent effect of Ni" and Co”" has been described
in neuronal HVA Ca””" currents (McFarlane & Gilly,
1998; Magistretti, Brevi & de Curtis, 2001; Castelli
et al., 2003), although results obtained with re-
combinant HVA channels showed voltage-dependent
effects when Ba®" was the charge carrier (Zamponi,
Bourinet & Snutch, 1996). The molecular basis of the
distinct mechanism of block by these inorganic ions
on HVA and LVA channels remains to be deter-
mined.

Cobalt and nickel have very similar ionic radii
(0.74 and 0.72 A, respectively), which is considerably
smaller than Cd®" and Ca®" itself (0.97 and 0.99 A,
respectively). So, it can be suggested that small ca-
tions (e.g., Co® " and Ni*") block Ca,3 channels in a
voltage-dependent manner because they are driven
deep into the channel pore (without escaping into the
cell) at extreme negative potentials, increasing the
fraction of channels blocked. The relief of channel
block is promoted at positive voltages, as a result of
increasing positive charges in the intracellular side of
the channel, which expels the positively charged
blocker to the extracellular space. On the basis of this
interpretation, we can predict that divalent cations
like Cu®" and Zn** (with ionic radii of 0.73 and 0.74
A, respectively), which strongly block recombinant
T-type channels at low micromolar concentrations
(Jeong et al., 2003), will show effects similar to those
described for Co?>" and Ni*" in this work. In brief,
the stronger block induced by Co®>* and Ni*", and
even by Cd**, on Ca,3.1 and Ca,3.3 than in Ca,3.2
channel activity, suggests important structural dif-
ferences in the binding site of these divalents in the
pore of T-type channels.

In contrast, block of T-type channels by bigger
divalent cations like Cd*>" (Fig. 5), can be relieved
with repolarizations to extreme negative potentials
(more negative than —100 mV), although the block at
intermediate voltages shows weak voltage depen-
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dence (Fig. 2). Depolarizations to potentials more
positive than + 50 mV did not produce any relief of
Ca,3 channel block by Cd** (Fig. 6). There is no
data on T-type channels to compare our Cd*" results
with, although in HVA channels strong unblocking at
extreme positive and negative potentials has been
reported (Jones & Marks, 1989; Swandulla & Arm-
strong, 1989; Thevenod & Jones, 1992; Wakamori
et al., 1998). This suggests that the basic mechanism
of Cd** block might be conserved among calcium
channels. Several previous studies have established
that inorganic Ca®" channel blockers compete with
permeant ions for a common high-affinity binding
site in the channel pore (Hagiwara & Takahashi,
1967; Swandulla & Armstrong, 1989; Chow, 1991;
Kim et al., 1993; Tang et al., 1993; Yang et al., 1993).
In this context, the bimolecular blocking rates
determined in the present study for Cd**, Co*>* and
Ni*" (essentially diffusion-limited) suggest that the
blocking ions can easily reach the high-affinity site
from the extracellular side of the membrane. This
implies that the high-affinity site is located at the
external mouth of the Ca,3 channel’s pore.

Despite similarities between HVA and T-type
channels regarding the mechanism of block by diva-
lents, especially for Cd*", we found an intriguing
difference between the two major subfamilies of Ca® ™"
channels, and even more among T-type channels
themselves. Tail current analysis showed that in
Ca,3.3 channels, Cd>" tail currents cross above the
control, which is usually interpreted as a significant
slowing down of channel closing by the blocker
(Chow, 1991; Swandulla & Armstrong, 1989). We
found that crossing of tail currents was dependent on
Cd** concentration, requiring 30 pM to be detectable
and reaching saturation at 250-500 pum. This suggests
that Cd*>" is binding to a site within the ion perme-
ation pathway, causing the closing of the channel to
be delayed until Cd*>" leaves the permeation path-
way. It is particularly noteworthy that despite the
high level of sequence conservation among Ca,3
channels in their pore regions (Perez-Reyes, 2003),
only Ca,3.3 channel closing was delayed by Cd**. It
is possible, however, that structural differences due to
small changes in the sequences might explain the
Cd?™" effects on Ca,3.3 tail currents. In fact, the dif-
ferential sensitivity shown by T-type channels to the
block by Ni?" (Lee et al., 1999b), might be due to
such structural differences as well.
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